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Abstract

In recent years, germline mutations in the microRNA (miRNA) processor genes DICER1 and DGCR8 have been coupled to
the development of thyroid follicular nodular disease (TFND), thereby casting new light on the etiology of this enigmatic,
benign condition in non-iodine-deficient regions. Moreover, DICER1 and DGCR8mutations have also been reported in rare
subsets of follicular cell-derived thyroid carcinomas. Specifically, truncating germline or missense somatic DICER1
mutations have been reported in small subsets of pediatric and adolescent follicular thyroid carcinoma (FTC) and poorly
differentiated thyroid carcinoma (PDTC). Similarly, a recurrent somatic mutation of the DGCR8 gene has been observed in
highly aggressive FTCs and in some indolent cases of encapsulated follicular variant of papillary thyroid carcinoma. The
reason why identical mutations in the same miRNA processor gene can lead to such a myriad of thyroid conditions,
ranging from benign TFND to FTCs and PDTCs, remains unclear. This review highlights key features of miRNA regulator
gene mutations in thyroid disease and explores their potential roles as drivers or progression events in tumor
development.
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MicroRNAs in human biology
MicroRNAs (miRNAs) are a highly conserved class of
endogenous small noncoding RNAs (snRNAs),
approximately 22 nucleotides in length, that function as
negative regulators of protein-coding gene expression.
Each miRNA can regulate hundreds of mRNA targets,
although the typical regulation level ranges from 30 to
50% (1).

The regulatory effects of a small RNA were first proposed
in 1993 by two independent groups studying
Caenorhabditis elegans (2). These studies demonstrated
that a tiny RNA, named lin-4, could act as a post-
transcriptional regulator influencing the expression of
the lin-4 gene. Since then, compelling evidence further
demonstrated and supported the importance of miRNAs

in human biology, opening new lines of inquiry in this
emerging field (3). In particular, seven years later,
Reinhart and coworkers successfully showed that let-7,
another Caenorhabditis elegans heterochronic gene, was
also represented by an snRNA. Together with lin-4, let-7
was able to trigger the cascade of regulatory
heterochronic genes (4). This discovery spurred
research groups to investigate other snRNAs.

Nowadays, the role of miRNAs in human biology and
pathophysiology has been elucidated by specific
studies, showing first that miRNAs may exhibit a tissue-
specific expression pattern (5). miRNAs appear to be
directly or indirectly involved in regulating a wide
spectrum of biological functions, ranging from cell
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cycle, differentiation, proliferation, apoptosis, stress
tolerance and energy metabolism to the immune
response (5). Furthermore, a rapidly growing number
of studies provided evidence that amplification or
deletion of miRNA genes, abnormal transcriptional
control of miRNAs, changes in epigenetic regulation
and defects in the miRNA biogenesis machinery
represent the principal mechanisms through which
miRNA expression becomes dysregulated in tumors (6).
Instances of global miRNA downregulation in tumors
have been observed, and one of the first explanations
proposed for this widespread underexpression in cancer
cells is related to the role of manymiRNAs in maintaining
lineage-specific characteristics. Their reduced abundance
is thought to promote a dedifferentiated state in tumor
cells, thereby enhancing their aggressive potential (6, 7).
Consequentially, the dysregulated miRNAs have been
shown to influence the most important hallmarks of
cancer, including proliferative signaling, evading
growth suppressors, resisting apoptosis and activating
aggressive behaviors, such as invasion, angiogenesis
and metastasis (8).

In the early 2000s, Dr Croce’s group provided the first
evidence of miRNA involvement in human cancer.

Their studies focused mainly on the characterization of
chromosome 13q14 deletion in human B-cell chronic
lymphocytic leukemia, which represents the most
common form of adult leukemia. It was observed that
the twomiRNAsmiR-15a andmiR-16-1awere the only two
genes located on that small region of chromosome 13,
commonly deleted in most B-cell chronic lymphocytic
leukemia cases. Detailed expression analysis indicated
that both miRNAs were absent or downregulated in
∼68% of patients affected by chronic lymphocytic
leukemia, suggesting a potential role as tumor
suppressors (9). Further studies revealed then that the
two miRNAs miR-15 and miR-16-1 played an important
role as tumor suppressors by repressing Bcl-2, a protein
overexpressed in many solid tumors that acts as an anti-
apoptotic regulator (10). In this regard, miRNAs may
operate as tumor suppressors and oncogenes
(oncomiRs) under specific conditions and according to
different tissues and organs (9, 11).

