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Abstract

This review examines the emerging roles of DICER1 and DGCR8, key components of the miRNA biogenesis pathway, in
thyroid pathogenesis, with a particular focus on their association with oncocytic morphology. Recent findings have
expanded our understanding of DICER1 syndrome and DGCR8-related thyroid disorders, revealing a broader spectrum
of thyroid lesions associated with mutations in these genes than previously recognised. We analyse the current
literature on DICER1 and DGCR8 mutations in thyroid pathology, synthesising data from both basic science and
pathological studies. The review explores recent findings on oncocytic features in some DICER1-mutated thyroid
lesions, acknowledging that this association remains under investigation. The manuscript details the molecular
mechanisms underlying DICER1 and DGCR8 mutations, including their impact on miRNA processing and subsequent
effects on gene expression and cellular function. We discuss the diverse range of thyroid lesions associated with these
mutations, from benign follicular nodular disease to aggressive carcinomas. The clinical implications of these findings
are significant, as recognising DICER1 and DGCR8-related thyroid lesions can lead to improved patient management,
including genetic counselling and surveillance for other associated malignancies. We propose an algorithm for
identifying DICER1-related thyroid lesions, with a focus on oncocytic tumours, to aid clinicians and pathologists in
recognising these entities. This emerging field promises to refine the diagnosis, management, and treatment of
thyroid disorders associated with miRNA biogenesis pathway alterations, potentially leading to novel diagnostic and
therapeutic approaches.
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Introduction
The identification and characterisation of inherited
tumour syndromes have expanded significantly in
recent decades, with many syndromes still under
investigation for formal recognition. Reflecting the
growing importance and complexity of these

syndromes, the latest World Health Organization
(WHO) classification of endocrine tumours introduced
a dedicated chapter on familial tumour syndromes (1).
This section addresses key syndromes, including PTEN
hamartoma tumour syndrome, familial adenomatous
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polyposis, Carney complex, Werner syndrome, and
DICER1 syndrome, as well as the umbrella term ‘not
specified: Syndromic Familial Non-Medullary Thyroid
Carcinoma (SFNMTC)’, reserving space for yet-to-be
formally recognized syndromes. While 90% of thyroid
cancers (TC) occur sporadically, 3–9% are familial non-
medullary thyroid cancers (FNMTCs), with less than 5%
associated with syndromic forms involving well-defined
germline driver alterations (2). The remaining 95% of
FNMTCs represent a less defined genetic susceptibility
group, termed ‘non-syndromic’ (2).

The DICER1 gene, a key component of the microRNA
(miRNA) biogenesis pathway, has been implicated in
various benign and malignant lesions across multiple
organs (3, 4, 5). Germline mutations in DICER1 increase
susceptibility to conditions including thyroid neoplasms,
as part of DICER1 syndrome, also known as autosomal
dominant hereditary pleiotropic tumour syndrome.
Benign thyroid lesions, such as follicular nodular
disease (FND) and follicular thyroid adenomas (FTA),
are the most common thyroid manifestations in DICER1
syndrome (6). Thyroid disorders associated with DICER1
have drawn increasing attention since 2009, when the
first report of a DICER1 mutation in pleuropulmonary
blastoma (PPB) was published (7). Subsequently, Rio Frio
et al. (8), in 2011, highlighted thyroid lesions as common
manifestations of DICER1 syndrome by documenting five
families with FND and heterozygousDICER1mutations. It
has since been recommended that early thyroid disease
occurrence, particularly in childhood or in association
with other organ-specific manifestations, warrants
genetic screening and family history evaluation (9, 10).

Although DICER has been more extensively studied,
emerging research suggests that another key player in
miRNA biogenesis, DGCR8, may also contribute to thyroid
tumorigenesis. Barbara Rivera et al. (11) identified a
pathogenic variant of DiGeorge Syndrome Critical
Region Gene 8 (DGCR8) in familial FND with
schwannomatosis, while Paulsson et al. (12) and
Rodrigues et al. (13) demonstrated DGCR8’s
involvement in follicular-patterned thyroid carcinomas.
Paulsson et al. (12) reported DGCR8 downregulation in
follicular thyroid carcinoma (FTC) compared to FTA, and
Rodrigues et al. (13) suggested DGCR8 mRNA
overexpression in FTA might help maintain normal
thyroid morphology, while reduced expression was
implicated in dedifferentiation processes of follicular-
patterned carcinomas. DGCR8 mutations were also
linked to poorly differentiated thyroid carcinoma
(PDTC), indicating a possible role in thyroid gland
morphology and tumorigenesis (13).

