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Resumo

A alteracao no processamento de microRNAs (miRNAs) pode ser um evento primdrio em
tumores, incluindo o cancro da tireéide (CT). O gene DiGeorge Criticial Region 8 (DGCR8) tem um papel
critico na biogénese dos miRNAs e no desenvolvimento da tiredide como componente do complexo
microprocessador. Estudos prévios identificaram a variante DGCR8:¢.1552G>A p.(E518K) em casos de
CT e numa sindrome familiar caracterizada por bécio multinodular e schwannomatose. O objetivo deste
estudo foi caracterizar esta variante numa série de lesoes da tiredide, e avaliar a expressao do DGCRS.

Foi avaliada por sequenciacao a presenca da variante c.1552G>A p.(E518K). Para casos com
RNA disponivel, a expressao de mRNA do DGCRS8 foi avaliada por qPCR. Foi ainda avaliada a
imunoexpressao do DGCR8 em tecidos parafinados.

Neste trabalho, descreve-se pela primeira vez a presenca da variante c.1552G>A p.(E518K)
num carcinoma pouco diferenciado da tiredide. Este caso apresentou niveis de expressao de mRNA do
DGCR8 semelhantes ao valor basal, no entanto, apresentou expressao aberrante a nivel proteico. Uma
desregulacao da expressao de mRNA do DGCR8 em tumores com padrao folicular foi ainda observada.

Os resultados obtidos sugerem que o DGCR8 pode estar envolvido na tumorigénese da

tiredide, sobretudo em tumores com padrao folicular.

Palavras-chave: miRNA; cancro da tireGide; complexo microprocessador; DGCRS: p.(E518K).



Abstract

Deregulation of microRNA (miRNA) processing is a driver event in several tumours including
thyroid cancer. DiGeorge Critical Region 8 (DGCR8) gene holds a critical role in miRNA biogenesis, as a
microprocessor complex component, and in the development of the thyroid. Previous studies identified
a DGCR8mutation - the variant c.1552G>A p.(E518K) - in cases of thyroid cancer and proposed to cause
afamilial syndrome characterized by multinodular goitre (MNG) and schwannomatosis. The goal of this
study was to characterize the variant p.(E518K) of DGCRS in thyroid lesions and evaluate its
expression.

A series of thyroid lesions were evaluated by sequencing for the c.1552G>A p.(E518K) variant.
When frozen tissue was available, DGCR8 mRNA expression was analysed by gPCR. Formalin-fixed
paraffin-embedded tissues were studied for DGCR8 immunoexpression.

In this work, it is described for the first time the hotspot p.(E518K) mutation in a case of poorly
differentiated thyroid carcinoma. This case displayed DGCR8 mRNA expression comparable to the
basal level whereas the protein expression was highly aberrant. Deregulation of follicular-patterned
tumours was also observed at the DGCR8 mRNA level.

The obtained data suggest that DGCR8 could have a role in thyroid tumorigenesis, particularly

in follicular-patterned thyroid tumours.

Keywords: miRNA; thyroid cancer; microprocessor complex; DGCRS; p.(E518K).
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1. Introduction
1.1. microRNAs (miRNAs)

Only a small fraction of the human genome (around 2%) codes for protein genes, whereas the
majority relates to various noncoding RNAs, including canonical microRNAs (miRNAs) (1, 2). The
miRNAs were initially discovered in Caenorhabditis elegans (C. elegans) as regulatory molecules
modulating the developmental timing (3). Canonical miRNAs are a class of small, about 22 nucleotides
(nt), non-coding single stranded RNAs essential for animal development that control gene expression
at the post-transcriptional level through translational inhibition and destabilization of their target
messenger RNAs (mRNAs) (1, 3, 4). The miRNAs along with small interfering RNAs (siRNAs) constitute
the RNAs that are involved in RNA interference (RNAI) pathway (5).

Thediscovery of miRNAs challenged the central dogma of molecular biology that the DNA stored
genetic information is transcribed into mMRNA and translated to protein, since the miRNAs regulate
post-transcription gene silencing (2, 6, 7). Therefore, miRNAs are the major post-transcriptional
regulators of mMRNA expression, leading to deregulation of protein synthesis by activation of RNAi-

mediated pathway, Figure 1(8, 9).
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Figure 1: miRNA regulation of gene expression at post-

transcription level through the RN Ai pathway (8,9).