The biogenesis of miRNAs
The biogenesis of miRNAs is amultistep process involving
multiple players. The evolution flows from the

Figure 1

Canonical pathway illustration. Cellular regulation ofmicroRNA (miRNA) maturation. Transcription of miRNA gene via RNA polymerase II (RNA Pol II) leads to
the formation of a pri-miRNA molecule, which is then further transformed into pre-miRNA by the microprocessor complexes DGCR8 and DROSHA. The pre-
miRNA is then exported to the cytosol via the nuclear membrane protein XPO5 and subsequently cleaved into mature miRNA by DICER1 and TARBP2. These
molecules may inhibit specific mRNAmolecules via RISC and AGO2. Genes known to be mutated in thyroid carcinoma are highlighted with stars. The figure
was created with BioRender.com.
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transcription of long double-stranded RNAs (dsRNAs) to
the synthesis of the final functional regulators through
several steps of maturation (1).

The canonical pathway

The canonical pathway is the leading biogenesis pathway
bywhichmiRNAs are processed (Fig. 1). Biogenesis begins
in the nucleus, where miRNA gene transcription is
mediated by RNA polymerase II (RNA Pol II), which
synthesizes longer hairpin-like primary transcripts
known as pri-miRNA. The hairpin-loop structure of pri-
miRNAs is then recognized by a tandem of interacting
proteins that together form the microprocessor complex,
initiating the first step of miRNA maturation. The
ribonuclease DROSHA, along with its cofactor DGCR8,
cleaves the pri-miRNAs into small hairpin-structured
precursors, known as pre-miRNAs, which are ∼70
nucleotides in length. Following this initial processing
by the microprocessor complex, the pre-miRNAs are
exported from the nucleus to the cytoplasm across the
nuclear pores by the carrier protein exportin 5 (XPO5). In
the cytoplasm, they undergo further processing by a
second ribonuclease, DICER1, in conjunction with its
cofactor TARBP2. This processing involves the removal
of the terminal loop, resulting in dsRNA of approximately
22 nucleotides. These small dsRNAs are loaded onto
specific Argonaute (AGO) proteins to assemble the RNA-
induced silencing complex (RISC) loading complex (RLC).
The final step of this process occurs when RLC binds to
the 3′ UTR of the mRNA target, leading to gene
silencing through translational repression or mRNA
degradation (12).

The noncanonical pathway

To date, several alternative miRNA biogenesis pathways,
known as noncanonical pathways, have been described.
These noncanonical pathways are generally categorized
into two main types: microprocessor-independent and
DICER1-independent pathways (13).

Mirtrons are a type of miRNA generated during the
splicing of mRNA introns and do not require the
activity of the DROSHA/DGCR8 complex. After being
cleaved by the splicing machinery, the pre-miRNA is
further processed and linearized by the enzyme DBR1,
enabling the introns to adopt a structure that facilitates
their transport to the cytoplasm by XPO5. Once in the
cytoplasm, these mirtrons are recognized and cleaved by
DICER1 to form a mature miRNA (12, 14).

In a DICER1-independent biogenesis pathway, miRNAs
are processed by DROSHA. The resulting pre-miRNA has a
stem-loop structure that is too short to be cleaved by

DICER1. Instead, slicer activity of AGO2 is required to
complete its maturation in the cytoplasm (15).

Aberrant miRNA expression in
thyroid diseases
Over the past decades, with the implementation of high-
throughput technologies, the widespread dysregulation
of miRNAs has emerged as a common feature of human
tumors, taking center stage in molecular pathology and
oncology. Specific subsets of dysregulated miRNAs have
been identified across various human cancers, suggesting
that aberrant miRNA expression may serve as a crucial
hallmark of tumor development and progression (7). In
this respect, thyroid tumors may serve as an intriguing
model for investigation, considering the various grades of
differentiation and the wide range of morphological and
histopathological subtypes that predominantly originate
from the same cell type (9).

Thyroid cancer has emerged as the most prevalent
endocrine malignancy. In the recent edition of the
WHO classification of endocrine and neuroendocrine
tumors, follicular cell-derived thyroid tumors are
categorized into three major groups, each comprising
several subcategories. Follicular thyroid adenomas
(FTAs) and their subtypes, together with the thyroid
follicular nodular disease (TFND), were all included in
the group of benign tumors; noninvasive follicular
thyroid neoplasm with papillary-like nuclear features
(NIFTP), tumors of uncertain malignant potential (WDT-
UMP and FT-UMP) and hyalinizing trabecular tumor are
all included in the low-risk neoplasms; and differentiated
thyroid carcinomas (DTCs), such as papillary (PTC),
oncocytic (OTC) and follicular (FTC) types, together
with poorly (PDTC) and anaplastic (ATC) types are
included in the group of malignant tumors (16).