Our group was the first to report a higher frequency of
DICER1 germline variants in papillary thyroid carcinoma
(PTC) cases with oncocytic morphology compared to non-
oncocytic counterparts (9). In addition, oncocytic
morphology was associated with DGCR8 mutations in a
study by Paulsson et al. (12). Thesefindings suggest a close

relationship between oncocytic morphology, miRNA
biogenesis, and epigenetic processes (14). This review
systematically examines the role of DICER1 and DGCR8,
two of the main miRNA processing genes regulating
miRNA maturation, as central elements in the miRNA
biogenesis pathway, emphasising their specific
association with oncocytic morphology.

miRNA biogenesis pathway and its partners

MiRNAs are small, highly conserved non-coding RNAs
that regulate gene expression by targeting mRNAs for
degradation or translational repression (15). These
regulatory processes are critical for cell fate
determination and development (15), and their
dysregulation has been strongly linked to cancer
initiation, progression, and metastasis (5, 16).
Depending on their mRNA targets, miRNAs can act as
oncogenes (oncomiRs) or tumour suppressors
(oncosuppressor miRs) (17, 18). Cancer cells often
exhibit suppressed or aberrant miRNA expression,
driven by disrupted regulatory feedback loops
involving transcription factors and epigenetic
mechanisms such as DNA methylation (5, 15, 19, 20).

The miRNA biogenesis pathway includes both nuclear
and cytoplasmic processes, as outlined in Fig. 1. In the
canonical pathway, DGCR8 is a pivotal nuclear
component of the DROSHA-DGCR8 microprocessor
complex, which processes primary miRNAs (pri-miRNA)
into precursor miRNAs (pre-miRNA) (5, 15). The pre-
miRNA is then exported to the cytoplasm by exportin 5
(XPO5), where DICER cleaves it into a ∼20 bp duplex with
the help of trans-activation-responsive RNA-binding
protein (TRBP). One strand of this duplex is loaded onto
an Argonaute (AGO) protein within the RNA-induced
silencing complex (RISC), guiding the mature miRNA to
its mRNA target for translational repression or
degradation (5, 15, 16).

In the non-canonical pathway, pre-miRNAs can arise
from short introns (mirtrons) via splicing and
debranching, bypassing the need for DROSHA-DGCR8
processing (5, 15). Both DROSHA and DICER require
associated RNA-binding proteins (RBPs) for stability
and function: DGCR8 stabilises DROSHA, while TRBP
supports DICER activity (15). Deficiencies in these RBPs,
or their phosphorylation by the MAPK/ERK pathway, can
lead to irregularities in miRNA processing and contribute
to cancer development (21, 22).

Recent studies have identified a non-canonical nuclear
role for DICER, suggesting it may influence oncocytic
characteristics in thyroid lesions, highlighting its
potential involvement in thyroid tumorigenesis (23, 24,
25). Germline and somatic DICER1 mutations have been
implicated in various thyroid tumours, further
supporting the link between miRNA pathway
components and thyroid disease (26). Similarly,
germline and somatic mutations in DGCR8 have been
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associated with thyroid lesions, as demonstrated by
Rivera et al. (11), Paulsson et al. (12), and Rodrigues
et al. (13). These findings reinforce the critical
connection between miRNA biogenesis and thyroid
health, where genes with similar function in miRNA
maturation, DGCR8 and DICER1, are associated with
thyroid lesions.

From DICER1 dispersed germline mutations to
DICER1 hotspot somatic mutations

The DICER1 gene, located on chromosome 14q32.13,
encodes a 1922-amino acid protein with 27 exons (27).
Mutations in DICER1 occur in both germline and somatic
forms, with germline mutations being dispersed across
the gene and predominantly resulting in loss of function
(LOF), leading to DICER1 syndrome (3). These germline
mutations often involve nonsense, frameshift, or splice
site mutations, as well as deletions or intragenic
rearrangements, resulting in truncated proteins and
reduced RNase III functionality, subsequently lowering
miRNA levels (28, 29, 30). Interestingly, germline
mutations can also occur in asymptomatic carriers,
highlighting variability in clinical presentation.

In contrast, somatic mutations in DICER1 are
predominantly clustered within the RNase IIIb domain
(Fig. 2) (2, 31). Mosaicism in this region, characterised by
RNase IIIb hotspot mutations, often leads to an earlier
onset and multisite disease. This unique pattern requires
additional alterations to cause LOF, and these missense
hotspot mutations are associated with more severe
phenotypes (3, 27, 32). The metal-binding sites of the
RNase IIIb domain, particularly at amino acids E1705,
D1709, G1809, D1810, and E1813, are frequently affected
in syndromic cases (26, 27, 33).

DICER1 syndrome, first characterised in 2009 and
recognised in the 2022 WHO classification, is defined as
an ‘autosomal dominant tumour predisposition
syndrome caused by heterozygous germline pathogenic
variants in DICER1’ (1). A stepwise model proposed by
Khan et al. (34) suggests that biallelic DICER1 mutations
increase benign thyroid nodule prevalence, which, over
time, may acquire additional genetic alterations leading
to malignant transformation. Mouse models
demonstrated that homozygous deletion of DICER1
results in embryonic lethality, underscoring the
importance of haploinsufficiency (35). Individuals with
germline DICER1 mutations have a 16-fold increased risk
of thyroid tumours (3, 27, 34, 36, 37).

