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Over the last decade, there has been substantial growth in our understanding of the molecular drivers for thyroid
tumors with the advent of next generation sequencing. Importantly, these drivers correlate with histopathologic
features and clinical behavior. Briefly, RAS/RAS-like alterations result in modest activation of the MAPK
pathway and produce follicular-patterned neoplasms, including follicular adenomas and follicular carcinomas, as
well as non-invasive follicular thyroid neoplasm with papillary-like nuclear features and follicular subtype of
papillary thyroid carcinoma (PTC). In contrast, BRAF V60OE and related alterations result in robust activation of
the MAPK pathway and display a papillary architecture with well-developed PTC nuclear features, including
classic PTC and its non-follicular subtypes. Interestingly, a subset of thyroid carcinomas activates the MAPK
pathway to an intermediate degree, resulting in mRNA expression patterns overlapping between the BRAF
V600E-like and RAS-like categories, including tumors with fusions involving NTRK1-3, ALK, and FGFR2, which
often display PTC features. In contrast, oncocytic tumors exhibit mitochondrial mutations and chromosomal copy
number changes. Finally, a small subset of non-oncocytic tumors exhibits non-MAPK mechanisms of neoplasia,
including transcriptional dysregulation, epigenetic alterations, or rare structural variants. In each molecular
category, secondary alterations can occur; most notably TERT promoter and TP53 mutations occur with
increasing frequency in high-grade differentiated, poorly differentiated, and anaplastic thyroid carcinomas. This
article will review the diagnostic, prognostic, and therapeutic significance of molecular alterations across the
spectrum of follicular cell derived thyroid tumors and discuss strategies for investigating unusual molecular
alterations encountered in clinical practice.

Introduction

Over the past decade, our understanding of the molecular landscape
of thyroid tumors has expanded significantly, driven by large-scale
genomic studies analyzing preoperative fine-needle aspiration (FNA)
samples, thyroidectomy specimens, and metastases." © This body of
genetic data has informed risk stratification, improved histologic sub-
typing, captured a subset of patients with germline mutations, and
allowed for precision medicine in advanced thyroid carcinoma
cases.” 10

More specifically, next-generation sequencing (NGS) studies per-
formed on thyroid specimens have deepened our understanding of the
molecular landscape of many diagnostic entities. Furthermore, other

The authors have no conflicts of interests or financial disclosures to report.

high-sensitivity platforms using DNA and RNA sequencing, as well as
mRNA classifiers, now allow cell-free assays to be performed on the
limited material obtained from FNAs.> '» '? These advances have
improved preoperative malignancy risk assessment and inform clinical
management, particularly in indeterminate Bethesda category FNA
samples.

This assimilation of molecular data has resulted in the identification
of recurring drivers across distinct subsets of thyroid tumors. These
molecular classes include RAS/RAS-like alterations predominating in
follicular-patterned neoplasms, BRAF V600E/BRAF V600E-like alter-
ations defining classic papillary thyroid carcinoma (PTC) and canonical
variants, and mitochondrial and copy number abnormalities character-
istic of oncocytic tumors.' > '* In addition, secondary alterations in the
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TERT promoter and TP53 genes have been recognized to promote a more
aggressive phenotype. Thus, these are increasingly enriched in tumors as
they progress to high-grade differentiated histologic subtypes, poorly
differentiated  thyroid carcinomas, and anaplastic thyroid
carcinomas.'**® Unlike the aforementioned tumors which are all
derived from thyroid follicular epithelial cells, medullary thyroid car-
cinoma arises from c-cells and is driven by germline or somatic RET
mutations or, less commonly, RAS alterations.'”> 8

This article will review the diagnostic, prognostic, and therapeutic
significance of molecular alterations across the spectrum of follicular
cell derived (or putative follicular cell derived) thyroid tumors,
including follicular, papillary, and oncocytic tumors, as well as high-
grade tumors and rare and emerging neoplasms. We also discuss stra-
tegies for investigating unusual molecular alterations encountered in
clinical practice.