Beyond the established role of constitutive activation of
the MAPK and PI3K–AKT pathways, there exists a
significant need to unveil and explore alternative
mechanisms driving the evolution and progression of
thyroid cancer. In recent years, substantial insights
have been gained into the miRNA expression profiles in
thyroid neoplasms. Given the increased role of miRNAs in
determining cancer phenotype, the association between
miRNA expression, molecular subtypes and clinical
parameters has become a focal point of interest for
many research groups (17, 18).

Numerous studies have assessed the potential diagnostic
and prognostic role of miRNA expression in patients
with benign, low-risk or malignant thyroid nodules,
frequently comparing the mutational status and
miRNA expression. In this context, in 2005, de la
Chapelle and his research group provided the first
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evidence of specific miRNAs transcriptionally
upregulated in PTCs compared with normal tissues. In
particular, a set of five miRNAs, including the three most
upregulated miR-221, miR-222 and miR-146,
unequivocally distinguished between tumors and
normal thyroid (19). Soon thereafter, the deregulation
of a specific group of miRNAs was identified in
additional forms of DTC and dedifferentiated thyroid
cancers (20, 21). A few years later, similar to mRNA
profiles, Nikiforova and coworkers demonstrated how
the various histopathological types of thyroid tumors
may display distinct miRNA profiles, which further
differ within the same tumor type driven by different
oncogenic alterations, such as BRAF, RAS, RET::PTC and
PAX8::PPARG (22).

In the past decade, Basolo’s group extensively
examined the miRNA landscape in thyroid nodules.
A miRNA signature that distinguishes the
encapsulated form from the infiltrative form of
follicular variant PTC (EFVPTC) was proposed (23).
Soon thereafter, the same research group suggested
that miRNA expression profiles of NIFTPs might vary
based on their mutational status. Specifically, the
miRNA expression profile of BRAF/RAS wild-type
NIFTPs resembles that of FTAs, while NIFTPs carrying
RAS or BRAF gene mutations exhibit a miRNA
expression profile similar to that of infiltrative and
invasive FVPTCs (24). Furthermore, a significant
difference in miRNA expression profiles between
nonmetastatic vs metastatic FVPTCs was observed
(17). Analogously, a signature of dysregulated
miRNAs was proposed in ATCs, suggesting that it
might distinguish undifferentiated from poorly and
well-differentiated carcinomas on the molecular
level (25).

Moreover, The Cancer Genome Atlas (TCGA) research
network further captured the complexity of this
scenario, revealing the presence of six clusters in PTCs
based on miRNA expression. RAS-like tumors were
grouped in one cluster (cluster 1), whereas BRAF-like
tumors were clustered separately in several clusters
(clusters 2–6), and among these, tumors with a high risk
of recurrence were grouped all together (clusters 5 and 6)
(26). Of the miRNAs with cancer relevance, miR-21,
miR-146b and miR-204 were found to be highly
correlated with the thyroid dedifferentiation score.
miR-21 was considered the most negatively correlated
miRNA in both the entire and BRAF-like cohorts.
Moreover, miR-21 and miR-146b were already described
as oncogenic miRNAs in several tumor types, whereas
miR-204 was described as downregulated in several
tumor types with a potential role of tumor suppressor
(7, 27).

The aberrant expression of miRNAs in thyroid diseases
underscores their potential as prognostic markers,
providing valuable insights into disease classification

and progression. Moreover, this dysregulation opens up
promising avenues for the development of targeted
therapeutic interventions in thyroid tumors, potentially
transforming clinical approaches and improving patient
outcomes.

DICER1 and familial multinodular
goiter with schwannomatosis (FMGS)
syndromes
DICER1 syndrome is a multitumor syndrome
characterized by a wide range of neoplastic and non-
neoplastic conditions. The journey began with
researchers discovering germline loss-of-function
mutations in the RNase IIIb domain of the DICER1 gene
in families affected by pleuropulmonary blastoma (PPB),
a rare childhood lungmalignancy (28). However, PPBwas
just one aspect of this familial tumor predisposition
condition. Subsequent investigations revealed both
germline and somatic DICER1 mutations in various
other tumors associated with this syndrome, spanning
multiple extrapulmonary sites. Examples of tumors apart
from PPB that may arise in a DICER1 kindred include
ovarian Sertoli–Leydig cell tumors, cystic nephromas,
thyroid neoplasms and embryonal rhabdomyosarcoma,
particularly affecting the cervix and the uterine corpus
(Fig. 2). Moreover, DICER1 kindred often displayed
nontumorous manifestations, such as macrocephaly
and renal and retinal abnormalities. The estimated
prevalence of DICER1 syndrome is roughly 1 in 11,000
in the general population, but approximately 1 in 5000
among cancer patients (29).