The miRNA genes may form polycistronic clusters or exist individually and are estimated to
account for 2-5% of the human genes being frequently located at fragile sites and genomic regions
involved in cancer (2,9, 10).

It is known that miRNA genes are encoded in the genome of most eukaryotic organisms and
transcribed by RNA polymerase Il (RNA pol Il) into long, poly-adenylated, and capped primary miRNAs
(pri-miRNAs) in the nucleus (11-13). These structured RNAs are then processed by the microprocessor
complex - a trimeric nuclear complex composed by two DiGeorge Critical Region 8 (DGCR8) proteins

binding to one Drosha Ribonuclease Il (DROSHA) - and converted in approximately 60 to 70 nt hairpin-



shaped intermediates, the so-called precursor miRNAs (pre-miRNAs), as presented in Figure 2 (11,13).
The pre-miRNAs are then exported to the cytoplasm by the nuclear transport receptor exportin-5
(XPO5), where the Dicer ribonuclease Ill (DICER) cleaves the base of the loop to generate about 21 to
24 nt double-strand miRNA duplex (11). The duplex is unwound, and one strand is preferentially
selected to bind to one of the Argonaute (AGO2) proteins to generate the final and mature form of
miRNA (13, 14). This mature miRNA is incorporated into a ribonucleoprotein complex, known as the
RISC (RNA-Induced Silencing Complex) (1,11,13). The selection of the RNA strand to be incorporated in
the RISCis determined by the stability of the base pairs at the 5" end of the duplexes and the remaining
strand is degraded (13). The miRNAs regulate gene expression post-transcriptionally, acting as a
negative regulator of coding gene expression, by guiding the RISC to their cognate sites at the 3'-
untranslated region (UTR) of target mRNAs (15, 16). Although most miRNAs target the 3' UTR of the
mRNA targets, some miRNA can also interact with the coding sequence of the target gene (17). The
targeted mRNA will be initially subjected either to cleavage or translation repression by inhibiting

ribosomal access, depending on whether the miRNA:mRNA pairing is perfect or not, respectively (1,11,

16,18).
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Figure 2: Schematic representation of the miRNA biogenesis. DNA sequences are transcribed
into RNA sequences that form a "hairpin" structure pri-miRNA by RNA polymerase Il. The
endoribonuclease DROSHA and its RNA binding partner DGCR8 cleaves the hairpin from the
primary RNA strandinto pre-miRNA. Then XPO5 transport pre-miRNA out of the nucleus. In the
cytoplasm, the endonuclease DICER processes the pre-miRNA into mature miRNA. miRNA is
incorporated into RISC and it will result in translational repression and inhibition of protein
synthesis (11,13).



A single miRNA has the potential to regulate more than 200 different genes. By performing
bioinformatic prediction formiRNA targetingitis postulated that more than 50% of human mRNAs may
be influenced by miRNA-mediated regulation, suggesting that miRNAs may be involved in all biological
degrees (1,6). There are alternatives for canonical miRNA pathway, instead of microprocessor complex
there is the presence of a spliceosome, where a small number of miRNAs are derived from pre-miRNA
that are produced from introns by the spliceosome and debranching enzymes (19). The introns excised
by the spliceosome are directly cleaved and loaded by DICER, being the remaining process comparable

to the canonical pathway (20).
1.2. miRNAs in cancer

The relevant role of miRNAs in human cancer is probably due to the fact that the majority of
miRNA genes are located at chromosomal fragile sites or common break point sites or within regions
of deletion or amplification that are generally altered in tumours (13). They are present in the minimal
regions of loss of heterozygosity (LOH), in the minimal regions of amplifications or the common
breakpoints regions, suggesting that miRNAs may be a new class of genes involved in human
tumorigenesis (10). The miRNAs regulate cellular processes such as cell proliferation, apoptosis,
growth, senescence, adhesion, invasion, and migration by targeting the mRNAs involved in a variety of
cancer-related signalling pathways (6, 8). Mutations in miRNA target sites that lead to an incorrect
mRNA recognition may induce severe phenotypic consequences and may promote cancer initiation
(20). The miRNAs may affect the initiation, development, and progression of cancer through alteration
of the expression levels of their target genes (21). The major evidence that links miRNAs with cancer is
their large alteration in expression in malignant cells compared to benign cells (9).