RAS-like (Follicular architecture)

Follicular cell-derived tumors with a follicular architecture share an
interesting molecular profile that is enriched for RAS mutations or has a
RAS-like mRNA signature.” The term “RAS-like” refers to a molecular
phenotype characterized by modest activation of the MAPK pathway.
This designation was first made in The Cancer Genome Atlas (TCGA)
thyroid study, which used gene expression clustering to distinguish tu-
mors with high MAPK output (BRAF V600E-like) from those with
lower-level MAPK signaling (RAS-like).! These findings have been
further validated by multiple groups.” * '° Classically, the RAS-like
phenotype includes mutations in the RAS family of genes, most notably
NRAS and HRAS, and much less frequently KRAS.> ?° These alterations
are detected in up to 40-50% of follicular adenomas, follicular carci-
nomas, and NIFTPs.”" ??> Additional mutations that result in this mo-
lecular phenotype include BRAF K601E, TSHR, and certain inactivating
alterations in negative regulators of the MAPK pathways, such as
NF1.%>"?° These alterations share similar downstream transcriptional
profiles, including modest MAPK signaling output, low-level ERK
phosphorylation, and a preference for follicular growth patterns.' >

Follicular adenomas, for example, are benign encapsulated neo-
plasms that lack invasion and do not display PTC nuclear features
(Fig. 1A). When an invasive growth pattern emerges, the diagnosis
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becomes a follicular thyroid carcinoma (FTC), which is further subtyped
by the extent and type of invasion. A minimally invasive FTC displays
capsular invasion only, an encapsulated angioinvasive FTC displays
venous invasion within the capsule or beyond (Fig. 1C), and a widely
invasive FTC shows extensive invasion into thyroid parenchyma and
often the surrounding soft tissue. Interestingly, this RAS-like molecular
category also includes non-invasive follicular thyroid neoplasm with
papillary-like nuclear features (NIFTP), which displays a follicular
growth pattern, is encapsulated or well-demarcated, but has PTC-like
nuclear features, noting that intranuclear pseudoinclusions are most
often rare or absent (Fig. 1B). L, 22 These PTC-like nuclear features are
often variably present throughout the lesion and represent a spectrum of
changes that are not quite “well-developed” and diffuse. Furthermore,
these tumors must lack a papillary growth pattern, psammomatous
calcifications, high grade features, or any other feature indicative of a
histologic subtype of PTC. When a neoplasm with these features de-
velops an invasive growth pattern, it meets criteria as an invasive
encapsulated follicular variant of PTC (Fig. 1D). When malignant,
RAS-like tumors are less likely to present with nodal metastases and
instead have a propensity to metastasize hematogenously, including to
the lungs and bone, which aligns well with the inclination for venous
invasion identified in the primary lesions.’® As a result, the RAS-like
group of tumors represents an interesting intersection where underlying
molecular alterations result in a characteristic histologic growth pattern
and mode of metastasis (Table 1).

RAS-like tumors also tend to retain expression of thyroid differenti-
ation genes such as TG, TPO, and SLC5A5, which may have implications
for radioactive iodine uptake.?” Unlike BRAF V600E-like tumors, these
alterations do not confer the potent MAPK activation that leads to
papillary architecture and the well-developed nuclear features of PTC,
such as prominent pseudoinclusions. For example, BRAF K601E results
in intermediate kinase activity, attenuated ERK signaling, and is
consistently found in tumors with a follicular architecture and RAS-like
expression signature.”” These observations support the classification of
RAS-like tumors as a distinct molecular subset with preserved thyroid
differentiation and follicular architecture.

Fig. 1. RAS-like follicular patterned neoplasms. A) Follicular adenoma with follicular architecture, lack of PTC nuclear features, and an intact capsule (H&E stain,
40x). B) NIFTP showing a follicular architecture and variable PTC-like nuclear features, such as nuclear enlargement, nuclear grooves, and chromatin clearing. No
capsular invasion is identified (H&E stain, 40x). C) Follicular carcinoma with follicular architecture and angioinvasion within the capsule and a lack of PTC nuclear
features (H&E stain, 40x). D) Encapsulated follicular subtype of PTC with PTC nuclear features and capsular invasion (H&E stain, 10x).
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Table 1

Selected thyroid tumor molecular summary by diagnosis*.

Tumor Entity

Key Molecular Findings

Notes / Clinical
Implications

Follicular thyroid
carcinoma

NIFTP

Papillary thyroid
carcinoma

Oncocytic carcinoma

High-grade
differentiated
thyroid carcinomas
(HGDTC)

Poorly differentiated
thyroid carcinoma
(PDTC)

Anaplastic thyroid
carcinoma (ATC)

Cribriform-morular
thyroid carcinoma

Pediatric follicular
cell-derived
thyroid tumors

Thyroblastoma
(DICER1-
associated)

Other rare subsets

NUTM1-rearranged
thyroid carcinoma

RAS mutations/RAS-like,
including PAX8::PPARG
fusions

RAS or RAS-like mutations;
no BRAF p.V600E or RET/
NTRK fusions

BRAF p.V600E (40-50%)/
BRAF V600E-like; RET/
NTRK fusions (esp. in
pediatric & radiation-
associated cases), occasional
RAS mutations (follicular
subtype)