The DICER1 syndrome is an autosomal dominant
condition, and most tumors arise in individuals who
have inherited a DICER1 loss-of-function (usually
nonsense or frameshift) mutation and subsequently
acquired a somatic missense mutation in one of the
five hotspot codons within the RNase IIIb domain
(E1705, D1709, G1809, D1810 and E1813) (Fig. 3). These
mutations have been shown to lead to an imbalance in
miRNA production, favoring the generation of 3p miRNA
strands while reducing the production of 5p miRNA
strands, but the downstream consequences on tumor
formation are not clearly understood (18, 30, 31).

It seems likely that biallelic inactivation of both DICER1
alleles is required for the tumor to develop properly, as
this phenomenon has been reported for various
DICER1-related neoplasia, such as PPBs, Wilms tumors,
embryonal rhabdomyosarcoma and anaplastic sarcomas
of the kidney, and in different subtypes of thyroid cancer
(31, 32, 33, 34, 35, 36, 37).

The familial multinodular goiter with schwannomatosis
(FMGS) syndrome is a recently described entity. The first
report of this syndrome was published in 2020, in which
the authors presented an index family with six
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individuals across three generations (38). All six patients
developed TFND (described in the current article as
‘multinodular goiter’), and five had one or more
peripheral nerve schwannomas (Fig. 2). In addition,
one patient was diagnosed with choroid plexus
papilloma at the age of seven. After ruling out DICER1
mutations as the causative event, next-generation
sequencing identified a shared germline variant
(c.1552G>A, p.E518K) in DGCR8 among all affected
family members. DGCR8 encodes a protein that
functions as a miRNA processor, as described in detail
in previous sections (Fig. 3). The variant caught the
investigator’s attention because it is reported as a
recurrent somatic mutation in Wilms tumors.
Moreover, it is considered pathogenic by in silico
analyses and is not found in the germline DNA of
healthy individuals. Intriguingly, all somatic tissues
obtained from the family (TFND, schwannomas and the
single papilloma) exhibited biallelic inactivation of
DGCR8, with loss of heterozygosity (LOH) of the

remaining allele. This finding suggests a tumor-
suppressive function for DGCR8. The estimated
prevalence of FMGS is not known.

Could DICER1 mutations orchestrate
the development of thyroid follicular
nodular disease?
Across various endocrine tumors, the identification of
somatic driver gene mutations in sporadic tumors often
stems from linking a specific gene mutation at the
constitutional level to a syndrome where the particular
endocrine tumor is overrepresented. For example, the
identification of germline MEN1 mutations in multiple
endocrine neoplasia type 1 syndrome and RETmutations
as causative agents ofmultiple endocrine neoplasia type 2
syndrome led to the subsequent discovery of somatic
MEN1 and RET mutations in sporadic parathyroid

Figure 2

Proposed scheme for miRNA processor gene mutations and their functional consequences in thyroid follicular nodular disease and thyroid neoplasms. The
figure was created with BioRender.com.
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adenoma andmedullary thyroid carcinoma, respectively,
which are two main tumor manifestations of the
respective syndromes. Similarly, somatic NF1 and VHL
mutations in pheochromocytoma were well identified
after the initial observations of constitutional NF1 and
VHL gene mutations causing neurofibromatosis type 1
and von Hippel–Lindau syndromes. In a similar way, the
identification of DICER1 and DGCR8 mutations
underlying DICER1 and FMGS syndromes, respectively,
paved the way for extended analyses of DICER1 and
DGCR8 mutations in somatic tissues from patients with
thyroid disease. TFND is one of the most common
manifestations of DICER1 and FMGS syndromes, and
this umbrella term incorporates several entities
previously annotated as ‘multinodular goiter’ and
‘adenomatoid goiter’. Interestingly, a recent Danish
study screening for DICER1 variants in germline DNA
from TFND patients <25 years showed that 13% of
patients harbored pathogenic DICER1 mutations (39),
suggesting that DICER1 genetic screening could be
motivated in cases with early-onset TFND irrespective
of family history. To build on this, the majority of
patients with germline DICER1 syndrome have been
shown to harbor additional somatic DICER1 mutations
in hyperplasic areas within a TFND (40), suggestive of
clonal events. DICER1-associated TFND may show

prominent papillary infolding and multiple
hyperplastic nodules, which could potentially be a
morphological clue triaging patients for DICER1 genetic
screening (37) (Fig. 4).

