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Abstract

Thyroid cancer is the most prevalent endocrine malignancy. Distinct genetic alterations drive the development
and progression of thyroid tumors of follicular cells with remarkable genotype–phenotype correlation. In most
tumors of follicular cell origin, the primary molecular events are RAS or RAS-like (follicular-patterned tumors)
and BRAF p.V600E or BRAF V600E-like (conventional papillary carcinomas) alterations. Progression of thyroid
tumors to advanced and less-differentiated carcinomas requires additional oncogenic alterations, including TP53
and TERT promoter mutation, and aberrant PI3K–PTEN–AKT signaling. Understanding the genetic landscape of
thyroid carcinoma of follicular cells is essential to optimize clinical management and to identify molecular targets to
treat cases with aggressive disease refractory to standard radioactive iodine therapy. What follows is a
comprehensive and updated outline of the main somatic genetic and molecular alterations in thyroid carcinoma of
follicular cells.
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Introduction
Thyroid cancer is the most prevalent endocrine
malignancy, accounting for 4.1% of all newly diagnosed
cancer cases globally, the 10th most common cancer
worldwide (1, 2, 3). The widespread adoption of
imaging techniques and the introduction of fine-needle
aspiration (FNA) have greatly enhanced the ability to
detect this malignancy. Indeed, the number of cases is
expected to increase globally by 44.1% between 2019 and
2030 (4). However, this diagnostic progress has also raised
concerns about the potential for overdiagnosis, where
clinically insignificant cases are identified and treated
unnecessarily (5). Thyroid cancer includes various
histotypes that differ in frequency, mutational profile,
clinical behavior and outcome (Table 1). While the
overall 5-year survival rate for primary thyroid cancer
is about 99%, it decreases significantly in advanced and
less-differentiated tumors. Based on the 5th edition of the
WHO classification scheme, tumors of follicular cells can
be broadly divided into three groups (6). The first one
includes three well-differentiated subtypes derived from
follicular cells, such as papillary thyroid carcinoma (PTC),
follicular thyroid carcinoma (FTC) and oncocytic
carcinoma of the thyroid (OCA). The second group
includes the rare and aggressive anaplastic
(undifferentiated) thyroid carcinoma (ATC), which
typically develops from well-differentiated thyroid
carcinomas after accumulation of further genetic
alterations. ATC has very poor outcome compared to
both PTC and FTC that typically have a good prognosis
and a 5-year survival rate close to 100%when localized to
the thyroid gland (7, 8, 9). In addition, the current WHO
classification of thyroid neoplasms recognizes a third
group of tumors with an intermediate prognosis
between that of well-differentiated PTC or FTC and
undifferentiated anaplastic carcinomas: the high grade,
non-anaplastic thyroid carcinomas (6). This group
includes tumors that are poorly differentiated (poorly
differentiated thyroid carcinoma, PDTC) and tumors
that are well differentiated, but of high histologic grade
(high-grade differentiated thyroid carcinoma, HGDTC).
These high-grade non-anaplastic thyroid carcinomas of
follicular cells have a 5-year survival of ∼50–70% (10, 11,
12). Medullary thyroid carcinoma (MTC), accounting for
3–5%of thyroid cancers, is not of follicular cell derivation,
but is a neuroendocrine tumor originating from C-cells
(parafollicular cells). Around 25%ofMTC are inherited, in
the context of multiple endocrine neoplasia (MEN)
syndromes (13).

Historically, total thyroidectomy, often combined with
radioactive iodine therapy, has been the standard
treatment for most thyroid cancer types of follicular
cells derivation. Advances in next-generation
sequencing and other high-throughput techniques have
significantly enhanced our understanding of the
molecular landscape of thyroid carcinoma, allowing a
remarkable correlation between histologic phenotype

and genotype. These technologies have been
instrumental in uncovering genomic alterations that
may serve as therapeutic targets for aggressive tumors
unresponsive to conventional radioiodine therapy (2, 14,
15, 16, 17, 18).

This review provides a comprehensive and updated
analysis of the genomic and molecular alterations
driving thyroid cancer and of their correlation with
histopathologic features. It investigates how these
alterations drive thyroid cancer onset and progression
and evaluates their biological significance, highlighting
their potential to guide more effective treatment
strategies to improve patient outcome.

Early/driver molecular changes in the
development of thyroid tumors
The main alterations of thyroid cancer of follicular cells
fall into two broad categories: driver alterations that
promote tumor development and secondary events that
promote progression to high grade tumors and anaplastic
carcinoma (Fig. 1, Tables 2 and 3) (2, 17, 18, 19, 20). The
most frequent genetic variants linked to the development
of thyroid cancer are found in proteins involved in the
intracellular mitogen-activated protein kinase (MAPK)
signaling pathway (21). Mutations or alterations that
aberrantly activate the MAPK pathway leading to its
dysregulation result in impaired expression of genes
required for normal thyroid function, uncontrolled
cellular growth and cancer development (2, 17, 18, 19,
20, 22). Mostly, dysregulation arises through mutually
exclusive mutations in either BRAF (60–80%) or RAS
(20–40%) oncogenes. A subset of thyroid cancers is
initiated by gene rearrangements involving receptor
tyrosine kinase (RTK) genes, such as RET, ALK and
NTRK (5–10%), that also activate the MAPK pathway
(Table 2) (2, 17, 18, 19, 20, 21). Overall, the clonal
nature and mutual exclusivity of genetic alterations in
BRAF, RAS, RET, and other key genes indicate that a single
genetic change is the primary initiating event in most
thyroid cancers, with impressive genotype–phenotype
correlation. As shown by the work of The Cancer
Genome Atlas (TCGA), follicular-patterned tumors are
typically linked to RAS or RAS-like mutations. In
contrast, conventional papillary carcinomas (those
forming papillae) are predominantly associated with
BRAF p.V600E or BRAF V600E-like mutations, including
RET and NTRK rearrangements (21). Indeed, Veschi et al.
demonstrated that introducing BRAF p.V600E mutations
into human thyroid progenitor cells through CRISPR–Cas9
gene editing is sufficient to recreate PTC, while
introducing the NRAS p.Q61R mutation successfully
reproduces FTC (23). Other forms of tumors, notably
oncocytic tumors, are driven by somatic genetic
alterations that are not primarily related to either
RAS-like or BRAF V600E-like molecular changes, such

G Calafato et al. European Thyroid Journal (2025) 14 e250104
https://doi.org/10.1530/ETJ-25-0104

Downloaded from Bioscientifica.com at 02/25/2026 11:44:30AM
via Open Access. This work is licensed under a Creative Commons Attribution

4.0 International License.
https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.1530/ETJ-25-0104


Table 1 Thyroid carcinoma: summary of histologic features, grading and molecular profile (WHO 5th edition).