Copy number alterations
(CNA), mitochondrial DNA
mutations

Same drivers as parent tumor
plus secondary events,
including emergence of
TERT promoter/TP53
mutations

Same drivers as parent tumor
plus secondary events,
including TERT promoter/
TP53 mutations

Same drivers as parent tumor
with highest frequency of
TERT promoter/TP53
mutations, as well as
additional secondary events
(genomic instability)

APC or CTNNBI (B-catenin)
mutations

High prevalence of RET and
NTRK fusions; less frequent
BRAF p.V60OE.

DICER1 mutations

DICER1 mutations in
pediatric follicular
cell-derived tumors (non-
thyroblastoma); ALK, ROS1,
RET, and NTRK fusions in
unusual histologies; EIF1IAX
mutations in indeterminate
nodules; GNAS mutation
favors benign or
hyperfunctioning (hot)
nodule

NUTM]1 fusions (e.g., NSD3::
NUTM1)

Invasion (capsular/
vascular) is diagnostic

Indolent if completely
excised; strict histologic
criteria essential

Most common thyroid
carcinoma; fusion-driven
cases enriched in younger
patients; BRAF p.V600E
correlates with classic
morphology and higher
recurrence risk
Chromosome 7 gains
predict aggressive
behavior

Defined by mitoses >5/2
mm? and/or necrosis,
while retaining well-
differentiated morphology

Defined by Turin criteria:
insular/solid/trabecular
architecture, convoluted
nuclei, mitoses >3/2 mm?
necrosis

Highly lethal; BRAF and
RET/NTRK fusions guide
targeted therapy

Now recognized as a
distinct entity (no longer a
PTC subtype); strong
association with familial
adenomatous polyposis
(FAP)

More often present with
nodal disease but
generally excellent
prognosis; fusion-driven
biology important for risk
stratification

Distinct embryonal-type
tumor; typically pediatric/
young adults; can be
aggressive with local
invasion or metastases
DICER1-associated lesions
beyond thyroblastoma
range from benign nodular
disease to carcinomas;
fusion-positive tumors can
be targetable and are
enriched in radiation-
associated cases

Extremely rare and
aggressive; positive for
NUT by IHC

* See text for relevant literature citations.

BRAF V600E-like (Papillary architecture/well-developed PTC nuclear

features)

PTC is the most common malignant thyroid neoplasm and is defined
histologically by a combination of papillary or follicular architecture
with characteristic nuclear features, including nuclear enlargement,
irregular nuclear contours, nuclear grooves, chromatin clearing, and
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intranuclear pseudoinclusions (Fig. 2A/2B). Furthermore, the presence
of psammomatous calcification is indicative of papillary architecture.
With the exception of the follicular subtype, which lacks papillae, most
PTCs are molecularly characterized by strong MAPK pathway signaling
output, termed “BRAF V600E-like”.' ® As this name implies, the defining
alteration of this group of tumors is the BRAF V600E mutation, which
occurs in approximately 40-50% of all PTCs and in up to 60-70% of
classic PTCs.?® 2 The criteria for subclassifying PTCs is beyond the
scope of this text; however, several histologic subtypes will be reviewed
in the context of recurring molecular alterations and clinical behavior.

In addition to the BRAF V60OE mutation, the BRAF V600E-like group
also includes RET fusions and BRAF fusions.'” Some alterations,
including NTRK1-3, ALK, and FGFR2 fusions, show intermediate tran-
scriptional features that overlap between BRAF-like and RAS-like pro-
files and are discussed in a different section below.® The BRAF
V600E-like phenotype encompasses the majority of histologic variants
of PTC (Table 1). Classic PTC and the tall cell subtypes are strongly
associated with BRAF V600E mutations (Fig. 2C).>% 3° The hobnail
subtype is similarly enriched for BRAF V600OE mutations and carries a
worse prognosis, while the columnar cell subtype frequently harbor
BRAF V600E mutations or MAPK-activating fusions.*"” ? In contrast, the
diffuse sclerosing variant is more commonly associated with RET fusions
and often arises in younger patients or those with prior radiation
exposure (Fig. 2D).*3

Clinically, BRAF V600E-like tumors tend to present as infiltrative,
often multifocal, PTCs with a high frequency of cervical lymph node
metastases at diagnosis. These tumors generally have reduced iodine
avidity compared to RAS-like neoplasms, which may limit the effec-
tiveness of radioactive iodine in advanced disease.* In the pediatric
population, fusion-driven tumors (especially those involving RET and
NTRK) are more common and often respond well to targeted kinase
inhibitors in the metastatic setting (Table 2).%5

While the overall prognosis for PTC remains excellent, cases with
aggressive histologic subtypes, coexisting TERT promoter mutations, or
significant extrathyroidal extension warrant closer monitoring and more
aggressive treatment strategies.