This is not entirely surprising, as subsets of nodules within
the spectrum of TFND have previously been shown to
carry clonal mutations in genes such as NRAS, HRAS,
TSH receptor (TSHR) and GNAS (41, 42). Thus, it is
evident that germline DICER1 mutations are tightly
coupled to the development of TFND, with additional
somatic mutations often observed in hyperplastic areas.
The mechanism by which DICER1 inactivation disrupts
normal thyroid follicular architecture is not currently
known. However, it is noteworthy that thyrocyte-specific
DICER1 knockout mice exhibit impaired follicular
organization and increased fibrosis, suggesting a
DICER1-dependent role in the development and
maintenance of thyroid gland structure.

DICER1-mutated follicular cell-derived
thyroid carcinomas
Somatic and germline DICER1 mutations in thyroid
cancer are relatively rare but have been observed in

Figure 3

Schematic overview of the hotspot DICER1 and DGCR8 gene mutations in relation to functional domains. The figure was created with BioRender.com.
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specific contexts, often associated with distinct tumor
subtypes and clinical parameters. Therefore, while the
overall prevalence of DICER1 alterations in thyroid
neoplasia is very low, it is important to recognize that
these mutations are enriched in pediatric and adolescent
tumorswith an aggressive clinical course and in follicular
thyroid tumors exhibiting specific histological attributes,
all reviewed below.

Initially, DICER1 kindred with differentiated thyroid
carcinoma were shown to carry additional somatic
hotspot DICER1 mutations, suggesting a biallelic
inactivation pattern for thyroid tumors arising in a
syndromic setting (36). Subsequent studies aiming to
characterize DICER1 gene status in sporadic tumors
have described recurrent somatic DICER1 alterations,
thereby adding evidence for a contributory role for this
mutational inactivation also in sporadic thyroid tumors,
including FTAs, FTCs and PTCs (18, 43, 44, 45). In adult
patients, RAS gene family mutations predominantly
characterize FTCs and FVPTCs, whereas DICER1
mutations are relatively rare, found in less than 10% of
sporadic FTAs and FTCs (31). Intriguingly, DICER1
mutations are significantly more prevalent under
specific conditions. In children, particularly those
under 10 years old, a follicular-patterned thyroid tumor
might be the initial manifestation of DICER1 syndrome,
warranting genetic testing for a germline DICER1
mutation. Overall, pediatric and adolescent patients
with follicular-patterned thyroid tumors (FTAs/FTCs
and FVPTCs) are enriched for somatic DICER1
mutations (43, 45, 46). In addition, in young patients,
the presence of coexistent TFND in association with a
follicular-patterned tumor (especially FTA with papillary
structures) should raise suspicion of DICER1 aberrancies.
In macrofollicular-predominant FTCs across all age
groups, a majority of these neoplasms harbor DICER1
mutations, sometimes coinciding with additional
mutations (47, 48) (Fig. 5). Recent work has highlighted
an additional possible genotype–phenotype correlation,

where abortive/atrophic changes within the follicular-
patterned nodules are strongly indicative of DICER1
mutations (Fig. 5), which are often somatic in nature
(37, 48, 49). Overall, DICER1-mutated follicular-
patterned tumors are usually found in younger female
patients, with distant metastases being rare or
unreported.

Moreover, DICER1 mutations have also been found in
pediatric and young adult patients with PDTCs, while
other classic driver mutations usually present in adult
PDTCs are absent, suggesting a molecular distinction
between pediatric and adult PDTCs (44, 50, 51) (Fig. 6).
Although the available data are limited, emerging
evidence indicates that these DICER1-associated PDTCs
may exhibit a more aggressive clinical course, in contrast
to most other DICER1-associated tumors, although there
are exceptions to this rule (51). Finally, somatic DICER1
mutations are usually reported in thyroblastoma, an
embryonal high-grade triphasic thyroid neoplasm that
is usually clinically aggressive (52).

It is important to note that biallelic DICER1 somatic
inactivation (through two separate mutations occurring
in trans) is a common pattern across all DICER1-related
thyroid neoplasms and does not automatically indicate
germline involvement. However, considering the clinical
benefit of identifying DICER1 syndromic patients,
screening for germline mutations is recommended,
particularly in young patients with a positive family
history of thyroid tumors or lesions associated with
DICER1 syndrome.