Conventional
PTC

Infiltrative
FVPTC I-EFVPTC FTC OCA HGDTC PDTC ATC MTC

Precursor
lesion

Unknown Unknown NIFTP (after
acquiring invasion)

Follicular adenoma
(after acquiring
invasion)

Oncocytic
adenoma (after
acquiring invasion)

Progression
from pre-
existing
tumors

Progression
from pre-
existing tumors
with partial loss
of follicular cell
differentiation

Progression
from pre-
existing tumors
with complete
loss of follicular
cell
differentiation

C-cell
hyperplasia

Architecture Papillary Follicular Follicular Follicular Follicular, solid/
trabecular

Papillary or
follicular

Solid/
trabecular/
insular

Solid Solid

Nuclei PTC nuclear
atypia (florid)

PTC nuclear
atypia
(florid)

PTC nuclear atypia
(moderate)

Unremarkable Enlarged, with
prominent nucleoli

Alterations
depend on
tumor
subtype

Small and
round, may be
convoluted,
‘rasin-like’

Pleomorphic ‘Salt and pepper’
chromatin

Mitoses <5 mitoses/2
mm2

<5 mitoses/
2 mm2

<5 mitoses/2 mm2 <5 mitoses/2 mm2 <5 mitoses/2 mm2 ≥5 mitoses/2
mm2 or
tumor
necrosis

≥3 mitoses/2
mm2 or tumor
necrosis

Numerous
mitoses and
necrosis

If ≥ 5 mitoses/2
mm2, Ki67 ≥ 5%
or tumor
necrosis MTC is
high grade

Necrosis No No No No No

Invasive
pattern

Infiltrative;
spreads
through
lymphatics
first

Infiltrative;
spreads
through
lymphatics
first

Invasion of tumor
capsule/blood
vessels; spreads to
distant sites

Invasion of tumor
capsule/blood
vessels; spreads to
distant sites

Invasion of tumor
capsule/blood
vessels; spreads to
distant sites

Through
lymphatics or
blood vessels
(depending
on subtype)

Wide invasion
of capsule/
blood vessels,
may spread to
lymph nodes

Highly
infiltrative,
spreads
through
lymphatics and
blood vessels

Infiltrative;
spreads through
lymphatics and
blood vessels

Subtypes Many, (13 for
the WHO 5th
ed.)
depending on
cell type/
growth
pattern

No • Minimally
invasive

• Encapsulated
angioinvasive

• Widely
invasive

• Minimally
invasive

• Encapsulated
angioinvasive

• Widely
invasive

• Minimally
invasive

• Encapsulated
angioinvasive

• Widely
invasive

HGDTC-PTC,
HGDTC-FTC,
HGDTC-
oncocytic,
HGDTC other

No Patterns:
sarcomatoid,
epithelioid,
squamous cell
carcinoma-like

Medullary
microcarcinoma

Molecular
profile

BRAF-V600E-
like

BRAF-
V600E-like

RAS-like RAS-like mtDNA mutations/
extensive LOH

BRAF-V600E-
like (more
common) or
RAS-like (less
common),
TERTp
mutation

RAS-like (more
common) or
BRAF-V600E-
like (less
commmon),
TERTp
mutation

BRAF-V600E-
like (high MAPK
signaling),
TERTp and TP53
mutation

RET or RAS
mutation

ATC, anaplastic thyroid carcinoma; FTC, follicular thyroid carcinoma; FVPTC, follicular variant papillary carcinoma; HGDTC, high-grade-differentiated thyroid carcinoma; I- EFVPTC, invasive encapsulated
follicular variant papillary carcinoma; LOH, loss of heterozigosity; MTC, medullary thyroid carcinoma; mtDNA, mitochondrial DNA; NIFTP, non-invasive follicular thyroid neoplasm with papillary-like
nuclear features; OCA, oncocytic carcinoma of the thyroid; PTC, papillary thyroid carcinoma; PDTC, poorly differentiated thyroid carcinoma; TERTp, TERT promoter.
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as mtDNA mutations and genome haploidization (20, 24,
25, 26, 27, 28, 29).

H-, K-, NRAS and RAS-like alterations

H-, K-, and NRAS
RAS genes, HRAS, KRAS, and NRAS, encode a family of G
proteins that reside on the inner side of the cytoplasmic
membrane, where they play a key role in transmitting
intracellular signals to the nucleus. RAS proteins function
as key effector molecules in MAPK signaling and are
commonly activated in a variety of human cancers,
contributing to oncogenesis (30). RAS mutations or
similar molecular alterations (RAS-like) are
’early/driver’ events for follicular-patterned tumors.
These RAS or RAS-like mutated tumors exhibit a
consistent molecular profile, low MAPK signaling (due
to negative feedback from ERK to RAF monomers), a high
differentiation score, and are malignant only if there
is invasion into the tumor capsule or blood vessels
(2, 18, 19, 20, 21).

RAS-encoded G-proteins, known as p21RAS GTPases, are
inactive when bound to guanosine diphosphate (GDP)
and active when bound to guanosine triphosphate
(GTP). A group of proteins, including guanine
nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs), facilitate the activation of
p21RAS by promoting the exchange of GDP for GTP.
Point mutations in the GTP-binding domain (codons
12 and 13) or the GTPase domain (codon 61) lead

to amino acid substitutions that impair GTPase
activity, causing p21RAS to remain in its active form,
driving tumorigenesis. In human cancer, more than
90% of RAS mutations are found in codons 12, 13, or 61
(31, 32).

In thyroid tumors, mutations most commonly involve
NRAS (at codon 61) found in 25–80% of FTC and
15–65% of follicular thyroid adenoma (FTA). NRAS
mutations are followed – in order – by those of HRAS
(5–20% in FTC and 5–35% in FTA) and KRAS mutations
(<5% in both FTC and FTA) (33, 34). RAS-mutated thyroid
tumors are typically follicular-patterned. RAS mutations
also characterize those encapsulated follicular-patterned
tumors that have nuclear alterations of papillary
carcinoma: invasive encapsulated follicular variant of
papillary thyroid carcinoma (I-EFVPTC), an invasive
tumor equivalent to FTC, and non-invasive follicular
thyroid neoplasm with papillary-like nuclear features
(NIFTP), a non-invasive tumor equivalent to FTA
(35, 36). The prevalence of RAS mutations in I-EFVPTC
and NIFTP is similar to that of FTC and FTA, respectively
(33, 34, 35, 36).

RAS mutations are found in aggressive, high-grade
tumors that arise from the progression of these
follicular-patterned neoplasms; they are reported in
20–50% of high-grade non-anaplastic carcinomas and
in 10–50% of anaplastic carcinomas (Fig. 1 and
Table 2) (12, 14, 19, 20, 21, 37, 38). Importantly,
RAS mutations are also found in 5–10% of

Figure 1

Somatic genetic alterations of thyroid tumors. PDTC, poorly differentiated thyroid carcinoma; HGDTC, high grade differentiated thyroid carcinoma;
GH-CNV, genome haploidization-type DNA copy number variation. Modified from (19).
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Table 2 Somatic genetic alterations of thyroid tumors: early/driver events.

Gene Protein Main genetic alterations
Main molecular
pathway Tumor type Histologic features References

H-, K-, NRAS HRAS, KRAS and NRAS: G-proteins
essential for the transmission of
signals from the cell membrane
through MAPK pathway

Mutations in the GTPase
domain (codon 61), or in the
GTP-binding domain
(codons 12 and 13) lock the
protein

MAPK FTAa: 20–40% Follicular-patterned
tumors: FTA, FTC; if
nuclear alterations of
papillary carcinoma
present: NIFTP, I-EFVPTC

(6, 12, 14,
18, 21, 30,
33, 34, 38,
52, 56)

FTCa: 20–50%
PTC: 0–10%
HGDTC: 30%
PDTC: 50%
ATC: 10–50%

BRAF BRAF (along with ARAF and CRAF) is
a serine/threonine kinase in the
MAPK signaling pathway. Upon
activation, BRAF phosphorylates
and activates MEK, which
subsequently activates ERK

Mutations, by far the most
common is c.1799T > A
(p.V600E) (95% of cases);
other mutations that
enhance BRAF activity occur
in 599, 600, 601 and 469
codons (e.g., p.K601E,
p.V600K, p.G469V), since the
level of MAPK activation is
lower, these mutations have
a RAS-like signature

MAPK PTC: 40–80% Papillae (typically
abundant), nuclear
alterations of papillary
carcinoma

(6, 12, 14,
18, 21, 38,
52)

HGDTC: 50–60%
PDTC: 10%
ATC: 10–50%

RET RETb is a transmembrane receptor
tyrosine kinase regulating
development of central and
peripheral nervous systems;
through a RET
dimer–ligand–coreceptor complex
binds ligands of the GDNF family

Fusion of RET tyrosine kinase
domain with heterologous
genes leading to
intrachromosomal (most
common: CCDC6::RET
(previously RET/PTC1) and
NCOA4::RET (previously RET/
PTC3)) or interchromosomal
(most common: PRKAR1A::
RET (previously RET/PTC2))
rearrangements involving
RET (10q11.2)