Oncocytic neoplasms

Oncocytic thyroid tumors represent a unique subtype of follicular
cell-derived neoplasms that contain oncocytic cells comprising at least
75% of the tumor. These cells have abundant eosinophilic, granular
cytoplasm due to the accumulation of mitochondria, a characteristic
common to cells with oncocytic features in other sites (Fig. 3A/3B).
While oncocytic tumors can be benign (oncocytic adenomas), the ma-
lignant counterpart is classified as an oncocytic carcinoma (OCA) and
can be further divided into minimally invasive, encapsulated angioin-
vasive, and widely invasive histologic subtypes, as done with FTCs
(described above). Importantly, OCAs are considered a separate entity
from follicular carcinoma, despite some shared architectural features,
and are distinct from both BRAF-like and RAS-like tumors based on their
molecular and biological profiles (Table 1).13 36

Histologically, OCAs are encapsulated tumors with capsular and/or
vascular invasion, do not show the nuclear features of PTC, and lack
high-grade cytologic features. Most tumors show solid or trabecular
growth patterns, but a variable follicular architecture can be seen.
Although the nuclei are typically round and regular, the nuclear features
can be variable and occasionally display multinucleation, nuclear
grooves, intranuclear pseudoinclusions, and prominent nucleoli.®’
These features can be seen in both oncocytic adenomas and OCAs;
however, it is the presence or absence of invasion that distinguishes
these tumors. Furthermore, the extent of vascular invasion appears to be
most correlative with clinical outcomes.*® Rare OCAs may show necrosis
or increased mitotic activity and meet the criteria for high-grade
differentiated oncocytic thyroid carcinoma.’® OCAs, like FTCs,
frequently metastasize hematogenously but have a higher propensity for
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Fig. 2. BRAF V600-like papillary carcinomas. A) Classic PTC with papillary architecture, nuclear enlargement, irregularity, clearing, and grooves (H&E stain, 40x).
B) PTC with intranuclear pseudoinclusions (black arrows) (H&E stain, 40x). C) PTC, tall cell subtype showing cells that are 2-3 times taller than they are wide.
Although not shown in this focus, a trabecular growth pattern is common (H&E stain,40x). D) PTC, diffuse sclerosing subtype often shows many scattered foci of
tumor, like shown, with many psammomatous calcifications and a background of stromal sclerosis and lymphocytic infiltrates. This sclerosis often creates a nodular

appearance in the thyroid (H&E stain, 10x).

lymph node spread; however, some reported nodal involvement may
reflect vascular tumor plugs rather than true nodal metastasis.*’
Importantly, OCAs often show reduced expression of genes related to
iodine uptake and storage, which is likely the reason for their relative
resistance to radioactive iodine.*"> *

Molecularly, oncocytic thyroid neoplasms are notable for a low fre-
quency of canonical mutations, which can lead to false-negative mo-
lecular results on FNA specimens, though some improvements have been
made in recent years.”> Oncocytic adenomas and OCAs show frequent
mitochondrial DNA mutations involving proteins related to complex I of
the electron transport chain.>® ** These alterations result in impaired
oxidative phosphorylation and a compensatory increase in the number
of mitochondria in the cytoplasm, resulting in the characteristic onco-
cytic appearance.”’ In OCAs, chromosomal losses accumulate with many
tumors revealing near-haploidy states with monosomies of chromo-
somes 2, 8, and 22.°% 4> 46 Occasionally, gains in chromosomes 7, 12,
and 17 are observed.*® Increased chromosomal copy number alterations
seem to correlate with histologic features, as well as worse clinical
outcomes.?” More specifically, minimally invasive OCAs are more likely
to be diploid while widely invasive tumors more frequently show pol-
ysomy and amplification of chromosome 7.'° In addition to mitochon-
drial complex I mutations, recent studies suggest that dysregulation of
cellular metabolism through alternative mechanisms may contribute to
the oncocytic phenotype. One such example involves loss of folliculin
(FLCN), a tumor suppressor gene that regulates mitochondrial biogen-
esis, oxidative phosphorylation, and mTOR signaling and, when present
in the germline, causes Birt-Hogg-Dubé syndrome. Inactivation of the
FLCN protein leads to a distinct gene expression profile enriched for
mitochondrial and lysosomal dysfunction, resembling that seen in
classic oncocytic tumors. This observation suggests that FLCN-altered
thyroid neoplasms may represent an emerging molecular subtype with
potential oncocytic differentiation independent of traditional chromo-
somal or mitochondrial DNA alterations. ** > However, more research is
needed to further elucidate various mechanisms that can result in an
oncocytic phenotype in thyroid tumors.