DGCR8 mutations in thyroid tumors
Although the initial observation of recurrent DGCR8
germline mutations in patients with FMGS spurred the
authors to investigate somatic DNA from a pool of
sporadic thyroid tumors, no additional alterations were
found in this cohort. However, shortly thereafter,

Figure 4

Thyroid follicular nodular disease (TFND) in a
patient with a DICER1 germline mutation
presents with the classic histological features of
TFND. However, DICER1-associated lesions may
be distinguished by prominent papillary
infoldings (A) and a striking heterogeneous mix
between hyperplastic nodules (B) and classic
colloid nodules. Notably, there is an absence of
nuclear atypia (C).
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Paulsson and colleagues identified DGCR8 missense
mutations (p.E518K) with concurrent LOH in highly
aggressive FTCs, suggestive of biallelic inactivation (53).
The authors speculated whether these mutations were
progression events, as both tumors with this alteration
already exhibited credible driver gene events (PIK3CA
and HRAS mutations, respectively). Despite this, both
DGCR8-mutated cases showed a distinct miRNA profile
compared to DGCR8 wild-type tumors, suggesting an
effect on the global miRNA level. In addition, both
cases with somatic DGCR8 mutations exhibited
evidence of distant metastases, indicating a potential

correlation with poor prognosis. Moreover, the
majority of FTCs in Paulsson’s cohort exhibited
downregulation of DGCR8 mRNA, further establishing
DGCR8 as a potential tumor suppressor gene in thyroid
cancer. The findings of somatic DGCR8 mutations and
mRNA downregulation have since been reproduced, with
the discovery of a single mutation in a case of poorly
differentiated thyroid carcinoma and downregulation of
DGCR8 mRNA in a cohort of follicular-patterned thyroid
neoplasia (54). To obtain reliable numbers regarding
DGCR8 mutational frequencies across different thyroid
tumors, a combined effort from Italy and Sweden

Figure 5

Histological harbingers of DICER1mutations in thyroid lesions. (A) Thyroid tumors with a predominant macrofollicular pattern are overrepresented in terms
of DICER1 mutations. Note the well-circumscribed lesion with a peripheral capsule. This was a macrofollicular thyroid adenoma with a single DICER1 gene
hotspot mutation. (B) Papillary structures are common findings in DICER1-aberrant thyroid lesions. (C) Abortive changes (right part of the image) as seen in
thisminimally invasivemacrofollicular thyroid carcinoma are characterized by palely stained tumor cells with flat nuclei and surrounding hyaline-like stroma.
This histological finding is strongly associated with DICER1mutational inactivation. Note the uninvolved tumor cells (left) shown for comparison. (D) Abortive
changes may also be seen in DICER1-mutated FTC with normal follicular width.

Figure 6

DICER1-mutated poorly differentiated thyroid
carcinoma in an adolescent patient. (A) 50 mm
thyroid tumor with biallelic DICER1 mutations.
The tumor fulfilled the Turin criteria for poorly
differentiated thyroid carcinoma (PDTC), with a
predominant solid to trabecular growth pattern
and a lack of papillary thyroid carcinoma-related
nuclear features. There were 10 mitotic figures
per 2 mm2; twomitoses are marked by circles. (B)
Invasive growth through the capsule was evident
(arrowhead), and angioinvasion was present in
several areas (not shown). (C) The Ki-67
proliferation index was 22%, which is in keeping
with a diagnosis of PDTC.
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analyzed a total of 440 follicular-patterned thyroid lesions
and found four additional cases (all malignant tumors)
with somaticmutations, corresponding to 1%of the entire
cohort (31). Mirroring the earlier observations by
Paulsson and colleagues, DGCR8 mutant cases
displayed aggressive histology, and two out of four
cases exhibited driver gene mutations in RAS family
genes, providing further evidence for the theory that
somatic DGCR8 mutations may underlie the
progression of thyroid cancer rather than initiate it.
The reason for the development of TFND, when DGCR8
is mutated in the germline setting, and the generation of
aggressive thyroid carcinoma, when the samemutation is
acquired at the somatic level, is not known, but it suggests
that the timing of the mutational acquisition is crucial.

The unique miRNA landscape of
DICER1- and DGCR8-mutated thyroid
carcinoma
The discovery of mutations in genes encoding members
of the miRNA machinery prompted extensive
investigations into thyroid tumors with this genetic
abnormality to determine whether the miRNA pattern
in these tumors was affected. Given that the majority of
DICER1mutations are biallelic and inactivating in thyroid
tumors and that DGCR8 mutations usually occur with
concurrent LOH, it was expected that these genetic
alterations would impede the miRNA maturation
process in the tumor cells. Indeed, a previous study of
a pleuropulmonary blastoma (PPB) with biallelic DICER1
mutations identified a unique reduction of 5p-derived
mature miRNAs and an accumulation of 5p-derived
pre-miRNAs, which are normally processed by a
functional DICER1 protein (55). This study proposed
that DICER1 mutations led to an inability to cleave the
5p end of pre-miRNA hairpins.