MAPK PTC: 5–10%c PTC with multinodular/
lobulated growth,
prominent intratumoral
fibrosis, vascular
invasion (lymphatics
and/or blood vessels),
solid/trabecular pattern
or highly dense and
glomeruloid papillae

(12, 14, 21,
38, 52, 71,
74, 75, 76,
77, 78, 79)

PDTC, HGDTC, ATC:
0–5%

NTRK NTRKb proteins are
transmembrane receptor tyrosine
kinases that regulate nerve cell
differentiation; NTRK1 binds NGF,
NTRK3 binds NT3

Fusion of NTRK1 and NTRK3
tyrosine kinase domain with
heterologous genes leading
to rearrangements involving
NTRK1 (1q21-22) (most
common NTRK1::TMP3 and
NTRK1::TPR) and NTRK3
(15q25) (most common
NTRK3::ETV6)

MAPK PTC: 5–10%d Same histologic features
of RET-rearranged cases

(12, 14, 21,
38, 52, 72,
73, 74, 76,
78, 79)

HGDTC, ATC: 0–5%

ALK ALKb is a transmembrane receptor
tyrosine kinase regulating
embryonal and neural
development; ALK binds ALKAL
proteins (FAM150, AUG)

Fusion of ALK (2p23.2-p23.1)
with heterologous genes,
most commonly: ALK::STRN
(fusion of ALK exon 20 and
STRK exon 3) and ALK::EML2
(fusion of ALK exon 20 to
EML4)

MAPK PTC: 5% Predominantly or
entirely follicular growth
pattern with small areas

(12, 14, 21,
38, 52, 73,
74, 76, 80,
83)PDTC, ATC: 0–5% Of papillae growth;

diffuse sclerosing
papillary carcinoma;
PDTC

(Continued)
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Table 2 Continued.

Gene Protein Main genetic alterations
Main molecular
pathway Tumor type Histologic features References

TSHR TSHR is amember of the G-protein-
coupled transmembrane receptor
family

Mutations of TSHR (14q31.1)
occur in regions involved in
G-protein interaction
leading to constitutive
activation of TSHR, high
cAMP levels and thyroid
hormone production

cAMP Hyperfunctioning
thyroid adenomae

Follicular patterned (111, 112,
113)

EIF1AX EIF1AX is a protein involved in
protein translation initiation

Mutations of EIF1AX
(Xp22.12) typically occur in
exons 2, 5, and 6

Aberrant translation FND, FTAa, FTCa:
0–5%

Follicular patterned (12, 14, 21,
38, 49, 50,
51, 52)HGDTC: 0–5%

PDTC: 10%
ATC: 5–15%f

PPARG PPARG is a nuclear receptor
protein regulating lipid uptake,
adipogenesis and glucose
metabolism. Fatty acids are
physiological PPARG ligands

PAX8::PPARG: fusion of the
coding sequence of PAX8
(2q13) with the coding exons
of PPARG (3p25); CREB3L2::
PPARG: in-frame fusion of
exons 1–2 of CREB3L2 (7q34)
with all coding exons of
PPARG (3p25)

The chimeric
oncoproteins (PPFP
and CREB3L2:PPARG
respectively)
stimulate thyroid cell
proliferation

FTAa5–20% Follicular patterned (12, 14, 21,
38, 44, 45,
48, 52)

FTCa: 10–50%
PDTC, HGDTC, ATC:
0–5%

DICER1 DICER1 is a ribonuclease involved
in microRNA precursor processing

Somatic DICER1 (14q32.13)
mutations cluster in the
RNase IIIb protein domain;
germline mutations have no
hot spots

microRNA
deregulation, MAPK

FTAa, FTCa, PTC,
PDTC, HGDTC:
1–2%

Follicular pattern and/or
papillary architecture

(12, 85, 86,
87, 93, 94,
97)

mtDNA encoded
oxidative
phosphorylation
(OXPHOS) genes;
most mutations
involve complex I

OXPHOS proteins are responsible
for electron transport and the
generation of a proton gradient
across the mitochondrial inner
membrane to drive ATP production

Accumulation of abundant
homoplasmic mitochondria,
near-total haploidization of
the nuclear genome and
mutations in genes
encoding components of
mitochondrial respiratory
complex I

Reconfiguration of
metabolic profile

OA and OCA: >80% Oncocytic (adenoma,
carcinoma)

(24, 25, 28,
29, 107)

GH-CNV: genome
haploidization-type
DNA copy number
variation

NA (not applicable) Genome haploidization at
chromosomal level

NA (not applicable) OA: 30–40% Oncocytic (adenoma,
carcinoma)

(26, 27, 28,
29, 106, 109,
110)

OCA: >80%

APC and CTNNB1 In the absence of Wnt ligand, APC
protein, promotes β-catenin
degradation; in the presence of
Wnt ligand, β-catenin accumulates
and translocates into the nucleus

Germline or somatic APC loss
of function mutations and
somatic CTNNB1 mutations
(exon 3) stabilize the β-
catenin protein, preventing
its degradation and

Wnt CMCT: 100% Uncertain histogenesis
with endodermal
(intestinal-like)
differentiation and
cribriform morular
architecture

(116, 119,
121, 122)

(Continued)
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hyperplastic-appearing nodules in benign follicular
nodular disease of the thyroid gland (FND, previously
multinodular goiter) (6, 34). Thus, although the presence
of RAS mutations suggests that a thyroid nodule is more
likely a neoplasm rather than a hyperplastic nodule,
these mutations do not necessarily correlate with
malignancy (19).

Somatic RAS mutations occur in approximately 20% of
MTC. In the latter, RAS mutations are mutually exclusive
with somatic RET mutations and rare in patients affected
by multiple endocrine neoplasia type 2 (MEN2) due to
germline RET mutation. Notably, the mutation
frequencies differ from those seen in follicular cell-
derived tumors, with HRAS being the most frequently
mutated gene (∼25% of MTC), followed by KRAS (∼15% of
MTC), while NRAS mutations are very uncommon (less
than 5%) (39, 40, 41). Overall, H-, K-, and NRAS mutations
represent the most frequent genetic alterations found in
thyroid FNA after BRAF mutations (42). Thyroid
carcinomas with RAS mutations are prone to vascular
invasion but retain the ability to respond to radioactive
iodine.

Currently, there are no drugs targeting RAS-mutated
forms of thyroid carcinoma (2, 17, 37, 43).

The follicular-patterned neoplasms described above can
also be initiated by events genetically unrelated to MAPK
signaling but that generate a RAS-like signature and
histologic features.

PAX8::PPARG
The PAX8–PPARG fusion oncoprotein is the product of a
rearrangement involving the thyroid transcription factor
PAX8 that drives the expression of PPARG, a nuclear
receptor with a role in adipocyte differentiation (44, 45,
46). PAX8::PPARG has been reported in up to ∼35% of FTC,
and in I-FVPTC, and in some FTA and NIFTP (21, 44, 45,
46). Other genes may be fused with PPARG, such as
CREB3L2 (47). The conditional expression of
PAX8–PPARG together with PTEN loss in transgenic
mice induces thyroid tumors and enhances tumor
levels of phospho-AKT (48).

EIF1AX
EIF1AX mutations impair protein translation initiation,
causing aberrant translation (21, 49, 50, 51). They occur in
a small subset of a variety of follicular-patterned lesions,
including hyperplastic-appearing nodules in FND, FTA,
FTC, NIFTP and I-EFVPTC (21, 49, 50, 51). While the cancer
initiation potential of EIF1AX mutations is lower
compared to that of other driver events, as they are
also found in benign nodules, including FND, these
mutations can promote thyroid cancer progression
when combined with other MAPK-activating events, in
particular, RAS mutations (14, 52).Ta
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Table 3 Somatic genetic alterations of aggressive thyroid tumors: late/progression-associated eventsa.