The miRNA expression profile of human tumours is characterized by a general defect in miRNA
production resulting in global miRNA downregulation (21). This expression is deregulated in human
cancer by through various mechanisms, such as amplification or deletion of miRNA genes, abnormal
transcriptional control of miRNASs, epigenetic changes and defects in the miRNA processing machinery
(9).

More than 2000 miRNAs have been identified in humans (20). Voorhoeve et al. (21) presented
miRNAs as “the good, the bad and the ugly”: “the good” miRNAs as innocent bystanders in the oncogenic
transformation process, whose expression profile can be surrogate for cancer diagnosis and prognosis;
“thebad” miRNAs that are causally linked to tumorigenesis and modify tumour suppressor or oncogenic
pathways; and, “the ugly” miRNAs representing the ones whose inappropriate loss or gain destabilizes
the cellular identity of a tumour, resulting in enhanced phenotypic variability and tumour progression

(21).



The analysis of global miRNA expression in cancer patients determined different patterns of
miRNA overexpression or downregulation in cancer when compared with their normal counterparts (13,
22). Overexpression of miRNAs - by overexpression, amplification, or loss of epigenetic silencing of a
gene encoding an oncogenic miRNA - could result in downregulation of tumour suppressor genes
(oncogenic miRNAs); and, downregulation of miRNAs- by deletion, subtle mutation, or epigenetic
silencing tumour of the suppressive miRNAs - could result in upregulation of oncogenes (suppressor
miRNAs) with subsequent effects on cell proliferation, apoptosis, angioinvasion, and other carcinogenic

actions, as represented in Figure 3 (2, 21, 23).
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Figure 3: Putative role of suppressor miRNAs and oncogenic miRNAs in carcinogenesis (21,23).

Studies support the role of miRNAs in the initiation and progression of human malignancies (13).
An overall downregulation of miRNAs expression is observed in tumoral tissue (6, 24). Moreover,
poorly-differentiated tumour samples present a lower miRNAs expression compared to more
differentiated ones, which is also observed in human cancer cell lines, being consistent with the
hypothesis that a higher global miRNAs expression is associated with cellular differentiation (13). This
effect of global miRNAs downregulation was reproduced in vitro by knocking-down miRNAs
machinery (6).

The regulation of miRNAs machinery components could directly influence expression patterns
of various genes by regulating mRNA expression - if any miRNAs machinery componentis deregulated,

miRNAs may be incompletely matured (25).



The miRNA expression profiling of human tumours has identified signatures associated with
diagnosis, staging, prognosis, and response to therapy (26). Hence, manipulating miRNAs expression

levels may serve as a potential therapeutic strategy against cancer (21).
1.3. miRNAs and thyroid cancer

The miRNAs biogenesis pathway is postulated to hold a key role in early and the proper
development of the thyroid gland being miRNAs necessary for accurately establishing thyroid follicles
and hormone synthesis (6, 15). As in many types of human cancer, in thyroid carcinomas, miRNAs
expression is also deregulated (2).

Thyroid cancer (TC) is the most widespread endocrine malignancy and is a paradigm for the use
of molecular information in the clinical field, particularly for diagnosis purposes (23). TC represents an
attractive model for studying the events involved in epithelial cell multistep carcinogenesis as these
comprise a broad spectrum of lesions with different degrees of malignancy (10). Most thyroid
carcinomas originate from thyroid follicular cells being subdivided into well-differentiated papillary
thyroid carcinoma(s) (PTC(s)) and follicular thyroid carcinomas (FTC(s)), which accounts for about 75-
80% and 10-15%, respectively (20). Both PTC and FTC may progress to poorly differentiated thyroid
carcinoma(s) (PDTC(s)), or give rise to anaplastic thyroid carcinoma(s) (ATC(s)) if they completely lose
differentiation (7, 26). Follicular thyroid adenoma(s) (FTA(s)) are benign thyroid tumours. Less than 5%
of the cells within the thyroid gland are C- cells that give rise to a neuroendocrine tumour- medullary
thyroid carcinoma (MTC) (20).

Studies revealed that miRNA mutations can lead to cancer predisposition, as it is the case of a
single nucleotide polymorphism (SNP) in miR-146 that was found to contribute to TC (21).