Since then, gene-specific and global expression studies in
thyroid tumors have demonstrated a range of disruptions
in the miRNA pattern in cases with mutations in DICER1
or DGCR8. For example, follicular thyroid tumors with
DICER1mutations exhibit a uniquemiRNA pattern with a
striking global loss of mature 5p miRNAs, similar to what
was observed in PPB (18, 31). Moreover, DGCR8-mutated
tumors also seem to demonstrate a unique miRNA profile
compared to wild-type tumors of the same entity (53). In
addition, DICER1 and DGCR8 mutants in thyroid tumors
share a similar miRNA expression profile, distinguishing
them fromDICER1/DGCR8wild-type tumors. In one study,
427 differentially expressedmiRNAswere found between
wild-type and mutated cases, including miR-450a-1-3p,
miR-548e-3p, miR-1246, miR-548n and miR-181a-3p as
overexpressed in mutated cases, whereas five
additional miRNAs (let-7i-5p, miR-135b-5p, miR135a-5p,
miR3151-5p and miR-100-5p) were downregulated in
mutated cases (31). Notably, many of these specific

miRNAs have previously been reported to be
dysregulated in thyroid cancer. However, the exact
mechanism by which this dysregulation may cause a
range of thyroid lesions, from benign and low-risk to
high-grade carcinoma, is not yet known.

Potential role of DROSHA and XPO5 in
thyroid carcinoma
The role of the other components of miRNA machinery,
including DROSHA, XPO5, TARBP2 and AGO2, in thyroid
carcinogenesis remains unclear and largely unexplored.
The mechanistic characterization of mutations in these
genes and their potential oncogenic activities in thyroid
cancer are not well understood, highlighting a significant
gap in our knowledge of their contribution to thyroid
tumorigenesis.

Frequent heterozygous somatic mutations in DROSHA
have been identified in rare pediatric forms of Wilms
tumors. Functional analyses revealed that these
mutations affect the synthesis of miRNAs from both pre-
miRNA arms 3p and 5p, suggesting a potential oncogenic
role in these tumors (56). In thyroid cancer, Paulsson and
coworkers reported a point mutation in theDROSHA gene,
specifically investigating a rare and unique case of
synchronous FTC/PDTC/ATC from a single patient. This
study provided evidence of a missense p.R277C
mutation, alongside other progression events involving
TP53, TERT and APC genes, found only in the PDTC
component of the tumor (57). Alterations in DROSHA
have also been identified in benign FTAs and
encapsulated FVPTCs by Poma and collaborators.
Subsequent analysis of the paired normal tissue
revealed the germline origin of these alterations, and
the variants discovered were synonymous (p.S981S and
p.Y1199Y). Notably, two out of four tumors with germline
DROSHA variants also harbored RAS driver mutations
(18). These findings suggest a potential, albeit unclear,
role of DROSHA alterations in thyroid tumorigenesis
and their contribution to the dedifferentiation process.
Further exploration into the role of this gene in thyroid
cancer development is required.

Following the microprocessor activities in the nucleus,
pre-miRNAs are exported to the cytoplasm by the XPO5
protein. Recent studies have reported specific indel
hotspots in the XPO5 gene in cancers with a high rate
of microsatellite instability, such as colon, gastric and
endometrial tumors (58). However, these alterations
have not been further investigated in other studies.
Nevertheless, very little is known about the potential
role of XPO5 alteration in thyroid tumors. A putative
XPO5::CHST9 fusion in ATC has also been described;
however, the true functional consequences of this
fusion in the development of ATC remain unknown (59).

Mutations in the TARBP2 gene have been associated with
tumorigenesis in certain cancers. For example, TARBP2
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mutations have been identified in upper urinary tract
urothelial carcinomas, correlating with microsatellite
instability. However, mutations in AGO2 are not as
frequently reported as those in other components of
the miRNA machinery.

Implication for clinical management
Patients with DICER1 syndrome are at an elevated risk of
various neoplasms, including DTC, pleuropulmonary
blastoma and other rare tumors. Clinical management
emphasizes early detection and monitoring, particularly
during childhood and adolescence, when the risk of
certain tumors, such as pleuropulmonary blastoma, is
highest. Some guidelines recommend that patients with
DICER1 syndrome undergo annual clinical examinations
from birth through age 20, with thyroid ultrasounds
every three years from ages 8 to 40 (60). Specific
screening guidelines for DGCR8 mutation carriers are
not well established due to the rarity of this mutation.
However, given its association with aggressive thyroid
cancers, frequent thyroid imaging may be prudent.
Future studies will likely clarify optimal screening
protocols for these patients.