BRAF V600E-like/RAS-like overlap carcinomas

A subset of thyroid carcinomas activate the MAPK pathway to an
intermediate degree, resulting in mRNA expression patterns overlapping
between the BRAF V600E-like and RAS-like categories.'® This group
includes tumors with fusions involving NTRK1-3, ALK, and FGFR2,
which activate signaling through upstream receptor tyrosine kinases
(RTKs) rather than through point mutations in downstream signaling
proteins.! Rare fusions involving MET have also been identified and
likely fit into this category.' These fusions result in constitutive dimer-
ization and autophosphorylation of the fusion protein, leading to MAPK
activation, and in many cases, concurrent PI3K/AKT pathway signaling
as well. These carcinomas tend to display PTC histopathologic features
and may result in nodal metastases but often maintain a relatively
favorable clinical course, as a group, compared to BRAF V600E-like
carcinomas.' These events are more common in radiation-associated
or pediatric thyroid carcinomas and are most frequently seen in the
context of papillary thyroid carcinoma, including the diffuse sclerosing
and solid variants.” Because these fusions are targetable, with
FDA-approved therapies such as larotrectinib (for NTRK) or alectinib
(for ALK), their identification has significant clinical implications
(Table 2).5% 54

Non-BRAF V600E-like, non-RAS-like tumors

Beyond the canonical BRAF V600E-like, RAS-like, BRAF V600E-like/
RAS-like overlap, and oncocytic phenotypes, there are a number of
additional alterations that can drive thyroid neoplasia that do not neatly
fit into a category. These include point mutations, non-RTK fusions, and
deletions that frequently involve disruption of transcriptional regula-
tors, chromatin remodelers, or other signaling pathways. The PAX8::
PPARG fusion, for instance, is associated with follicular-patterned tu-
mors, especially FTCs, and is thought to promote tumorigenesis by
dysregulating PAX8 transcriptional targets while promoting PPARG. "
On the other hand, THADA fusions are primarily found in benign ade-
nomas and low-risk neoplasms (NIFTP, follicular subtype of PTC), sug-
gesting a role in early tumorigenesis through activation of PI3K/AKT
signaling.”> °° Similarly, PTEN mutations and deletions are seen in
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Table 2
FDA-approved targeted therapies for advanced thyroid carcinomas.
Drug(s) Molecular/ Tumor Type(s) Indication

Protein Target

(s)

Lenvatinib VEGFR1-3, Radioactive First-line systemic

FGFR1-4, iodine-refractory therapy for

PDGFRa, RET, differentiated thyroid progressive,

KIT carcinoma (DTC: unresectable, or
papillary, follicular, metastatic RAI-
oncocytic, poorly refractory DTC®®
differentiated)

Sorafenib VEGFR1-3, RAI-refractory DTC Alternative MKI

RET, RAF, for progressive

PDGFR{, KIT metastatic

disease®’
Cabozantinib RET, VEGFR2, RAI-refractory DTC Approved for

MET, AXL, KIT (second-line) and progressive
progressive/ metastatic MTC
metastatic medullary (regardless of RET
thyroid carcinoma status) and for
(MTC) RAl-refractory

DTC post-VEGFR-
targeted
therapy”’
Selpercatinib RET kinase RET fusion-positive Highly selective
DTC (including RET inhibitor;
papillary, poorly activity in
differentiated, and advanced,
anaplastic thyroid progressive, or
carcinoma) metastatic
disease”’
Pralsetinib RET kinase RET fusion-positive Alternative
DTC selective RET
inhibitor®* %%
Dabrafenib + BRAF p.V600E BRAF p. Combination
Trametinib (dabrafenib: V600E-mutated approved for

BRAF inhibitor; anaplastic thyroid unresectable or

trametinib: carcinoma (ATC) metastatic ATC

MEK inhibitor) harboring BRAF

V600E mutation”
Larotrectinib NTRK1-3 fusion =~ NTRK fusion-positive Tumor-agnostic
thyroid carcinomas approval for
(all histologic advanced/
subtypes) metastatic NTRK
fusion-positive
cancers”™ %°
Entrectinib NTRK1-3 NTRK fusion-positive Tumor-agnostic
fusion, ROS1 thyroid carcinomas approval for
(all histologies) advanced/
metastatic
disease””
Pembrolizumab PD-1 immune Tumor-agnostic: MSI-  Rarely used in
checkpoint high or TMB-high DTC; most