The activation of oncogenes is a known cause of miRNA global deregulation in thyroid cells (6,
7). Animportant proliferative pathway in thyroid cells is the mitogen-activated protein kinase (MAPK)
signalling pathway that when activated by oncogenes, i.e., RET/PTC, RAS, and BRAF, promotes
sustained cell proliferation and these mutations are detected in more than 70% of PTC (6, 7). Thyroid
malignant transformation by MAPK oncogenes is accompanied by global miRNA changes, with a
marked reduction of suppressive miRNAs and activation of oncogenic miRNAs (6). Evidence suggests
that deregulated activation of the MAPK cascade can increase the genomic instability of TC cells, thus
promoting the acquisition of additional somatic mutations during TC progression (20).

The normal thyroid gland highly expresses some miRNAs that are all downregulated in thyroid
carcinomas, indicating that these “normal thyroid miRNAs" are necessary to maintain thyroid follicular
cell differentiation and function (2, 6). These studies suggested a vital role for specific miRNAs as key

factors in the development and progression of TC (26).



Although thyroid cells do not express a characteristic miRNA, they do express a pool of miRNAs
associated with the differentiated status. This miRNA regularly expressed in the normal thyroid gland
are downregulated in TC, indicating an important tumour-suppressor action by those miRNAs (6). It is
a hypothesis that, among all the deregulated miRNAs, only those which are abundantly overexpressed
or strongly downregulated are involved in thyroid tumorigenesis (13). The let-7 miRNA, one of the highly
expressed in the normal thyroid gland, targets RAS, a component of the MAPK pathway (6). Let-7 was
shown to have complementary binding sites in the 3'-UTR of all 3 RAS genes (HRAS, KRAS, and NRAS)
and it functions to decrease RAS protein levels (23). Because RAS activation is related to several
cancers, let-7 downregulation or deletion could be crucial in tumorigenesis (23).

Previous studies described that many miRNAs are expressed in a tissue-specific manner and it
has been shown a markedly different profile of miRNA expression between MTCs and all tumours that
derive from follicular cells (7).

The miRNA expression profile presents a significant variability between different kinds of
thyroid cancers, even if they originate from the same type of thyroid cell, which could be useful as
diagnostic and therapeutic markers (9). The miRNA expression profile is different not only between
tumoral and normal tissues but also between different types of tumours, stages, and primary and
metastatic tumours (10). Expression profiling of miRNA was found to be able to distinguish tumours
with BRAF mutation from the other tumour types as well as make a distinction between the more
aggressive insular and anaplastic tumours and the classic variant (20, 26).

A study of miRNA expression in PTC with known mutations revealed a strong correlation
between the miRNA profile and mutational status. PTC positive for BRAF, RET/PTC, and RAS
mutations, and those with no known mutations demonstrated significant differences in the expression
of certain miRNAs (2).

Theinvolvement of miRNAs in thyroid tumours has recently changed the paradigm for biomarker
discovery in TC, suggesting that these small non-coding RNAs could be used to develop, refine or
strengthen strategies for diagnosis and management of TC (20). These miRNAs are frequently
deregulatedin cancer and constitute a new class of blood-based biomarkers useful for cancer detection
and prognosis definition, including in TC (10). Recent studies described the use of some miRNAs as
biomarkers in diagnosis, prognosis, and therapeutic targets of TC as different subtypes of TC are
associated with specific miRNA profiles (2). It has been described that 4 miRNAs (miR-100, miR-125b,
miR-138, and miR-768-3p) distinguished between benign and malignant thyroid tissue samples (27).
It is also described an important role of miR-221in thyroid cell proliferation (22). Consequentially, two
miRNA-based molecular tests are already commercially available for indeterminate thyroid nodules on

fine-needle aspiration cytology (8, 9).



1.4. miRNA machinery components: DGCR8, a microprocessor complex

component

A panoply of studies has demonstrated that human disorders, including cancer, are frequently
associated with global alterations in the miRNA machinery components, comprising irregular
expression and function of the key factors DROSHA, DGCR8, and AGO2 (25, 28). The effect of the up-
or down- regulation of the miRNA processing genes seems to be tissue-specific (29).

Altered miRNA expression in cancer is related to the malfunction of DICER and miRNA-
machinery associated proteins (6). Data extracted from The Cancer Genome Atlas (TCGA) database
shows that truncating mutations in miRNA-machinery components DICER1 (18 mutations), DROSHA
(17 mutations), and DGCR8 (10 mutations) have been detected in a wide variety of tumours investigated
(6). However, the impact of these molecules deregulated in the thyroid tumorigenesis is an issue that
remains to be addressed. Altered expression of miRNA machinery components may play animportant
role in the progression of TC (25). It is described that DGCR8 acts as an oncogene in tumorigenesis of
some types of cancer (28).