Discussion and future aspects
The identification of the miRNA machinery as a key
regulator of gene expression has enhanced our
understanding of how cells control the expression of
specific gene signatures, which in turn impacts
metabolism, growth and differentiation. The miRNA
apparatus has been shown to be dysregulated in many
different tumor types, and significant efforts have been
made to identify which miRNAs are aberrantly expressed
in tumors and how these contribute to tumorigenesis.
Furthermore, the discovery of specific tumor syndromes
linked to constitutional mutations in genes encoding
members of this miRNA machinery, such as DICER1
and DGCR8, has revealed bona fide tumor suppressor
functions for these genes. Since both DICER1 and FMGS
syndromes are associated with thyroid disease, it is
logical for researchers to also investigate the
expression and sequencing of the responsible genes in
sporadic thyroid tumors. Indeed, somatic inactivation of
DICER1 appears to occur in a wide range of thyroid
lesions, from TFND and FTAs to poorly differentiated
thyroid cancer. Some patients have an underlying
constitutional mutation and acquire a second somatic
mutation on the other allele, while others develop
biallelic inactivation through somatic mutations alone.
The reason why some patients with germline mutations
develop benign conditions while others develop
aggressive thyroid cancer is not fully understood. In
addition, the significance of biallelic DICER1 mutations
in both benign and highly malignant conditions remains
unclear. Interestingly, DICER1-mutated lesions are rarely
accompanied by other driver mutations, which may

indicate that a subgroup lacks a primary driver for
tumor development. However, there are likely other
unknown genetic events, in addition to DICER1
mutations, that influence the development of benign
and malignant diseases.

In terms of tumor development, the unique miRNA
landscape of DICER1- and DGCR8-mutated thyroid
carcinoma, especially the shift from 5p to 3p miRNA
expression, could provide important clues for future
investigations into how the inactivation of miRNA
regulators may drive or promote thyroid cancer
development and/or dedifferentiation. Understanding
these mechanisms could pave the way for novel
therapeutic strategies aimed at manipulating miRNA
patterns to combat thyroid cancer more effectively.

From a clinical perspective, DICER1 mutations are seen
across the entire spectrum of thyroid lesions, and it is
crucial to avoid missing a syndromic carrier in routine
clinical settings. Clues to triaging cases for genetic testing
may include a young age of onset, female sex, various
histotypes (such as TFND, follicular adenoma with
papillary structures, macrofollicular thyroid tumors
and PDTCs) and specific histological indicators (such as
atrophic changes and papillary infoldings). While the
prognosis for DICER1-mutated well-differentiated
thyroid carcinoma is usually good, it is much poorer
for PDTCs in pediatric patients. DGCR8 mutations are
typically found in high-grade thyroid tumors and may
represent a progression event similar to TERT promoter
mutations rather than a primary driver event, as these
mutations are often accompanied by bona fide driver
mutations in thyroid-related genes.

Detecting a DICER1 mutation preoperatively could be
valuable, as this mutation may be constitutional and
suggest hereditary disease. However, because somatic
mutations in DICER1 are found in benign and low-
grade malignant lesions and in pediatric PDTCs, their
clinical utility in terms of diagnostic potential remains
limited. Conversely, the presence of somatic DGCR8
mutations, although rare, appears concentrated in
highly aggressive thyroid carcinomas, suggesting
potential preoperative value if routine molecular
screening was implemented. While further data are
needed, finding a DGCR8 mutation in a thyroid aspirate
may support a diagnosis of malignancy. Currently, no
evidence indicates that DGCR8- or DICER1-mutated
thyroid tumors exhibit specific features easily
recognizable during the preoperative cytological
assessment, although this will be a subject of
intensified research in the near future.

Froma broader healthcare perspective, understanding the
roles ofDICER1 and DGCR8mutations in thyroid tumors is
vital, as it highlights the importance of genetic testing and
personalized medicine in managing thyroid cancer. Early
identification of these mutations can guide treatment
decisions and improve patient outcomes, particularly in
pediatric and high-risk populations. This knowledge also
underscores the potential for developing targeted

V Condello and C C Juhlin European Thyroid Journal (2024) 13 e240298
https://doi.org/10.1530/ETJ-24-0298

https://doi.org/10.1530/ETJ-24-0298


therapies that could transform the clinical management of
thyroid cancer, moving toward more precise and effective
treatment options.
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