Germline DICER1 mutations causing LOF occur in
approximately 1 in 5,310 to 1 in 12,412 individuals (38).
Additional acquired somatic mutations, particularly
hotspot missense mutations in the RNase IIIb domain,
contribute to thyroid tumorigenesis. Furthermore, other
oncogenic events outside the DICER1 gene, such as
mutations in BRAF, NRAS, and EIF1AX, can elevate the
risk of thyroid lesions (3, 4).

How DICER1 molecular alterations manifest in
thyroid pathology

Thyroid lesions are increasingly recognised as critical
clinical markers for the early diagnosis of DICER1
syndrome, emphasising the need for proactive
surveillance for malignancies in other organs to
improve patient outcomes. The presence of distinct
histomorphological features in DICER1-associated
thyroid lesions, especially in early life and even
without a family history, should raise suspicion for
DICER1 involvement (26, 39). Pathologists play a key

Figure 1

miRNAs can be produced via the canonical
pathway, involving the DROSHA–DGCR8
microprocessor complex, or through the non-
canonical pathway from mirtrons in the nucleus.
After exportation of the pre-miRNA by XPO5,
cytoplasmic components such as DICER, TRBP,
PACT, and AGO2 will process the pre-miRNA into
the mature and active miRNA. Created with
BioRender.com.
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role in identifying these histomorphologies and guiding
appropriate molecular testing, which benefits both
patient care and familial management.

Initially, DICER1-related thyroid manifestations were
primarily linked to FND or FTA in syndromic cases
(40, 41, 42). However, the recent literature has
revealed a phenotypically diverse spectrum of thyroid
entities ranging from benign to highly aggressive
tumours (8, 39, 40, 43). Unique histomorphological
patterns, such as intrafollicular centripetal papillary
growth in FND, extensive papillary folds with
embedded subfollicles in FTA, and a macrofollicular
pattern in both benign and malignant tumours, have
been described by Nosé et al. (4). Besides these benign
lesions, thyroid entities such as non-invasive follicular
thyroid neoplasm with papillary-like nuclear features
(NIFTP), invasive encapsulated follicular variants of
papillary thyroid cancer (IEFVPTC), PTC, and FTC are
also associated with germline and somatic DICER1
mutations (3, 4). Regarding paediatric tumours,
DICER1 mutations have been highly frequent in
paediatric low-risk follicular-patterned tumours,
IEFVPTC, and FTC (39, 40, 41, 42).

Two aggressive tumour entities have also been linked to
DICER1 mutations and are now recognised in the 2022
WHO classification (1). The first is paediatric PDTC,
highlighted by Chernock et al. (43), who identified
somatic DICER1 mutations in four out of six cases,
predominantly in the RNase IIIb domain; these
mutations are less frequently germline, occurring in
only one case (43). Nosé et al. (4) noted that these
paediatric PDTCs lack convoluted nuclei and adult-type
molecular alterations, with outcomes varying widely.
Supporting this, Yegen et al. (44) described a paediatric
PDTC with a DICER1 mutation but no vascular invasion,
suggesting a potentially favourable prognosis. In contrast,
Ver Berne et al. (45) reported a PDTC case with both
germline and somatic DICER1 mutations, characterised
by aggressive features such as solid/trabecular growth,
central necrosis, and vascular invasion. These findings
emphasise the need for further research into DICER1’s
role in paediatric PDTC.

The second entity, thyroblastoma, was described by
Agaimy et al. (46), who reviewed eight cases of
sporadic malignant teratoid thyroid tumours. These
tumours, characterised by somatic DICER1 hotspot
mutations, differ from teratomas or carcinosarcomas
and often occur in older individuals without a familial
cancer history. Recognised in the 2022 WHO
classification, thyroblastoma is now classified as a
distinct entity, with germline DICER1 testing
recommended (2). Furthermore, Rooper et al. (47)
identified DICER1 hotspot mutations in four malignant
thyroid teratomas, now recognised as thyroblastoma (48).

A more recent bi-institutional study identified atrophic
changes associated with DICER1 mutations in follicular-
patterned thyroid tumours (26). These changes are
characterised by pale, ghost-cell-like features with clear
demarcation from adjacent tissue, thickened stroma, and
reduced cell viability, distinct from post-fine needle
aspiration (FNA) biopsy artefacts (26).

DICER1 mutations, once thought to be predominantly
associated with benign lesions, are now increasingly
linked to aggressive cancers in both children and
young adults (39). However, documentation of
oncocytic morphology remains sparse. Nevertheless,
DICER1 mRNA expression was previously reported as
severely downregulated in OCA (then referred to as
Hürthle cell carcinoma, HCC), followed by FTC and
FTA, when compared to normal thyroid tissue (49).

In Table 1, a comparison between germline and somatic
DICER1 mutations in thyroid disease is outlined,
highlighting key differences in morphology, clinical
implications, and testing recommendations (3, 4, 9, 50,
51, 52, 53, 54, 55, 56).