Genetic
alterationsa Protein

Impaired molecular
pathway/biological
process Tumor type

Co-mutated
settingb Putative mechanism involved References

PTEN-loss of
function
mutations

PTEN blocks PI3K signaling through
PIP3 dephosphorylation, inhibiting
PIP3-dependent-AKT activation,
ultimately reducing cell survival,
growth and proliferation

PI3K–PTEN–AKT FTCc: 0–10% RAS mutations,
less commonly
BRAF p.V600E

Metastasis, cyclin D1-dependent cell
cycle dysregulation,
immunosuppressive
microenvironment, cell cycle
dysregulation, increased metabolism

(12, 14, 38, 52,
127, 133, 136,
138, 140, 143)

HGDTC: 0–5%
PDTC: 10–20%
ATC: 10–15%

PIK3CA-activating
mutations

Upon growth factor receptor
activation, PIK3 phosphorylates AKT,
ultimately promoting cell growth and
proliferation

PI3K–PTEN–AKT HGDTC: 5% RAS mutations,
BRAF p.V600E

Epithelial mesenchymal transition (12, 14, 38, 52,
132, 133, 144,
145)

PDTC: 0–5%
ATC: 5–25%

TP53-loss of
function
mutations

p53 is implicated in cell cycle control,
DNA repair and stress-response
apoptosis, thereby preventing
uncontrolled cell proliferation

Cell cycle control, DNA
repair system

HGDTC: 5% RAS mutations,
BRAF p.V600E,
other driver
alterations

Thyroid dedifferentiation,
uncontrolled tumor growth, epithelial
mesenchymal transition, MAPK, PIK-
PTEN-AKT, genomic instability, DNA
damage, metastases

(12, 14, 38, 52,
124, 126, 143,
155, 157)

PDTC: 15–20%
ATC: 40–80%

TERT promoter
mutations

TERT belongs to the catalytic subunit
of telomerase which add telomeres at
the end of chromosomes, maintaining
their integrity and genome stability

Chromosomal
integrity, genome
stability

FTCc: 10–35% RAS mutations,
BRAF p.V600E,
other driver
alterations

Aberrant TERT expression, leading to
enhanced telomerase activity and
increased telomere length

(11, 12, 14, 15,
37, 38, 52, 169,
170, 172)

PTC: 5–15%
HGDTC: 60%
PDTC: 50%
ATC: 30–75%

SWI/SNF (ARID1A,
ARID1B, ARID2,
SMARCB1 or
PBRM1)
mutations

SWI/SNF (subfamily of ATP-dependent
chromatin remodeling complexes)
mobilize nucleosomes and remodel
chromatin, regulating transcription of
target genes

Chromatin-remodeling
activity, differentiation-
associated gene
expression

HGDTC, PDTC:
10%

RAS mutations,
BRAF p.V600E

De-differentiation, stem-cell-like
properties

(12, 14, 38, 52,
176, 177, 178)

ATC: 15–35%

NF2-loss of
function
mutations

MERLIN (encoded byNF2) prevents the
YAP-dependent activation of TEAD-
mediated transcription of growth-
associated genes

Hippo pathway (YAP/
TAZ-TEAD)

HGDTC, PDTC:
0–5%

RAS mutations,
BRAF p.V600E

YAP/TAZ-TEAD driven RAS
transcription

(12, 14, 38, 52,
180)

ATC: 10%

aAlterations typically overlap with early driver events (cfr. Table 1). bLate/progression-associated events, particularly TP53 and TERT promoter mutation, may also overlap with driver alterations of
oncocytic tumors (mtDNA mutations and genome haploidization). cEncapsulated follicular variant papillary thyroid carcinoma with invasion of tumor capsule or blood vessels has molecular alterations
similar to follicular carcinoma.
AKT, Ak strain transforming, AKT serine/threonine kinase 1; ATC, anaplastic thyroid carcinoma; FTC, follicular thyroid carcinoma; HGDTC, differentiated high-grade thyroid carcinoma; MAPK, mitogen-
activated protein kinase; MERLIN, moesin-, ezrin-, radixin-like protein; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; P53, tumor protein P53; PDTC, poorly differentiated thyroid
carcinoma; PI3K, phosphoinositide 3-kinase; PTC, papillary thyroid carcinoma; PTEN, phosphatase and tensin homolog; SWI/SNF, switch/sucrose non-fermentable; TERT, telomerase reverse
transcriptase; TAZ, transcriptional coactivator with PDZ-binding motif; TEAD, transcriptional enhancer factor TEF-1 also known as TEA domain family member 1; YAP, yes-associated protein.
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BRAF p.V600E and BRAF V600E – like alterations

BRAF p.V600E
BRAF is located at 7q34 and a single nucleotide
substitution in exon 15, in particular, a transversion at
position 1,799 (c.1799T > A) causes replacement of the
hydrophobic valine with glutamic acid at codon 600,
leading to the persistent activation of MEK signaling
promoting tumorigenesis (53, 54). BRAF p.V600E or
equivalent molecular alterations (BRAF V600E-like
signature) are the ’early/driver’ events in the
development of conventional papillary carcinoma (Figs
1 and 2 and Table 2). Following the current 5th edition of
the WHO classification scheme, ‘conventional’ papillary
carcinoma refers to all papillary carcinoma subtypeswith
the exception of the follicular variant papillary
carcinoma with invasion of tumor capsule or blood
vessels (I-EFVPTC), that is a RAS/RAS-like mutated
tumor, and is not considered anymore a papillary
carcinoma subtype (6). BRAF V600E-like tumors exhibit
a low differentiation score together with a heterogeneous
molecular profile, characterized by elevated MAPK
signaling due to the absence of negative feedback from
ERK to RAF monomers (2, 19, 20, 21, 55).

BRAF p.V600E is the most common BRAF mutation found
in human cancers (54). It represents a hallmark driver
alteration in PTC with the well-known alterations of
nuclear morphology – nuclear clearing, irregular
contours of the nuclear membrane, grooves, and
pseudoinclusions – that characterize this tumor type
(6, 56). ‘Conventional’ papillary carcinomas are
characterized by infiltrative growth and the formation

of papillae. However, in some cases, they may exhibit
features that are less typical, such as infiltrative follicular
or solid/trabecular growth patterns. These variations
contribute to the diverse subtypes of papillary
carcinoma, each displaying unique histological traits
(6). BRAF p.V600E is present in 40–80% of PTC cases
but is essentially absent in follicular-patterned tumors
(FTA, FTC, NIFTP, and I-EFVPTC) (6, 56). BRAF p.V600E is
also detected in aggressive, high-grade tumors arising
from the progression of conventional papillary
carcinoma, with reported frequencies ranging from 10
to 50–60% for high-grade non-anaplastic carcinomas
(HGDTC and PDTC) and from 10 to 50% for anaplastic
carcinomas (Fig. 1 and Table 2) (6, 12, 19, 37, 38).

The prognostic significance of the BRAF p.V600Emutation
is controversial, some studies having shown an
association with poor outcomes (57, 58), others not (59,
60, 61). BRAF p.V600E has been linked to lymph node and
distant metastases, advanced disease stage, decreased
expression of genes involved in thyroid hormone
biosynthesis, reduced responsiveness to radioiodine
therapy, and an increased risk of recurrence (62, 63,
64, 65).

However, the overall prognostic relevance of the
mutation is very limited when other factors, such as
tumor stage and papillary carcinoma subtype, are
considered (2, 9, 59, 66).

Mitsutake et al. demonstrated that in thyroid PC33L cells,
BRAF p.V600E expression provides only a modest growth
advantage, as it simultaneously activates DNA synthesis
and apoptosis. However, unlike RET rearrangements,

Figure 2

(A) Classic papillary carcinoma (100X); (B) tall cell
subtype of papillary carcinoma: conventional
papillary thyroid carcinomas have BRAF V600E-
like molecular profile (100X); (C) follicular
carcinoma (100X); (D) invasive encapsulated
follicular variant papillary carcinoma: follicular-
patterned tumors have RAS-like molecular
profile (100X); (E) oncocytic adenoma (200X); (F)
poorly differentiated oncocytic carcinoma:
oncocytic tumors have a molecular profile
characterized by mtDNAmutations and genome
haploidization (200X).
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BRAF p.V600E may promote the acquisition of secondary
genetic alterations by inducing genomic instability, which
could contribute to its more aggressive behavior (22).