(>10 mut/Mb)
thyroid carcinomas;
PDL1+ ATC (off-label
use common)

effective in ATC
with PDL1 >1%
or MSI-high
tumors”®

follicular-patterned tumors with variable behavior; these tumors often
show PI3K/AKT/mTOR pathway activation rather than MAPK-driven
signaling.”” EZHI mutations are also associated  with
follicular-patterned tumors, possibly promoting epigenetic silencing and
differentiation arrest.’® Sporadic or germline DICERI mutations, which
can be seen in multinodular disease, follicular adenomas, and follicular
carcinomas, result in impaired miRNA processing and may contribute to
tumor development via widespread dysregulation of gene
expression.”® °! It has been reported that DICER1 mutant thyroid tu-
mors are often seen in younger patients and are most frequently char-
acterized by a macrofollicular architecture with prominent atrophic
changes, though focal papillary growth has also been observed.®?
Furthermore, thyroblastoma, a recently defined embryonal high-grade
thyroid neoplasm, is characterized by biallelic DICERI mutations and
exhibits a triphasic histology of primitive thyroid-like follicular cells,
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small round blue cells, and mesenchymal stroma, consistent with origin
from early thyroid progenitors.®® ®* Other alterations such as SPOP,
SO0S1, and IDHI mutations are rare but underscore the molecular het-
erogeneity within this category of thyroid tumors.®®

Cribriform morular thyroid carcinoma (CMTC) is a rare but distinc-
tive tumor that is not part of the BRAF V600E-like or RAS-like molecular
groups. These tumors are strongly associated with germline APC muta-
tions in the context of familial adenomatous polyposis (FAP), but they
can also occur sporadically through somatic CTNNB1 mutations.’® Both
alterations lead to constitutive activation of the Wnt/p-catenin signaling
pathway, which is central to CMTC tumorigenesis, and results in nuclear
and cytoplasmic p-catenin immunoreactivity.°® Morphologically, these
tumors display a characteristic mixture of cribriform, trabecular, and
solid architecture with squamoid morules (Figs. 4A/4B). Although
generally indolent, recognition of CMTC is important due to its genetic
implications for FAP and its unique molecular profile.

Hyalinizing trabecular tumor (HTT) is another rare but distinct
follicular cell-derived neoplasm in this category with recurrent PAX8::
GLIS1 and PAX8::GLIS3 fusions.?” °® HTTs are a low-risk neoplasm and
tend to be well-circumscribed and composed of elongated tumor cells in
a trabecular growth pattern, admixed with hyaline material. Interest-
ingly, nuclear grooves and frequent intranuclear pseudoinclusions are
present, which may mimic PTC at first glance.®”

A rare but emerging entity in this category is NUTMI-rearranged
thyroid carcinoma, defined by gene fusions involving the NUTM1 gene,
most often with NSD3 or other bromodomain family members as the
fusion partner.”” 7! These tumors are highly aggressive, poorly differ-
entiated, and typically arise in younger patients without prior thyroid
disease. Histologically, they often exhibit solid or nested growth with
regions showing abrupt squamoid differentiation and pockets of intra-
tumoral neutrophils (Figs. 4C/4D). Molecularly, these tumors show
epigenetic dysregulation through the fusion of NUTM1 to chromatin
modifiers, leading to global transcriptional reprogramming and growth
arrest blockade.”> 7> While NUTM1-rearranged carcinomas have been
more commonly described in the mediastinum and head and neck, a
small number of confirmed thyroid primaries have now been re-
ported.”” 7! These tumors are rapidly progressive and generally unre-
sponsive to standard therapies.

High-Grade follicular cell-derived tumors and anaplastic thyroid
carcinoma

High-grade follicular cell-derived carcinomas are tumors with
aggressive behavior and a prognosis that falls between well-
differentiated thyroid carcinomas and anaplastic thyroid carcinoma
(ATC). This category includes high-grade differentiated thyroid carci-
nomas (HGDTC) and poorly differentiated thyroid carcinoma (PDTC).
These tumors retain some architectural or cytologic features of follicular
origin but are unified by high-grade features such as tumor necrosis and/
or increased mitotic activity (Figs. 5A-5D).