For DGCR8, the focus has been even more limited, though
its molecular role in thyroid tumorigenesis is gaining
attention. DGCR8 mutations disrupt let-7 miRNAs,
which regulate RAS expression, leading to
tumorigenesis and poor prognosis (57). DGCR8
expression levels vary by histotype: FTA shows
overexpression, whereas NIFTP and classical PTC
exhibit reduced expression (12, 13, 58, 59). The
DGCR8-mutated cases and subsets of cases with low

Figure 2

Schematic representation of the DICER1 protein,
showing germline and hotspot somatic mutation
locations. DICER is composed of the following
domains, from N- to C-terminus of the protein:
helicase domain (hel1, Hel2i, and Hel2), DUF283,
platform, Piwi-Argonaute-Zwille (PAZ), connector
helix I, RNase IIIa, RNase IIIb, and double-
stranded RNA-binding domain (dsRBD). The
RNase IIIb domain contains the hotspot somatic
mutations associated with thyroid lesions, while
germline mutations are dispersed throughout
the gene.
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DGCR8 expression translate into a specific miRNA profile,
correlating with dedifferentiation and tumour
progression (12).

The association between DGCR8 and oncocytic morphology
remains underexplored despite emerging evidence fromTC
cohorts (12). This gap is particularly striking given the
relationship between epigenetic changes in oncocytic

tumours and miRNA biogenesis mechanisms. These
findings show the need for further research to clarify
the involvement of DICER1 and DGCR8 in oncocytic
thyroid lesions. The following chapter will focus on this
connection, drawing insights from a comprehensive
review of the literature, spanning both basic science
and pathology, to highlight critical areas for future
exploration.

Table 1 Comparison of germline vs somatic DICER1 mutations in thyroid disease: morphology, clinical implications, and testing

recommendations.

Feature Germline DICER1 (DICER1 syndrome) Somatic DICER1 (non-Syndromic)

Inheritance/genetic
basis

• Autosomal dominant
• Usually a LOF mutation in one allele + hotspot

RNase IIIb mutation in tumour
• Rarely mosaic

• Acquired RNase IIIb ‘hotspot’ mutations only
• No germline involvement (isolated to the tumour)

Prevalence in
thyroid disease

• Rare overall, but is the most common DICER1 driver
in paediatric thyroid disease

• Thyroid disease is the most frequent manifestation
of DICER1 syndrome

• Small subset of thyroid cancers in adults
• In paediatrics, can be seen in thyroblastoma or

PDTC, more often than in adult PDTC

Age group and
clinical history

• Typically paediatric/adolescent onset (though adult
cases occur)

• Often with personal/family history of DICER1-
related tumours (e.g., PPB, cystic nephroma, SLCT)

• All ages (though certain subtypes may appear in
paediatrics)

• Usually no knownDICER1-associated tumours in the
patient/family

Morphology and
pathology

• Often multifocal/bilateral nodules, sometimes as
FND

• Typically encapsulated/well-circumscribed
follicular-patterned lesions (FTA, FVPTC, FTC)

• Paediatric malignancies can include FTC, FVPTC,
and rarely PDTC; benign lesions such as FND and
FTA occur in the benign setting

• Often unilateral, unifocal
• Identified in paediatric FTC, but more commonly

identified in rare paediatric lesions (thyroblastoma,
PDTC), though not all paediatric PDTC is DICER1
mutated

Co-occurring
somatic alterations

• Occasional co-occurrence with BRAF, RAS, or other
thyroid drivers

• ’Two-hit’ hypothesis (germline + somatic) is the
norm

• Typically no common somatic driver alterations
(BRAF, RAS, TP53 mutations) or RET/PTC
rearrangements

• Often the tumour harbours only the DICER1
‘hotspot’ mutation

Clinical relevance • High: indicates a hereditary predisposition
• Genetic counselling + family screening

recommended

• Limited in routine clinical practice
• No hereditary risk solely from a somatic DICER1

finding
Indications for
genetic testing

• Paediatric thyroid nodule (particularly bilateral,
multifocal) or with unusual histology

• Any age + personal/family history of DICER1-related
tumours

• Confirmed DICER1 ‘hotspot’ + clinical suspicion

Consider germline testing if a somatic RNase IIIb
hotspot mutation is identified in a thyroid lesion, as per
DICER1 surveillance guidelines. Del/Dup and RNA
analysis may be warranted even in the absence of other
syndromic features

Management and
surveillance

• Initial thyroid ultrasound at 8 years of age, or at
diagnosis if it is done between 40 and 50 years of
age

• If a nodule is detected: annual thyroid US
• If initial scan is normal: repeat every 3 years
• Consider annual thyroid US for 5 years following

chemotherapy or radiotherapy
• No role for prophylactic thyroidectomy unless

clinically indicated
• Broaden screening to include entire DICER1-related

tumour spectrum
• Standard thyroid tumour management based on

histotype and staging
• Family screening guided by personal/family history

or syndromic indicators

• Standard thyroid tumour management based on
histotype and staging

• No specific DICER1 family screening unless other
syndromic indicators are present