Notably, advanced BRAF p.V600E-mutated carcinomas,
including anaplastic and iodide-refractory non-
anaplastic carcinomas, can be treated with molecularly
targeted therapies, such as dabrafenib (BRAF inhibitor)
and trametinib (MAPK inhibitor). Therefore, identifying
this mutation is not only important for diagnosis but also
for predicting the tumor’s potential response to targeted
molecular treatments (2, 17, 37, 43).

Although BRAF p.V600E mutations account for over 95%
of all BRAF mutations identified in thyroid carcinoma
(54), other non-V600E BRAF mutations, including
substitutions or small insertion–deletions within the
activation loop (residues 596–601) or in residues of the
DFG (Asp–Phe–Gly) motif (residues 594–596), can also
occur (67, 68, 69). Mutations in codons 599–601 (e.g.
p.V600E, p.K601E, and p.V600K) and other substitutions
that also enhance BRAF activity leading to constitutive
activation of the protein have a more limited oncogenic
potential (68, 70), as do small insertions–deletions (e.g.
BRAF p.V600delinsNM, BRAF p.V600_K601delinsQ, and
BRAF p.K601_S605delinsN). Unlike BRAF p.V600E-
mutated tumors, which are typically conventional
papillary carcinomas, tumors with non-V600E BRAF
mutations tend to have a follicular pattern and are
often histologically classified as follicular adenoma or
carcinoma, I-EFVPTC, or NIFTP (67, 69).

Tyrosine kinase fusion and related
rearrangements
An alternative mechanism through which thyroid cells
can activate the MAPK kinase is through the
rearrangement of tyrosine kinase genes. In human
thyroid tissue, more than 20 receptor proteins with
tyrosine kinase activity have been identified, several of
which have been associated with thyroid cancer. The
most significant of these includes RET. About 5–10% of
adult PTC are driven by gene rearrangements that lead to
the reactivation of the kinase domain of RET proto-
oncogene (Fig. 1 and Table 2). The latter is localized on
chromosome 10 (10q11.2) and has 21 exons encoding a
transmembrane tyrosine-kinase receptor (71). These RET
fusions are mutually exclusive with point mutations in
BRAF or RAS, and with BRAF fusions.

The tyrosine kinase domain of RET undergoes
rearrangement with various partner genes expressed
in thyroid follicular cells, resulting in several aberrant
fusion transcripts with upregulation and aberrant
expression of RET tyrosine kinase in neoplastic
follicular cells. The most common RET fusions are
CCDC6::RET (formerly RET/PTC1) and NCOA4::RET
(formerly RET/PTC3), which together account for over
90% of RET-rearranged cases (71). RET rearrangements
are more common in pediatric and young adult

populations and in patients with radiation-induced
papillary carcinoma (72, 73, 74). RET-rearranged
papillary carcinomas often display crowded papillae
with few follicular structures, and some have the
features of the diffuse sclerosing subtype of papillary
carcinoma (73, 75, 76, 77). RET-rearranged carcinomas
are typically aggressive at presentation, but generally
have a favorable prognosis, as they tend to respond to
radioactive iodine therapy (2, 17, 19, 20, 37, 43, 78).

A small subset of PTC is driven by fusions involving RTKs
other than RET. These rearrangements typically involve
NTRK1, NTRK3, or ALK, with various fusion partners (72,
73, 74, 79, 80), and have been shown to induce thyroid
tumors in vivo (Fig. 1 and Table 2) (81, 82).

NTRK genes, particularly NTRK1 and NTRK3, are
frequently rearranged in thyroid follicular cell tumors,
with mechanisms similar to those for RET. These
rearrangements involve the fusion of the tyrosine
kinase domain of NTRK with partner genes, leading to
the expression of aberrant fusion transcripts (72, 73, 74,
78, 79, 80).

NTRK-rearranged tumors resemble BRAF V600E-like
conventional papillary carcinomas. Tumors often
present with fused papillae and convoluted
glomeruloid structures (73, 75). NTRK-rearranged
tumors predominantly occur in children and young
adults (19, 20, 72, 73, 74, 78) and, like RET-rearranged
tumors, can present aggressively. However, the prognosis
is not necessarily poor, as they too usually respond to
radioactive iodine treatment (73, 74, 78).

ALK is the third major tyrosine kinase gene commonly
rearranged in thyroid tumors. ALK-rearranged
carcinomas are less frequent than those with RET or
NTRK rearrangements, and typically involve fusion
with partner genes, such as STRN (encoding striatin) or
EML4 (also involved in lung adenocarcinoma) (75, 76, 80,
83). While most cases are classified as papillary
carcinoma, the majority exhibit follicular growth
pattern. Some ALK-rearranged carcinomas display the
features of diffuse sclerosing papillary carcinoma,
others have poorly differentiated morphology (73, 75,
76, 80, 83). ALK-rearranged tumors have been reported
in individuals exposed to high doses of radiation (84).
Genes less commonly rearranged in papillary carcinoma
with BRAF V600E-like signature include BRAF, MET and
ROS1 (e.g., CUL1-BRAF, MKRN1-BRAF, SND1-BRAF,
TTYH3-BRAF CCDC30-ROS1 EML4-MET, and TFG-MET)
(73, 74, 75).

Overall, thyroid carcinomas with tyrosine kinase gene
rearrangements share common clinicopathologic
features. Their prevalence is higher in pediatric
patients and young adults, and after radiation
exposure. Presentation is often aggressive, with pT3 or
pT4 disease, lymph node metastases and sometimes
distant metastases. Histologically, they show
multinodular and/or lobulated growth, prominent
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intratumoral fibrosis (confluent or arborizing),
lymphovascular invasion, solid/trabecular or papillary
patterns, with papillae that are highly dense and
glomeruloid (19, 20, 73, 74, 75, 78).

The prevalence of tyrosine kinase rearrangements in
conventional papillary carcinoma is lower compared to
that of other driver mutations, such as BRAF p.V600E and
RAS. Rearrangements are uncommon in advanced
tumors, but they have been reported in up to 5–25% of
aggressive, high-grade non-anaplastic tumors and in up to
5–10% of anaplastic carcinomas (14, 19, 37, 52).
Aggressive radioiodine-resistant carcinomas with
tyrosine kinase gene fusion can now be treated with
specific molecularly targeted drugs, such as pralsetinib
or selpercatinib for RET-rearranged tumors, larotrectinib
for NTRK-rearranged tumors, and entrectinib for ALK-
and ROS1-rearranged tumors, and testing for tyrosine
kinase gene rearrangement is often requested to
pathology laboratories (2, 75).

Additional alterations

DICER1
A small subset, approximately 1–2%, of thyroid nodules
harbor early-driver mutations in the DICER1 gene, most
of these nodules are benign, but some are clinically and
histologically malignant (Table 2) (85). DICER1 encodes a
ribonuclease involved in processing microRNA
precursors, and somatic mutations in the gene often
cluster to the RNase IIIb protein domain. Mutations are
mutually exclusive with canonical RAS-like or BRAF
V600E-like drivers, suggesting a functional effect that
disrupts microRNA processing and potentially activates
MAPK signaling (86, 87). Indeed, transcriptomic analysis
has shown that DICER1-mutated tumors have RAS-like
molecular profile (88, 89). DICER1 mutations typically
occur in well-differentiated follicular-patterned tumors
(FTA, FTC, NIFTP, and I-EFVPTC) (85, 90, 91, 92, 93, 94, 95,
96, 97, 98). Recent studies have demonstrated that a
dominant macrofollicular growth pattern and areas
with pale-stained involutional changes are two major
histological features of follicular tumors harboring
DICER1 mutations (94, 99). DICER1 mutations have also
been reported in a few high-grade non-anaplastic
carcinomas – including poorly differentiated thyroid
carcinoma – and in rare anaplastic carcinomas (93, 95).
DICER1 mutations also characterize thyroblastoma, a
very rare embryonal thyroid tumor (100, 101).