Alongside the alterations in expression, mutations in the genes involved in the processing of
miRNAs are reported both at the somatic and germline levels (29). The discovery of DICERTgermline
mutations identified the first cancer predisposition syndrome that was caused by impaired miRNA
biogenesis (15, 16). DICER1 syndrome results in deregulation of miRNA, most likely due to the loss-of-
function and altered expression of genes preventing cancer development (tumour suppressors) or in
the gain of function of genes that contribute to cancer onset (oncogenes) (16, 30). As a component of
DICER1 syndrome, a series of thyroid disorders were identified, in particular, the development of
multinodular goitre (MNG) and differentiated follicular and papillary thyroid carcinomas, indicating the
relevance of miRNA in human thyroid function (6, 16, 31). The mutations associated with this syndrome
result in aberrant cleavage of precursor miRNAs (15).

DICERT1 is the only miRNA biogenesis gene in which germline mutations have been, so far,
identified to cause a syndrome. Somatic DICERT mutations are reported in follicular-patterned lesions
of thyroid (benign and malignant) (29). Other somatic mutations in genes encoding miRNA biogenesis
proteins, as in the case of Wilms' tumours, were also reported to be mutated (DROSHA, DGCRS,
TARBP2, XPO05) (2,15). SNPs in miRNA biosynthesis genes DROSHA and DGCR8 were indicated to be
correlated with cancer risk (32). As the SNP is the most prevalent genetic alteration, in DROSHA and
DGCR8genes it can affect their structure or expression, resulting in incomplete miRNA processing and
consequently influence the expression of target genes, thereby acting as arisk factor for diseases such

as cancer (32).



It was shown a causal relationship between the presence of RET mutation and increase
expression of DICER, DGCR8, and XPO5 genes (33). It could be hypothesized that expression of DICER,
DGCRS8, and XPO5 s subjected to RET regulation in a RAS-independent manner (33).

In the case of DGCRS, it is suggested that it acts as a critical link between extracellular
proliferative cues and reprogramming of the cellular miRNA profile (34).

DGCR8 s a double-stranded RNA binding protein and is reported as a heme-binding protein that
functions as the non-catalytic subunit of the microprocessor complex (1). To exert a DGCR8 role in the
miRNA biogenesis, two paired DGCRS8 proteins bind one DROSHA, forming a trimeric nuclear complex
known as the microprocessor (4). Its fidelity is critical for the generation of functionalmiRNAs (1,19, 35).
DGCRS8 plays multiple roles by binding and stabilizing DROSHA, as well as activating the cleavage
activity of DROSHA (1, 35). DGCRS is the microprocessor component that directly interacts with pri-
miRNAs and functions as a molecular anchor and directs the cleavage by DROSHA that functions as an
endonuclease that cleaves 11 base pairs (bp) away from the junction to release hairpin-shaped miRNAs
(14, 35). DGCRS is capable of specifically binding pri-miRNAs and discriminating against nonspecific
nucleic acids in the absence of DROSHA and thus is likely a major contributor to recognition of pri-
miRNAs (19). DGCRS is primarily localized in the nucleus, especially in the nucleolus and small foci
adjacent to splicing speckle (19).

Knock-down of DGCRS8 results in, as observed upon DROSHA depletion, a pronounced
decrease in mature miRNA level. Depletion of both DROSHA and DGCRS8 resulted in a substantial
accumulation of pri-miRNAs showing the requirement of the microprocessor complex for miRNA
processing in vivo (11). In another approach, the conditional knock-out of DGCRS at early stages of
thyroid specification, also leads to severe hypothyroidism with almost undetectable free thyroxine,
thyroid tissue disorganization and few follicular structures (6).

DGCRS8 has been found downregulated in several tumours, such as prostate, colorectal, and
epithelial skin cancer, contributing to aggressiveness (33, 36). Overexpression of DGCR8 s described
in colorectal and gastrointestinal cancer, and salivary gland pleomorphic adenomas (34, 37).

DGCR8 expression is reported to be negatively reqgulated by the DROSHA-DGCR8 complex at
the post-transcriptional level through mRNA levels, so if DROSHA and DGCRS levels are increased in
the cell, DROSHA-DGCRS8 complex will be cleaved and destabilize the DGCR8 mRNA, resulting in the
reduction of DGCR8 (34). This autoregulatory feedback loop may help maintain the homeostatic control
of miRNA biogenesis (34).