LOF, loss of heterozygosity; PDTC, poorly differentiated thyroid carcinoma; PPB, pleuropulmonary blastoma; SLCT, Sertoli–Leydig cell tumour; FND, follicular
nodular disease; FTA, follicular adenoma; FVPTC, follicular-variant papillary thyroid carcinoma; FTC, follicular thyroid carcinoma; US, ultrasound.
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Oncocytic morphology observed in DICER1
and DGCR8-altered thyroid tumours: an
exploratory perspective on miRNA
biogenesis pathways

Oncocytic morphology is defined histologically by cells
with abundant, finely and densely granular, eosinophilic
cytoplasm due to dysfunctional mitochondrial
accumulation (historically ‘Hürthle cell’ change). It
occurs across benign and malignant follicular-derived
thyroid tumours, including oncocytic adenoma, OCA,
and PTC variants such as oncocytic, tall cell, Warthin-
like, and hobnail. Oncocytic change alone is not
pathognomonic for any tumour type or molecular
alteration. In this section, we report its observed
frequency in DICER1- and DGCR8-altered tumours
strictly as an observational correlate. At present, no
morphologic or molecular criteria reliably distinguish
oncocytic change seen in DICER1-associated tumours
from that in other entities, and we do not propose a
diagnostic category of ‘DICER1-associated oncocytic
morphology’. Any putative relationship remains
hypothesis-generating in the absence ofmechanistic data.

Only a limited number of studies have documented
detailed pathological characteristics focusing on
DICER1, predominantly prioritising a genotype-first
approach. These investigations, such as those detailed

by Mirshahi et al. (60), have generally emphasised the
genetic aspects of DICER1 mutations, focusing more on
their prevalence, penetrance, and phenotypic
implications rather than on their comprehensive
pathological features. Although earlier reports have
linked DICER1 syndrome with oncocytic morphology
(61), the first detailed documentation of DICER1
mutations associated with specific pathological
characteristics of oncocytic morphology was published
by Wasserman et al. (41). Subsequently, our group
analysed a publicly available dataset from The Cancer
Genome Atlas (TCGA), identifying oncocytic morphology
more frequently in cases with DICER1 alterations: seven
out of eighteen germline alterations and two out of three
somatic mutation cases exhibited this feature (9), as
depicted in Fig. 3. Our phenotype-first approach
enabled a detailed characterisation of these
malignancies. In our study, nine cases of PTC with
‘protein-altering germline variants’ of DICER1 included
three oncocytic, two follicular, two classical, and one
hobnail (9). While our data identified an appreciable
fraction of DICER1-mutated tumours with oncocytic
features, we acknowledge that these observations are
based on a relatively small sample size and do not
achieve formal statistical significance. Accordingly, our
findings should be viewed as preliminary and require
confirmation in larger studies. In our analysis of the TCGA
dataset, we observed that bilaterality was significantly

Figure 3

DICER1 germline-positive cases of the TCGA database with oncocytic morphology, with high-quality available tissue images, from the study of Canberk et al.
2021 (9).
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more frequent in DICER1-mutated PTCs, including both
syndromic and non-syndromic cases.While bilaterality in
PTC has been associated with an increased risk of central
lymph node metastasis and recurrence (60, 61), we
emphasise that this observation applies to the subset of
PTCs studied and should not be interpreted as a
generalisable feature of all DICER1-associated thyroid
tumours, such as FTC or IEFVPTC (62, 63).

Notably, all DICER1 germline variants in our study
co-occurred with canonical TC mutations, such as BRAF
V600E and one CCDC6-RET fusion, without loss of the
second allele. This pattern supported the mice model of
Kumar et al. (35), where DICER1 may function through
haploinsufficiency. Such findings highlight the potential
of exploring DICER1 as a future target in novel cancer
therapies, though currently no specific therapies
targeting DICER1 mutations are clinically available (3,
64). Indeed, genome- and phenotype-first approaches
are not mutually exclusive but complementary to fill
the gap from clinical manifestation to therapeutic
application and may refine the management of
monogenic disorders through establishing reliable
consensus testing and surveillance recommendations
(65). DICER1 mutations identified in thyroid neoplasms
were grouped under several distinct diagnoses. These
diagnoses include PTC with focal hobnail and tall cell
changes, oncocytic subtype of PTC, hobnail subtype of
PTC, OCA (then referred to as Hürthle cell carcinoma,
HCC), tall cell subtype of PTC, and even more aggressive
cases of anaplastic thyroid carcinoma (ATC) arising from
pre-existing differentiated thyroid carcinoma with
oncocytic features, such as PTC tall cell subtype and

OCA (Table 2) (9, 23, 41, 50). Moreover, a study from
Poiana et al. (61) reported the presence of a PTC with
oncocytic features accompanied by Sertoli–Leydig cell
tumour (SLCT), along with a case reported by
Shin et al. (66) of an FTC with oncocytic features along
with pleuropulmonary blastoma (PPB). The presence of
these tumours is highly suggestive of DICER1 syndrome,
as a study conducted by Schultz et al. (67) in 2024
reported; however, the molecular profile of DICER1
was not assessed in those studies.