In patients with DICER1 syndrome, characterized by
germline DICER1 mutation, somatic DICER1 mutations
in thyroid nodules represent a second hit. Somatic
mutations occur at hotspot codons within the RNase
IIIb regulatory domain, whereas germline variants tend
to be truncating and are found throughout the entire
gene. In general, while hotspot mutations are typically
somatic, truncating mutations may be either germline or
somatic (85, 97, 98). DICER1 syndrome is characterized by

both benign and malignant thyroid lesions, in addition to
a wide range of neoplasms, including blastoma-type
tumors (e.g., pleuropulmonary blastoma and Wilms
tumor) and Sertoli–Leydig cell tumor, which develop in
the pediatric age (85, 102, 103). Interestingly, DICER1
mutations in thyroblastoma are somatic, not germline;
thus, thyroblastoma is not currently recognized as a
feature of DICER1 syndrome (100, 101). In DICER1-
mutated thyroid nodules, benign or malignant,
diagnosed with nodular goiter, the prevalence of a
coexisting germline mutation indicative of DICER1
syndrome may be as high as 13% (104). Thus, even if
the majority of DICER1 mutations in thyroid tumors are
somatic, germline testing should be performed to identify
patients with DICER1 syndrome (97, 98).

Oncocytic tumors of thyroid follicular cells
Mitochondrial DNA (mtDNA) mutations alongside
significant genome haploidization-type DNA copy
number variation (GH-CNV) represents an
“early/driver” event for the development of oncocytic
tumors (OCA, previously known as Hürthle cell
carcinoma) (Fig. 1 and Table 2). This genetic pathway is
distinctive of oncocytic tumors. Indeed, BRAF V600E-like
or RAS-like mutations that characterize other follicular
cell tumors are uncommon in oncocytic tumors (24, 25,
26, 27, 28, 29, 33). In two large series, H-, K-, and NRAS
mutations were identified in less than 10% of carcinomas
and BRAF p.V600E in less than 5% (24, 25). On the other
hand, late/progression-associated genetic alterations are
common in advanced tumors, particularly TERT
promoter mutations found in up to approximately 60%
of cases (52). The mtDNA mutations range from point
substitutions to small insertions or deletions that can
cause frameshifts or premature stop codons and large-
scale deletions (29, 105, 106, 107). Several studies have
revealed that the biochemical, metabolic, and phenotypic
alterations of oncocytic tumors, such as the accumulation
of mitochondria, are driven by homoplasmic mtDNA
mutations in genes that code for subunits of the five
multimeric complexes of the inner mitochondrial
membrane, which are essential for the oxidative
phosphorylation (OXPHOS) system. When these
subunits are missing or defective due to mtDNA
mutations, the assembly of the multimeric complex is
disrupted, impairing OXPHOS and leading to a
compensatory buildup of mitochondria (24, 25). In
oncocytic thyroid tumors, and in those from other
organs, more than 50% of mutations in mitochondrial
genes are homoplasmic, with over 70% of these affecting
MT-ND genes encoding subunits of Complex I (NADH
coenzyme Q reductase) (Fig. 1 and Table 2) (24, 25, 28,
29). While mitochondrial gene mutations affecting
OXPHOS function are responsible for the oncocytic
phenotype and are also present in benign oncocytic
lesions (25), their role in tumor development remains
complex and not fully understood. Although both
neoplastic and non-neoplastic oncocytic lesions harbor
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homoplasmic mtDNA mutations, oncocytic tumors in the
thyroid and other organs are marked by significant DNA
copy number variation, including widespread loss of
heterozygosity at the chromosomal level (20, 26, 27).
Although chromosomal DNA loss is extensive, some
chromosomes are consistently (chromosome 7) or
typically (chromosomes 5, 12, and 20) retained
reflecting the presence of crucial imprinted genes in
these chromosomes (26, 106). This near-complete
haploidization of the genome may be followed by
chromosomal endoreduplication, resulting in a
“pseudodiploid” copy number-neutral uniparental
disomy pattern across much of the genome (20, 26, 27).
WhilemtDNAmutations are responsible for the oncocytic
phenotype (25), the loss of chromosomal DNA has been
linked to tumor development. Haploidization-type DNA
copy-number changes are more commonly observed in
oncocytic carcinomas than in oncocytic adenomas and
are rare in hyperplastic oncocytic nodules (20, 28, 29, 108,
109). Indeed, aneuploidy detected by flow cytometry
analysis of DNA content has long been linked to
malignancy in oncocytic tumors (109, 110).

Other additional alterations
Other alterations include TSHR, GNAS, and EZH1
mutations in hyperfunctioning thyroid adenomas and
wnt pathway dysregulation in cribriform morular
carcinoma (Table 2).

Hyperfunctioning thyroid adenomas develop due to
alterations that promote thyroid hormone synthesis,
secretion, and follicular cell proliferation. Activating
mutations in the TSHR gene are present in up to 70%
of hyperfunctioning thyroid nodules, while mutations in
GNAS are found in a smaller subset (111, 112, 113).
TSHR- and GNAS-mutated lesions are follicular-
patterned and/or with a papillary architecture, and
typically benign; however, the same mutations have
also been reported in a few follicular carcinomas
(18, 52). TSHR and GNAS mutations activate adenylyl
cyclase, increasing intracellular cyclic AMP (cAMP)
levels, thus leading to unregulated stimulation of
thyroid follicular cell function and proliferation (114).
EZH1 mutations are associated with increased
trimethylation of histone H3 and enhanced
proliferation of follicular cells. EZH1 mutations are
typically found in combination with TSHR or GNAS
mutation and occur in approximately 30%
hyperfunctioning thyroid adenomas (115).

Dysregulated wnt activation is the defining feature of the
rare cribriform morular carcinoma. The tumor develops
in a sporadic form (116), or as an extraintestinal
component of familial adenomatous polyposis
syndrome (117), of which it may be the initial clinical
manifestation (118). It is almost completely restricted to
the female sex and it is currently considered of uncertain
histogenesis (6), displaying a peculiar endodermal
(intestinal-like) phenotype (119, 120).

Wnt dysregulation in thyroid tumors in patients with
familial adenomatous polyposis is due to germline loss
of function of APC (typically due to exon 15 mutations),
typically followed by a somatic APCmutation as a second
hit (121). In sporadic cribriform morular tumors, a
combination of phenotypically equivalent somatic
alterations in genes that activate wnt are observed,
such as mutations in exon 3 of the β-catenin gene
(CTNNB1) that stabilize the protein (122), APC, and/or
AXIN1 (119).