Studies revealed that the deletion of DGCRS8 leads to a deficiency in producing all canonical
miRNAs (1, 4). Impaired miRNA processing caused by the aberrant expression of miRNA biosynthesis

genes DGCR8 and DROSHA can noticeably promote tumorigenesis (32).



1.5. DGCR8mutation, the p.(E518K)

DGCR8 gene localizes to chromosome 22 (22q11.2) and it has a critical role in miRNA biogenesis
being a component of the microprocessor complex (15). The same region in 22q11.2 is heterozygously
deleted in DiGeorge Syndrome and is the most frequent chromosomal deletion found in humans with
an incidence of 1in 2000-4000 live births (15, 19). The 22q11.2 microdeletion leads to upregulation of
several pri-miRNAs accompanied by downregulation of a subset of mature miRNAs (19). This 22q
deletionis alsoidentified to lead to DGCR8haploinsufficiency, resulting in adecrease in microprocessor
efficiency and deregulation of miRNA expression which may contribute to a deregulation of their target
mRNA (38).

The ploidy of thyroid lesions was extensively studied by several authors, and it is accepted that the
presence of aneuploidy is an adverse prognostic factor in thyroid carcinomas, although aneuploidy can
be detected in benign and malignant lesions. Our group previously demonstrated that loss of 22q is
highly prevalent in widely invasive follicular thyroid carcinomas (wiFTCs) (39). In fact, the 22q is of
major interest when dealing with other thyroid defects as is commonly found to be lost in these lesions
leading to LOH.

Previous studies identified the mutation c.1552G>A in exon 6 of DGCRS8, which codes a glutamic acid
to lysine substitution in position 518, p.(E518K). This mutation is a somatic hotspot in Wilms' tumours,
it has been identified in two PTCs and in the germline of three-generation family with euthyroid MNG
and schwannomatosis, and more recently in 2 wiFTCs (15, 39, 40). A biallelic alteration of DGCR8 is
described in all cases: p.(E518K) mutation plus somatic loss of the whole chromosome 22 (15). This
combination suggests a critical role for c.1552G>A p.(E518K) in predisposing to tumour development.
Somatic loss of chromosome 22, containing the wild-type (WT) allele, appears to be required for
tumorigenesis (15).

This mutation disrupts global miRNA production and DGCR8 mutated tumours show a specific
miRNA profile different from DGCR8-WT tumours (15). The mutation located in helix 1 of the first of
two double-strand RNA-binding (DSRB) domains within DGCRS, is suggested to be translated. The
miRNA and RNA profiling demonstrated that this mutation disrupts pre-miRNA production, impacting
the population of canonical miRNAs and mirtrons giving rise to a miRNA profile identifiable across
different tissue types (15). This reduction of critical miRNAs in tumours is consistent with the
observation that the knockdown of DGCR8 promotes tumour growth (28).

In silico modelling predicts that p.(E518K) mutation would likely reduce the affinity of RNA binding
to DGCRS (15). This mutation is in a highly conserved amino acid region, conserved in 95% of the 100
top sequences by UniProt (6, 15, 41). It is also predicted to be pathogenic by multiple algorithms, is

expressed at the RNA level, does not affect splicing, and is not subject to nonsense-mediated decay



(15). Indeed, it is easy to conceive that protein overexpression resulting from defective miRNA-based
mRNA regulation may compromise normal cell function and cause genetic diseases (11).

When combining the facts that in DICER1 syndrome, affecting the miRNA biogenesis, thyroid
defects (MNG and differentiated thyroid carcinomas) are common, that the study of a partner protein
(DGCR8) has an important role in miRNA processing and that miRNAs are quite important in the
development of thyroid gland, DGCRS is quite an attractive target and may reveal novel findings in
thyroid lesions. Plus, taking in consideration the loss of the remaining 22q in all DGCR8 mutated cases

and the link of 22q with thyroid lesions, DGCR8 seems to be a susceptibility gene for thyroid lesions.

To this purpose, the main goal of this study was to bridge that gap by characterizing DGCR8

microprocessor defectin a series of thyroid lesions.