HGDTCs are defined as tumors that maintain either papillary,
follicular, or oncocytic morphology but with at least one of the
following: >5 mitoses per 2 mm? or coagulative tumor necrosis. Despite
the differentiated morphology, HGDTCs show higher rates of extra-
thyroidal extension, metastasis, and disease-specific mortality than their
well-differentiated counterparts. They retain their signatures, which are
typically BRAF V600E-like in PTCs, RAS-like in FTCs, or mitochondrial/
copy number abnormalities in OCAs.'* 7% 7> Furthermore, secondary
alterations in the TERT promoter and TP53 mutations begin to
emerge.”® 77 Additional changes, such as chromosome 1q gain, support
a stepwise progression.78

In contrast, PDTC is defined by the Turin criteria: a solid/trabecular/
insular growth pattern, absence of papillary carcinoma nuclear features,
and at least one high-grade feature (>3 mitoses per 2 mm?, necrosis, or
convoluted nuclei).”” PDTCs are often widely invasive with frequent
angioinvasion and extrathyroidal extension, due to the fact that RAS-like
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Fig. 3. Oncocytic neoplasms. A) Oncocytic adenoma with the characteristic dense granular eosinophilic cytoplasm, follicular arrangement, and intact capsule (H&E
stain, 40x). B) Oncocytic carcinoma with the characteristic oncocytic cytoplasm, solid architecture, and vascular invasion (H&E stain, 20x).

Fig. 4. Rare thyroid carcinomas. A) Cribriform morular thyroid carcinoma showing a cribriform growth pattern (black arrows). B) Same case showing squamoid
morules (black arrow) lacking keratinization. This patient was from a family with a history of familial adenomatous polyposis (H&E stain, 20x). C) NUT carcinoma
displaying sheets of malignant cells with focal colloid production and enlarged nuclei with open chromatin, prominent nucleoli. A focus of a neutrophilic abscess is
present (H&E stain, 40x). D) NUT immunohistochemical stain showing strong, diffuse, speckled nuclear positivity (NUT stain, 40x).

signatures are more common in these tumors than BRAF V600E-like
signatures.”> However, PDTCs can arise from PTC which do show
BRAF V600E-like features. Compared to their well-differentiated coun-
terparts, these tumors are enriched for TERT promoter and TP53 mu-
tations, though not as frequently as ATC.

ATC is the most aggressive form of follicular cell-derived thyroid
carcinomas with a median overall survival of 6 months, even with the
advent of targeted therapies and immune checkpoint inhibitors.®%8!
Tumor cells are undifferentiated and are negative for thyroglobulin,
though, half retain expression of PAX8, which can help confirm a pri-
mary thyroid origin in the absence of a differentiated component.®?
Histologically, as shown in Figs. 5E-5H, tumors may be pleomorphic,
spindled/sarcomatoid, or show squamous features and typically show
significant extrathyroidal extension, which can cause life-threatening
airway compression. Necrosis, high mitotic activity, and atypical mito-
ses are frequent. ATC typically evolves from well-differentiated or PDTC
precursors and accumulate additional mutations, including TERT pro-
moter, TP53, PIK3CA, PTEN, CDKN2A/B loss, and SWI/SNF mutations

(e.g., ARIDI1A, SMARCB1).%> These tumors have high chromosomal
instability and high tumor mutational burdens, with variable PD-L1
expression.84’ 85

ATC is unresponsive to radioactive iodine and TSH suppression.
Management includes surgery (if feasible), radiation, and systemic
therapy. Molecular profiling has transformed treatment, with targeted
therapies showing benefit in subsets: BRAF/MEK inhibitors for BRAF-
mutant tumors, RET/NTRK inhibitors for fusion-positive cases, and
checkpoint inhibitors for those with PD-L1 expression or mismatch
repair deficiency (see Table 2 for additional details). However, the
overall prognosis remains poor for most patients, emphasizing the need
for early diagnosis and aggressive management.