Somatic genetic alterations of
aggressive thyroid carcinoma:
late/progression-associated events
Understanding the genetic and biological mechanisms
that underline thyroid tumor development and
progression is an unavoidable step to improve the
clinical management of patients with thyroid tumors,
particularly of those with aggressive and advanced
disease (17, 18, 43, 123). As previously discussed, clonal
and mutually exclusive early/driver molecular
alterations represent the initiating events in the
development of follicular cell tumors, ultimately
triggering a mutation-specific pattern of MAPK
overexpression in follicular-patterned tumors and in
papillary carcinomas (21). As in the case of other
neoplasms, additional alterations are required for these
well differentiated tumors to progress: secondary
molecular mechanisms other than MAPK signaling
underpin the transition to aggressive and less
differentiated phenotypes (Figs 1 and 3). Indeed,
oncogenic alterations in addition to the primary BRAF
V600E-like, RAS-like or other less frequent drivers have
been consistently identified in these aggressive tumors
(14, 18, 19, 20, 37, 52, 124). In particular, in tumors where
poorly or undifferentiated areas are associated with a
well-differentiated component, ‘Early/driver’ alterations
are identified in both areas, while ‘Late/progression’
changes are restricted to the less differentiated
portions of the tumor (18, 125, 126). In the past decade,
massive use of whole-genome and RNA-sequencing has
revealed how specific combinations of primary driver
and secondary changes acquired later during
progression correlate with thyroid tumor
aggressiveness and lack of response to radioiodine
treatment (14, 18, 19, 20, 37, 52, 124, 127, 128). More
recently, transcriptomics may provide additional
insights into the mechanisms that underlie cancer
progression and metastasis (129, 130). The main
alterations involved in the progression of tumors of
follicular cells include PTEN- or PIK3CA-driven
aberrant PI3K–PTEN–AKT signaling, cell cycle
dysregulation due to TP53 loss-of-function, telomerase
dysregulation caused by TERT promoter mutations, and
SWI–SNF-dependent chromatin reconfiguration (Figs 1
and 3, and Table 3) (14, 18, 19, 20, 37, 52, 124).
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PTEN and PIK3CA mutation

The PI3K–PTEN–AKT pathway is physiologically involved
in essential cellular processes, including protein
synthesis, angiogenesis, metabolism, proliferation and
survival. Pathologic overactivity of the pathway, driven
by mutation of one of its effectors, contributes to
uncontrolled growth, increased cell metabolism,
invasion and metastasis. These processes are primarily
caused by mRNA translation boosting and, secondarily,
by feedback-positive-dependent overactivated MAPK
signaling (131). In thyroid cancer, PI3K–PTEN–AKT
dysregulation is mostly due to PTEN loss-of-function or
to activating PIK3CA mutations, typically found in
advanced and aggressive thyroid tumors (Figs 1 and 3
and Table 3) (14, 37, 52, 132, 133, 134). MicroRNA-
dependent PI3K–PTEN–AKT dysregulation may be an
additional mechanism in the progression of thyroid
carcinoma (135). There is a specific pattern of
PI3K–PTEN–AKT alteration with regards to MAPK-
activating drivers: oncogenic PIK3CA mutations usually
co-occur in BRAF p.V600E-mutated tumors, while PTEN
mutation is more common in RAS-mutated ones (14, 134).

Genetically modified mouse models are useful to
understand the mechanistic relationship between

co-mutation and tumor progression with the aim of
identifying specific molecular targets.

Several studies have reported how the combination of
PTEN inactivation with either KRAS p.G12D or HRAS
p.G12V causes cyclin D1-dependent cell cycle
dysregulation, enhanced MAPK activation and an
immunosuppressive tumor microenvironment,
promoting metastatic spread and progression of
follicular carcinoma (136, 137, 138). Transgenic mice
models show that PIK3CA (p.H1047R) and BRAF
p.V600E co-mutation induce epithelial–mesenchymal
transition (EMT) in the tumor, which in turn is
associated with decreased mouse survival and
transition from well-differentiated thyroid tumors to
anaplastic carcinoma (139). Although co-mutation of
BRAF p.V600E and PTEN is unusual, in mice models,
this co-mutation induces enhanced proliferation and
progression of well-differentiated thyroid carcinoma to
poorly differentiated and anaplastic forms (139, 140,
141, 142).

PTEN and TP53 co-mutation, typical of a subset of
anaplastic carcinomas, has been proven to dysregulate
cell cycle and metabolism, thus promoting anaplastic
transformation in mouse models (143).

Figure 3

Somatic genetic alterations in thyroid tumors of follicular cells: early/driver- and late/progression-associated events. aCo-mutation with early driver events.
GH-CNV, genome haploidization-type DNA copy number variation; EMT, epithelial mesenchymal transition; TK, tyrosine kinase.
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Several studies have explored the PI3K–PTEN–AKT
pathway as target for molecular therapy: double
mutant BRAF p.V600E and PIK3CA thyroid carcinoma
cells lines and xenograft models have heightened
sensitivity to combination therapy with simultaneous
MAPK and PI3K–PTEN-AKT pharmacological inhibition
(144, 145). However, due to high related toxicity, dual
targeting of MAPK and PI3K–PTEN–AKT pathways is
difficult to translate into clinical practice (146).

TP53 loss-of-function

TP53 gene encodes for the p53 protein, a tumor
suppressor implicated in several biological processes as
cell cycle control, DNA repair and stress-response
apoptosis, thereby preventing uncontrolled cell
proliferation (147). As a result, inactivation of TP53 is
common, with mutations occurring in more than 50% of
human tumors, typically as a late event combined with
earlier oncogenic changes (148, 149).

In thyroid carcinomas, TP53 loss-of-function is associated
with progression of differentiated carcinomas to
anaplastic tumors (Figs 1 and 3 and Table 3). Indeed,
the prevalence of TP53 mutation is highest in
anaplastic carcinoma compared with other types of
aggressive/advanced thyroid tumors, including poorly
differentiated and high-grade differentiated
carcinomas. Unlike TERT promoter mutation (see
below), the impact of TP53 loss-of-function on survival
is not independent of histological type, and in combined
tumors, it is associated with the anaplastic component
(14, 19, 20, 37, 52, 124, 126, 150, 151). Mechanistically, the
effect of p53 disruption in thyroid tumors was initially
investigated using preclinical in vitro and in vivo models
focusing on DNA repair, thyroid dedifferentiation and
ATC transformation (Figs 1 and 3 and Table 3). Studies
have demonstrated that DNA repair in irradiated thyroid
cancer cells is impaired in TP53-mutant compared to
TP53-wild type cells (152). TP53-mutated thyroid cell
lines are also characterized by loss of the PAX8 thyroid
differentiation transcription factor, which is restored
upon reintroduction of wild type TP53 (153). Numerous
additional studies have shown the effect of TP53
disruption in thyroid cancer progression when it is co-
mutated with early oncogenic events, such as RET fusion
(154), BRAF p.V600E (155, 156, 157), HRAS p.G12V (158),
KRAS p.G12D (159), PTEN mutation (143), and STRN::ALK
fusion (160). Dedifferentiation, EMT, uncontrolled tumor
growth, and metastases were the main reported
outcomes (143, 154, 155, 156, 157, 158, 159, 160).
Remarkably, upon p53 loss, BRAF p.V600E-driven
thyroid carcinoma transgenic mice show overactivation
of MAPK and PI3K signaling and immunosuppressive
tumor-associated macrophages, two common features
of anaplastic carcinoma (155, 156, 157). Taken together,
both clinical and laboratory evidence establish the
relevance of TP53 disruption in progression to
anaplastic carcinoma.

TERT promoter mutation

TERT encodes telomerase reverse transcriptase, the
enzymatic core protein of the telomerase complex that
maintains telomere length at chromosomal ends by
adding the TTAGGG repeat. The telomerase complex
controls cellular senescence. It is normally repressed in
postnatal adult somatic cells leading to progressive
telomere shortening and cell death, but remains
physiologically active only in the ‘immortal’ stem cell
compartments of self-renewing tissues (161, 162, 163,
164). TERT promoter mutations enable TERT re-
expression, otherwise repressed in adult normal cells,
inhibiting neoplastic cell senescence and death. The
mechanism through which this occurs was unraveled
in 2013 when two seminal articles showed that a high
proportion of melanomas have mutually exclusive
mutations at two hotspots in the TERT promoter
(positions �124, C228T and �146, C250T) that create
novel binding sites for ETS (erythroblast
transformation specific) family transcription factors,
thereby promoting TERT transcription (165, 166). ETS
transcription factors are involved with a wide variety
of functions, and their expression is also induced by
MAPK signaling (e.g., after activation by RAS or BRAF).
As TERT promoter mutations may be associated with
BRAF p.V600E or RAS mutations, co-mutation has the
potential to further increase TERT transcription in
BRAF- or RAS-mutated tumors (165).