Specifically, the aims of this study were:

1. Toperform an in silico characterization of DGCR8 gene —-mRNA and protein expression;

2. To genotype DGCR8 hotspot mutation p.(E518K) by direct sequencing in a series of thyroid
lesions;
To quantify DGCR8 mRNA expression by real-time PCR (qPCR);

4. Toevaluate DGCR8 expression patterns on the tissue samples by immunohistochemistry;
To correlate the expression levels of DGCR8 and DGCR8 mRNA with clinicopathological

features of the series of thyroid lesions.
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2. Material and Methods
2.1. Insilico analysis

In silico analysis of DGCR8 gene, including mRNA expression and protein expression analysis
was performed using bioinformatics tools, including databases and portals such as UniPROT (42), GTEx
(43), The Human Protein Atlas (44), OncoMX (45), BioMuta (46) and cBioPortal (47).

The data of DGCRS protein (identifie:Q8WYQ5) was retrieved from UniPROT, a database for
protein sequence and functional information (42). For DGCR8 expression in normal tissues data was
extracted from the Genome-Tissue Expression (GTEx) Portal (43). Immunoprofiling data for normal
tissue was retrieved from “The Human Protein Atlas” (44) and cancer biomarker-related data from the
OncoMX portal (45).

The genomics and transcriptomics data for DGCR8 were collected from The Cancer Genome
Atlas (TCGA) studies that were deposited in the cBioPortal. Data from cBioPortal was filtered from a
total of 10967 samples from 10953 patients with mutation and expression information present in 32
studies of TCGA corresponding to the “PanCancer Atlas” studies. For thyroid carcinomas, a cluster of
633 samples from 625 patients was present in 2 studies in cBioPortal, referred to as “Thyroid TCGA
Firehose legacy” (48) and “MSKCC, JCI 2016” (49). Alterations in mRNA expression are presented by a
Z-score threshold of + 2, referring to the deviation from the mean in 2 standard deviations, being

positive when the samples are above the mean and negative when below (47).
2.2. Samples

The samples used in this study were collected at Centro Hospitalar e Universitario de Sao Joao
(CHUS)) and retrieved from the Department of Pathology of CHUS). The study was conducted in
accordance with the Declaration of Helsinki, and the protocol was approved by the Ethical Committee
of the CHUSJ (approval number CES284-13) (Appendix 1); being an anonymized retrospective study it
was exempted from informed consent from patients in accordance with national ethical guidelines.

All clinicopathological data were obtained from the anatomic pathology reports provided by
the Department of Pathology from the CHUSI. For the cases with available formalin-fixed paraffin-
embedded (FFPE), tissues were re-evaluated and histological diagnoses were reported according to
the strict histomorphological criteria for current World Health Organization guidelines (50). The
following clinicopathological parameters were collected from the pathology reports: diagnosis, age at
diagnosis, gender, tumour size, presence of tumour capsule, presence of capsular invasion, associated
lesions, vascular invasion, lymph node metastasis, extrathyroidal invasion, presence of lymphocytic

infiltrate, and other histological observations. According to the availability of adequate tissue,
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pathological report and/or clinical information, 226 samples from 209 patients were selected for the
subsequent study; this included benign lesions, malignant lesions, and normal adjacent tissue samples.
The included samples corresponded to: Normal tissue (NT) (n=5); MNGs (n=15); FTAs (n=86, 2 cases
with non-tumoral adjacent tissue (NTAT) available); FTCs (n=22, 6 with NTAT); PTCs (n=80, 2 cases
with NTAT); PDTC (n=5, 1 case with NTAT available); and 2 cases of ATC. Regarding the MNGs, 12 cases
were composed of germline (blood) DNA of probands from MNGs with familial association. Part of this
series was present in a biobank and was previously characterized for BRAF, RAS, and TERT promoter
hotspot mutations, and RET/PTC and PAX8-PPAR rearrangements (51).

Complementary to this study, 4 human thyroid cell lines were used. These encompass: a
transformed normal human thyroid follicular epithelial cell line, Nthy-ori-3-1: a papillary thyroid
carcinoma cell line: TPC-1- with a CCDC6-RET fusion; two anaplastic thyroid carcinoma cell lines,

8505C — with a BRAF mutation (V600E) — and T241 - with a PTEN mutation p.(D252fs) (52-54).
2.3. DGCR8amplification and genotyping

The primers used for PCR amplification were published by Rivera et al. (15) and produced by
IDT (Integrated DNA Technologies, IA, USA); The primer sequences for DGCR8 exon 6 were: forward:
GCCCCTAGTTACTGACATGGT, andreverse: CCCTGACCAAAGTTACACCT with expected fragments size
of 250 bp. Working solutions of primers to Polymerase Chain Reaction (PCR) primers were prepared at
a concentration of 10 M. Primer temperature optimization was obtained using a temperature gradient
(58°C to 68°C) for best annealing and product amplification performance. The amplicons of PCR
temperature gradient ran in agarose gel by electrophoresis to select the more specific fragments and
with greater efficiency.