Integrating molecular findings into clinical practice
The application of molecular testing in thyroid diagnostics is most

impactful in the preoperative evaluation of indeterminate FNA samples
(Bethesda III and IV), where cytology alone cannot reliably distinguish
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Fig. 5. Aggressive thyroid carcinomas. A) High-grade differentiated papillary thryoid carcinoma with follicular architecture, PTC-like nuclear features, and mitotic
activity (black arrows) (H&E stain, 40x). B) High-grade differentiated PTC showing a papillary growth pattern, conventional nuclear features, and necrosis (black
arrow) (H&E stain, 40x). C) High-grade differentiated oncocytic carcinoma displaying oncocytic cytoplasm and mitotic activity (black arrow) (H&E stain, 40x). D)
Poorly differentiated thyroid carcinoma with solid growth, lack of PTC nuclear features, convoluted nuclear contours, and apoptotic bodies (black arrow) and
necrosis (H&E stain, 40x). E, F) Anaplastic thyroid carcinoma with sarcomatoid features (H&E stain, 40x). G) Anaplastic thyroid carcinoma with squamous features
(H&E stain, 40x). H) Anaplastic thyroid carcinoma with squamous features from the previous panel showing retained nuclear PAX8 immunohistochemical staining

(PAXS stain, 40x).

benign from malignant follicular and oncocytic lesions. Commercially
available molecular panels (e.g., ThyroSeq, Afirma, ThyGeNEXT/Thyr-
aMIR) now combine DNA and RNA mutational testing with microRNA
classifiers to refine malignancy risk.® Detection of BRAF V600E or BRAF
V600E-like signature or RET or NTRK fusions virtually establishes a
diagnosis of malignancy. Conversely, the detection of a RAS mutation or
RAS-like signature supports more conservative management with a lo-
bectomy. Absence of these alterations is consistent with a low malig-
nancy risk and, when it correlates with clinical and radiologic

parameters, often resulting in clinical follow-up.

Beyond the indeterminate nodule, molecular data also inform sur-
gical extent and postoperative risk stratification. For example, identi-
fying high-risk mutations (e.g., TERT promoter or TP53 mutations) in a
differentiated carcinoma can justify a more extensive initial resection
and closer postoperative surveillance. In advanced or metastatic disease,
molecular profiling is essential for identifying actionable alterations that
define eligibility for FDA-approved targeted therapies (e.g., selective
RET inhibitors for RET-altered tumors, BRAF and MEK inhibitors for
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BRAF p.V600E-mutated anaplastic thyroid carcinoma) (Table 2).
Furthermore, molecular testing on pediatric tumors may be helpful to
rule out or raise the possibility of a germline predisposition syndrome.

When confronted with a rare or unfamiliar molecular alteration,
clinicians should confirm the finding and use curated genomic resources
such as cBioPortal, ClinVar, or OncoKB, as well as multidisciplinary
molecular tumor boards, to determine its significance.®” This structured
approach ensures that molecular findings are not interpreted in isolation
but integrated into the broader clinical, radiologic, and pathologic
context, ultimately improving diagnostic accuracy, therapeutic
decision-making, and patient outcomes.

Conclusion

In summary, the molecular characterization of follicular cell-derived
thyroid neoplasms has revealed several molecular phenotypes that
correlate with distinct histologic patterns, biological behavior, and
therapeutic vulnerabilities. Most thyroid neoplasms fall within the two
main categories: RAS-like or BRAF V600E-like depending on the degree
in which they activate the MAPK pathway. RAS-like tumors have low
level MAPK activation and typically display a follicular growth pattern
and, when malignant, spread hematogenously. Conversely, BRAF
V600E-like tumors show strong MAPK activation, are typically PTCs,
and tend to spread to lymph nodes. Between these lie RTK fusion-driven
tumors (e.g., NTRK, ALK, RET, FGFR2), which exhibit intermediate
MAPK pathway activation and are enriched in pediatric and radiation-
associated papillary thyroid carcinomas. Oncocytic tumors form a
separate category driven by mitochondrial mutations and chromosomal
copy number alterations rather than MAPK signaling activation. Finally,
a smaller group of non-BRAF/non-RAS/non-oncocytic tumors show
diverse mechanisms of neoplasia and do not neatly fit into one of the
aforementioned phenotypes. Alterations include transcriptional dysre-
gulation (PAX8 fusions), Wnt/p-catenin signaling (APC/ CTNNBI,
cribriform morular carcinoma), epigenetic alteration (EZH1, SPOP),
impaired miRNA processing (DICERI-mutant follicular lesions and
thyroblastoma), and rare structural variants (NUTM1-rearranged thy-
roid carcinoma). Finally, high-grade differentiated and poorly differ-
entiated thyroid carcinomas retain molecular features of their
differentiated precursor but acquire mutations in TERT promoter, TP53,
and chromatin remodeling genes that can drive dedifferentiation, while
ATC represents the culmination of these events with widespread
genomic instability and loss of lineage fidelity. This expanding molec-
ular taxonomy has not only refined diagnostic classification but has also
enabled risk stratification, informed prognostication, and opened the
door to targeted therapies in both early and advanced thyroid cancer
management.
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