Beyond PTC, Pinto et al. (68) also reported FTA with
oncocytic morphology. The scarcity of cases mentioning
oncocytic morphology may be due to a lack of detailed
focus on this histotype, as oncocytic lesions are often
overlooked. We believe that a re-evaluation of these
cases could potentially reveal an increased number of
DICER1-associated lesions with oncocytic
morphology (69).

The miRNA biogenesis pathway is closely linked to
epigenetic modifications, particularly methylation
patterns, due to miRNAs targeting enzymes that
regulate these processes (68). Ten-eleven translocation
(TET) enzymes play a key role in this by converting
5-methylcytosine (5mC) to 5-hydroxymethylcytosine
(5hmC), which is crucial for DNA demethylation and
gene regulation (70). High levels of 5hmC are found in
the 5′ untranslated regions (UTRs) of genes involved in
miRNA biogenesis, namely DICER1 and Argonaute RISC
Catalytic Component 2 (AGO2) (69, 71). Dysregulation of
5hmC, often associated with somatic mutations such as
those in TETs, DNA methyltransferases (DNMTs), and
isocitrate dehydrogenases (IDHs), is linked to

Table 2 Thyroid lesions that exhibit oncocytic† features, harbouring different DICER1 mutations, both somatic and germline.

Thyroid lesions Age Other lesions DICER1 mutations Germline vs somatic origin Reference

PTC with focal hobnail and tall cell changes 10 - c.4260_4262delGGA (p. E1420del) Not known (41)
OV-PTC (TCGA-E8-A416) 51 PPB; CPS c.4680G>A (p.Ala1560Ala) Germline (9)
OV-PTC (TCGA-DE-A0XZ) 65 PPB; CPS c.4891T>G (p.Ser1631Ala) Germline (9)
OV-PTC (TCGA-E8-A437) 27 PPB; CPS c.2557A>G (p.Ile853Val) Germline (9)
OV-PTC (TCGA-DJ-A2Q9) 65 - c.59C>T (p.Ala20Val) Germline (9)
OV-PTC (TCGA-FE-A232) 44 PPB; CPS c.20A>G (p.Gln7Arg) Germline (9)
OV-PTC (TCGA-EM-A2CP) 26 PPB; CPS c.5013G>C (p.Lys1671Asn) Germline (9)
HV-PTC (TCGA-FE-A3PB) 33 PPB; CPS c.3778G>A (p.Val1260Ile) Germline (9)
OV-PTC (TCGA-EM-A2CT) 20 - c.5718A>C (p.R1906S) Somatic (9)
OV-PTC (TCGA-EL-A3D5) 44 - c.5438A>G (p.E1813G) Somatic (9)
OCA* NA - c.20A>G (p. Q7R) Germline (23)
OCA* 74 - (p.E328K) Somatic (50)
OCA* 68 - (p.P750S) Somatic (50)
Tall cell variant of PTC 58 - (p.Q84*) Somatic (50)
Tall cell variant of PTC 82 - (p.L179F) Somatic (50)
Tall cell variant of PTC 53 - (p.H341Y) Somatic (50)
PTC tall cell phenotype 67 - (p.V1740F) Somatic (50)
ATC with PTC tall cell variant 81 - (p.E1800Q) Somatic (50)
ATC with OCA* 65 - (p.M1402T) Somatic (50)

*Then referred to as Hürthle cell carcinoma (HCC) in these articles.
†We verified oncocytic morphology in our cases and in the cited hobnail series by direct figure review. ATC is listed solely to document dedifferentiation from
oncocytic or tall-cell precursors. PTC, papillary thyroid carcinoma; NA, not available; OV, oncocytic variant; PPB, pleuropulmonary blastoma; CPS, cancer
predisposition syndrome; HV, hobnail variant; ATC, anaplastic thyroid carcinoma; HCC, Hürthle cell carcinoma; OCA, oncocytic carcinoma.
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mitochondrial dysfunction and oncocytic features
(70, 72). Our research has shown lower 5hmC levels in
thyroid tumours, indicating a hypermethylation pattern,
including in oncocytic tumours (14). In addition, Burger
et al. (73) described a non-canonical DICER1 isoform that
functions within the nucleus and promotes a
hypermethylated environment, suggesting that both
canonical and non-canonical DICER1 mechanisms may
contribute to hypermethylation in thyroid lesions. In
conjunction with miRNA processing, DICER1 is also
involved in DNA processing, chromatin structure
remodelling, and apoptosis (25). Recent studies have
shown that a reduction in DICER1 expression levels
results in a more open chromatin structure,
characterised by decreased methylation, increased
histone acetylation, and the loss of chromatin-bound
AGO proteins (74, 75). In thyroid malignancies,
including those with oncocytic features, overexpression
of histone deacetylases (HDACs) has been observed, with
elevated HDAC levels being linked to important
clinicopathological parameters affecting patient
management and prognosis (76, 77). Moreover,
epigenetic agents such as HDAC inhibitors have been
found to regulate DICER1 and miRNA expression. These
findings suggest that epigenetic modifications,
particularly involving HDAC overexpression and
DICER1 regulation, may be associated with the
development of oncocytic characteristics, although a
direct mechanistic link has not been demonstrated (78).