Since 2013, C228T and C250T TERT promoter mutations
have been found in many other tumor types originating
from organs with a stable population of cells that do not
undergo constant turnover and where telomerase is not
normally expressed (167). In the thyroid gland, they were
identified in tumors of follicular cells and in medullary
carcinoma. Although rare in the latter (41), they have a
high prevalence in follicular cell tumors with distant
metastases, of advanced stage and poor outcome (Figs
1 and 3 and Table 3) (14, 19, 20, 37, 52, 168, 169, 170, 171).
The highest prevalence occurs in anaplastic carcinoma,
consistent with the important role of TERT promoter
mutation as a marker of disease progression. However,
unlike TP53 mutation, the other established progression
marker, TERT promoter mutations are associated with
distant metastases independently of tumor histology.
Indeed, they have been identified in metastatic tumors
that are well differentiated and histologically low grade
(37, 170, 172). In particular, the THYT1 signature, a
combination of TERT promoter mutation, duplication of
Chr5p (harboring the TERT genomic locus) and
duplication of Chr1q (a chromosomal site specifically
associated with poor prognosis in papillary carcinoma
(11), any of these three alterations), has been proposed as
a marker for metastatic spread and poor outcome in
papillary carcinoma (15). Since MAPK activation in
BRAF p.V600E- or RAS-mutated tumors increases TERT
transcription, BRAF p.V600E or RAS co-mutation with
TERT has been strongly associated with advanced
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disease and poor outcome, even in aggressive tumors,
such as high grade non-anaplastic (12) and anaplastic
carcinoma (38).

Overall, strong clinical evidence establishes TERT
promoter mutation as a very useful marker for risk
stratification to predict the outcome in thyroid
carcinomas of follicular cells (14, 19, 20, 37, 52, 168,
169, 170, 171).

SWI/SNF alteration

The SWI/SNF chromatin remodeling complex, in humans
referred to as the BAF (BRG1/BR-associated factor, or
mammalian SWI/SNF) complex, is an ATP-dependent
multi-subunit protein system that modulates chromatin
structure by modifying DNA–nucleosome interaction to
enable chromatin accessibility for gene transcription
(173). SWI/SNF proteins slide nucleosomes on DNA or
evict nucleosomic histones. Hence, they are referred to
as “access remodellers” that promote gene expression by
exposing binding sites to transcription factors (173). Loss-
of-function mutations in specific SWI/SNF proteins
reprogram chromatin structure by restricting promoter
access to transcription factors that enforce cell
differentiation, promoting an undifferentiated stem-
cell-like phenotype. They occur in approximately 20%
of human neoplasms, in a tissue-specific manner. For
example, ARID1A mutations are identified in subsets of
endometrial, ovarian, bladder, gastric, liver and
biliopancreatic carcinomas (173, 174, 175). Due to the
tumorigenic role of SWI/SNF proteins, small molecules
that inactivate the SWI/SNF complex or cause protein
degradation are being evaluated in preclinical studies,
and are under investigation in clinical trials designed for
patients with SWI/SNF-mutated tumors (173). In thyroid
carcinoma, alteration of the SWI/SNF complex is typically
due to ARID1A, ARID1B, ARID2, SMARCB1 or PBRM1
mutations. These occur as secondary co-mutations in
tumors carrying early/driver molecular changes. They
are collectively identified in approximately 10% of
high-grade non-anaplastic carcinomas (HGDTC and
PDTC) and in up to 15–35% of anaplastic carcinomas,
but rarely found in low grade papillary or follicular
carcinomas, indicating their role in progression to
aggressive and anaplastic forms of cancer (Figs 1 and 3
and Table 3) (12, 14, 38, 52).

The role of SWI/SNF disruption in thyroid cancer
progression has been investigated in transgenic mice
with co-mutation of SWI/SNF genes and HRAS p.G12V
or BRAF p.V600E, highlighting the cooperative role of
SWI/SNF in promoting loss of differentiation and tumor
progression (176, 177). SWI\SNF loss-of-function locks
BRAF p.V600E-driven thyroid mice tumors into a
dedifferentiated state. In these models, MAPK inhibitor-
based redifferentiation is ineffective in restoring
differentiated thyroid function and radioiodine uptake
(177). Indeed, the results of a pilot clinical trial using a

MAPK inhibition redifferentiation strategy in patients
with BRAF p.V600E radioiodine-refractory thyroid
carcinoma suggests that SWI/SNF gene mutation may
be a marker of resistance to these forms of treatment
(178).

Other alterations associated with aggressive
thyroid carcinoma

Disruption of DNA repair occurs during tumor
progression. Indeed, loss-of-function of DNA mismatch
repair pathway genes (MLH1, MSH2 and MSH6), and of
the ATM (Ataxia-telangiectasia mutated) gene involved
with both homologous recombination and non-
homologous end-joining DNA repair, have been found –
typically as co-mutations – in high grade, aggressive
tumors. Mismatch repair genes mutation has been
reported in up to approximately 10% of anaplastic
carcinomas, but is rare in high grade non-anaplastic
carcinomas (HGDTC and PDTC) (12, 14, 38, 52). ATM
mutations have been reported in approximately 5% of
high grade non-anaplastic tumors (HGDTC and PDTC) and
in approximately 5–10% of anaplastic carcinomas (12, 14,
38, 52).

NF2, encoding for Merlin, a component of the Hippo
pathway (179), is mutated, in up to approximately 10%
of anaplastic carcinomas, but rarely in high grade non-
anaplastic carcinomas (HGDTC and PDTC). Mutations are
loss-of function, secondary events (38, 180).

Loss-of-function of RBM10 – a regulator of alternative
splicing – occurs, typically as co-mutation, in up to
approximately 5% of high grade non-anaplastic
carcinomas (HGDTC and PDTC) and in a small subset of
anaplastic tumors (12, 14, 38, 52, 181).

Loss-of-function secondary mutations of histone
methyltransferases (KMT2A, KMT2C, KMT2D and
SETD2) and histone acetyltransferases (CREBBP and
EP300) have been reported in small subsets of high
grade non-anaplastic carcinomas (HGDTC and PDTC)
and of anaplastic tumors (12, 14, 38, 52).

Conclusion
The genetic molecular pathology of thyroid tumors of
follicular cells has come into focus in the recent past
due to high throughput technology. Understanding the
genetic landscape and related molecular mechanisms
underlying tumor development and progression is an
unavoidable step to improve the clinical management
of thyroid nodules and to find suitable molecular
targets for patients affected by aggressive and
advanced forms of carcinoma. In brief, somatic genetic
alterations of thyroid tumors of follicular cells are
characterized by the following:
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• Tumors of follicular cells feature a remarkable
genotype–phenotype correlation.

• Primary and mutually exclusive early/driver
molecular alterations affecting the MAPK pathway
are involved in tumor development and characterize
well-differentiated carcinomas, while secondary
events are required for progression to aggressive
high grade differentiated, poorly differentiated and
undifferentiated forms of carcinoma.

• Primary molecular alterations are RAS or RAS-like
for follicular-patterned tumors, BRAF p.V600E or
BRAF V600E-like (including rearrangement of
tyrosine kinase, such as RET and NTRK) for
conventional papillary carcinomas, while other
genetic alterations, specifically somatic mtDNA
mutations and genome haploidization, characterize
oncocytic tumors.

• Progression of thyroid tumors into aggressive and
less-differentiated forms depends on the acquisition
of secondary oncogenic co-mutations in addition to
the primary BRAF V600E-like, RAS-like or other
driver event. These additional alterations, other
than MAPK hyperactivity, include PTEN or PIK3CA
mutation driven aberrant PI3K–PTEN–AKT signaling,
cell cycle dysregulation due to TP53 loss-of-function,
TERT promoter mutations inhibiting neoplastic cell
senescence and death, and SWI–SNF dependent
chromatin reconfiguration.
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