Alterations in gene methylation patterns and specific
miRNA profiles have been observed in oncocytic
tumours, allowing differentiation between benign and
malignant forms (24, 69). Nikiforova et al. (24)
established a miRNA profile for thyroid tumours,
including oncocytic adenomas and OCA. OCA have an
upregulation of miRs-187, 221, 339, 183, 222, and 197,
in contrast to oncocytic adenomas that portray an
upregulation of miRs-31, 339, 183, 221, 224, and 203
(24). However, the genetic basis behind these
differences between benign and malignant tumours
remains unknown. Further research addressing this
gap should be performed, since these miRNA changes
might stem from disruptions in miRNA biogenesis
components such as DGCR8 and DICER1.

While the specific role of miRNAs in oncocytic thyroid
lesions in link to DICER1 is new, there are already
emerging studies reporting a direct connection between
DICER1mutations and OCA. Ghossein et al. (50) described
the presence of DICER1 mutations in 2 out of 50 OCA. A
downregulation of DICER1 was observed in a previous
study, both at mRNA and protein levels, being especially
pronounced in OCA (49). Paulsson et al. (49) reported a
case of OCA with loss of one copy of DICER1; this case
displayed low levels of DICER1 mRNA expression. Those
previous findings suggest that not only mutation in
DICER1 but also dysregulation of its expression, could
be important in OCA tumorigenesis, it being believed that
downregulation of DICER1 could be an early event in

tumorigenesis (49). This growing body of research is
supported by a holistic approach with human
pathology findings, reinforcing the existence of a link
between DICER1 and miRNAs in oncocytic thyroid
tumours (9). However, further investigation from the
scientific community is essential to fully understand
and confirm this association. Future studies employing
dedicated mitochondrial functional assays will be crucial
to assess the metabolic consequences of DICER1- and
DGCR8-related miRNA biogenesis disruption in thyroid
tumours. Such analyses could offer mechanistic insight
into potential bioenergetic alterations associated with
these genetic events.

Regarding DGCR8, oncocytic features have also been
observed. From the TCGA database, two cases were
documented with DGCR8 mutations. Specifically, the
case TCGA-EM-A2CR, while not classified as oncocytic,
exhibits some oxyphilic changes within the tumour. In
addition, Paulsson et al. (12) recently reported the
presence of DGCR8 LOH in an OCA.

Oncocytic thyroid tumours, as summarised by De Luise
et al. (79), are marked by mitochondrial dysfunction due
to mitochondrial DNA (mtDNA) mutations, which partly
link to altered hypoxia-inducible factor 1 alpha (HIF-1α)
activity and disrupted cellular metabolism (79). Lai et al.
(80) identified DICER as a key protein interacting with
HIF-1α, where under hypoxic conditions, DICER1
expression is downregulated through HIF-1α-mediated
mechanisms. This interaction promotes the
ubiquitination and autophagy-mediated degradation of
DICER, affecting the maturation of tumour-suppressive
miRNAs such as let-7 (80). Hypoxia also epigenetically
silences the DICER1 promoter, further reducing its
expression and disrupting miRNA biogenesis (81, 82).
While these experimental studies establish a
compelling link from HIF-1α and hypoxic signalling to
reduced DICER1 activity, it should be noted that direct
evidence for the reverse, that DICER1 mutations
themselves alter HIF-1α function or mediate
mitochondrial dysfunction via this pathway, is
currently lacking. In oncocytic thyroid tumours, these
alterations in DICER1 may nonetheless exacerbate
mitochondrial dysfunction, potentially contributing, at
least indirectly, to the development of the oncocytic
phenotype. Further experimental work will be needed
to clarify the directionality and mechanistic depth of
these associations.

Algorithm to raise suspicion for DICER1-related
thyroid lesions (adults and children/
adolescents)

Specific criteria can increase the accuracy of identifying
patients with DICER1 mutation in clinical practice (26).
Evaluation of DICER1 mutations could be beneficial in
cases of more aggressive tumours occurring at younger
ages, since DICER1 mutations are associated with early-
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onset follicular-patterned neoplasms and PDTC
(39, 43, 83). Condello et al. (26) proposed an algorithm
for DICER1 screening in thyroid lesions based on clinical
and histological criteria. Facing a histological diagnosis of
FND in younger patients with prominent papillary
infoldings, a somatic or constitutional DICER1 mutation
should be screened (83). In the presence of FTA or
differentiated thyroid carcinoma with macrofollicular
appearance and papillary infoldings with atrophic
changes, somatic DICER1 involvement or somatic/
constitutional mutation should be suspected,
respectively. For high-grade lesions in younger patients,
somatic DICER1 should be screened (26). This proposed
algorithm to predict DICER1 mutations in follicular-
patterned thyroid tumours could identify individuals
with syndromic forms of the disease, preventing the
consequences of a late diagnosis of malignancy (26). In
line with our discussion, Fig. 4 presents an exploratory
algorithm for recognising DICER1-related thyroid lesions.
While the association between DICER1 mutations and
oncocytic morphology remains preliminary, it
nonetheless warrants attention. Larger documentations
are needed to determine whether oncocytic changes are
indeed more frequent in DICER1-mutated neoplasms and
to clarify the underlying molecular mechanisms. We
stress that this is not a definitive diagnostic tool, but
rather a heuristic to prompt more thorough evaluation,
especially in younger patients or in cases with suggestive
familial history.

As previously referred, DICER1-mutated thyroid lesions
are associated with younger patients (from the first

decade of life until adulthood), so it is suggested that
the presence of thyroid lesions in early life (<40 years),
even in the absence of familial history, should be
considered for DICER1 screening (4, 26, 53). The
presence of another DICER1-associated neoplasm
should guide the clinician and pathologist to suspect a
germline mutation (4).

Consequently, when DICER1 syndrome or DICER1
alterations are known in an individual, closer
surveillance for thyroid lesions, as well as those in
other organs, is essential. For these individuals, it is
recommended to have annual clinical examinations
from birth to age 20 years, chest X-ray and renal
ultrasound from birth to age 6 years every 6 months,
and thyroid ultrasound every 3 years from age 8 to age
40 (65).

When considering non-proband carriers of DICER1
germline variants, TC emerges as one of the most
common manifestations (84).

As long as FNA cytology is the main screening tool for the
management of thyroid disease, a study conducted by
Darbinyan et al. (85) dissected the cytomorphologic
features of DICER1-mutated thyroid lesions. In the
latter, cytological preparations showed thyroid lesions
of follicular derivation with follicular growth pattern.
FNA specimens from four out of seven patients with
DICER1 somatic mutations had similar
cytomorphological features, presenting moderately
cellular microfollicular-patterned aspirates arranged in
small crowded groupswith amonomorphic population of

Figure 4

Algorithm to raise suspicion for DICER1-related thyroid lesions in adulthood and in early childhood/adolescence. Oncocytic morphology is depicted as an
exploratory modifier, not a defining diagnostic feature.
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follicular cells. Follicular cells showed slight size
variation, round nuclei, evenly dispersed finely
granular chromatin, and small, inconspicuous nucleoli.
The remaining three patients showed indeterminate
features. A subsequent histopathological examination
of corresponding tissue samples confirmed the
neoplastic process of follicular cell origin in five out of
seven patients (85). Ultimately, the cytomorphologic
features of DICER1-mutated thyroid lesions, as
elucidated by Darbinyan et al. (85), demonstrate a
predominant follicular growth pattern with moderately
cellular microfollicular arrangements, highlighting the
potential utility of FNA cytology in identifying and
characterising these distinct neoplasms, which may aid
in the early detection and management of DICER1-
associated thyroid pathologies.

Alongside thyroid surveillance, individuals with a known
or suspected germline DICER1 pathogenic mutation
should be enrolled in lung and ovarian surveillance for
detection of early PPB and SLCT, respectively, as DICER1
syndrome increases the risk of developing these tumours
(67). Moreover, sarcomas of the kidney and central
nervous system have been identified as rare DICER1-
related entities, highlighting the importance of genetic
screening and close surveillance in all individuals with
known or suspected germline DICER1 mutation (86, 87).

Conclusion
This review presents a comprehensive analysis ofDICER1
and DGCR8 mutations in thyroid pathology, highlighting
their significance and dissecting their relation to
oncocytic morphology. The understanding of DICER1’s
role has evolved from syndromic contexts to
encompass non-syndromic cases, revealing a higher
frequency than initially anticipated. Recent
investigations have elucidated detailed pathological
characteristics, expanding the known morphological
spectrum associated with these mutations. The
synthesis of documented cases from the literature and
original research findings has been pointing to a notable
association between DICER1 mutations and oncocytic
features, an aspect previously underexplored. This
association underlines the importance of recognising
these distinct histomorphological features in clinical
practice. To facilitate the identification and
management of DICER1-related thyroid lesions, this
article proposes a practical algorithm for daily
pathology practice, serving as a tool for pathologists to
triage potential DICER1-related cases and enable more
targeted genetic testing and patient care.

The scope of this review extends beyond DICER1 to
include DGCR8 and the broader miRNA maturation
axis, acknowledging their potential involvement in
thyroid tumorigenesis. This comprehensive analysis not
only consolidates current knowledge but also identifies
crucial areas for future research. By synthesising data

from both syndromic and non-syndromic cases, detailing
pathological characteristics, and incorporating our
research findings, we aim to unravel the complex
relationship between miRNA biogenesis pathway
alterations and thyroid pathology, particularly
oncocytic morphology.
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