To screen for DGCR8 mutations, DNA previously extracted from tumour tissues of all the
samples described was analysed (51). DNA guantification and quality analysis of the samples were
determined using a spectrophotometer NanoDrop 1000® (Thermo Scientific, Wilmington, USA).

The PCR was performed using the following conditions for each sample: 5 L of MyTaq HS Mix
2x (BI0-25045, Bioline, London, UK), 0.5 1L of primer mix at 10 1M (composed of forward and reverse
primers for the corresponding exons in equal proportions), 3.5 1L of DNAse and RNAse-free water and
50 ng of DNA; the final reaction volume was 10 piL. The following cycling conditions were used for PCR
in MyCycler™ Thermal Cycler (Bio-Rad, Hercules, CA, USA): 2 minutes at 95°C, 35 cycles of: 20 seconds
at 95°C (denaturation), 20 second at 62°C (annealing), and 20 seconds at 72°C (extension). To finish
the amplification, one final extension at 722C for 1 minute was made.

PCR amplification quality control was performed by agarose gel electrophoresis fragments in
which amplification, expected size and quality control for contaminations were verified. For sample

visualization, 3 pL of amplicon product were mixed with 1 pL of loading buffer - containing
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bromophenol blue for colour perception and glycerol for increased fragment density - and RedSafe
(21141,iNtRON Biotechnology, WA, USA) - an intercalating DNA agent for fluorescence developmentin
the transilluminator. The fragments ran in 1.5% agarose gel (0.75 g of agarose in 50 mL of SGBT buffer
(GB01.0120, GRISP, Porto, Portugal) 0.5%) at 180 Volts. The image was obtained on the GelDoc XR+
(Bio-Rad) transilluminator and analysed in the Lablmage® software (Bio-Rad).

Before Sanger sequencing, each product was purified with 1.5 1L of ExoSap enzyme mix - 0.5
nL Exonuclease | (Exo) (20U/1L, ENO581, ThermoFischer, Ma, EUA) and 1 L of Shrimp Alkaline
Phosphatase (SAP) (1U/uL, 783905000UN, ThermoFischer). For enzymes activation and activity,
they were set to 372C for 30 minutes and a final denaturation step of 852C for 15 minutes was
completed for enzyme inactivation.

The sequencing reaction generates DNA strands, with different sizes terminated with
deoxynucleotides (dNTPs) and dideoxynucleotides (ddNTPs) labelled with different fluorochromes.
Each amplicon was sequenced independently by using the corresponding forward and reverse primer.
The sequencing reaction was performed using BigDye™ Terminator V3.1 cycle sequencing kit
(4337455, Applied Biosystems, CA, USA). For each sequencing reaction 1L of the cleaned-up product
were mixed with 3.4 L of sequencing buffer, 3.5 pL of DNAse and RNAse-free water, 0.3 pL of
reverse or forward primer (at 10 M), and 0.25 pL of BigDye™ Terminator enzyme. The cycling
conditions used for the reaction were the following: 952C for 2 minutes, followed by 40 cycles of: 15
seconds at 942C, 15 seconds at 552C, and 3 minutes at 602C; the final extension was performed at 602C
for 10 minutes.

Post-sequencing purification was performed by cross-link dextran gel filtration. A tube for
each sample was centrifuged at 3400 rpm for 4 minutes in a 750 1L of Sephadex® G-50(G50150, GE
Healthcare, IL, USA) solution for column assembly. The sequencing product was then purified using 10
pL of PCR product centrifuged in the Sephadex® column and completed with 15 L of hi-di formamide
(4311320, Applied Biosystem). The purified product was then run in an automated sequencer ABI3130
Genetic Analyzer (Applied Biosystems).

2.4. Quantitative PCR analysis

Quantitative real-time PCR (gPCR) was performed when RNA of the frozen tissues was available
and converted to cDNA using SuperScript™ IV ¢cDNA Synthesis Kit according to the manufacturer’s
instructions (18091050, ThermoFischer). For some of the samples, NTAT of the cases was included
and analysed to create a pool of non-tumoral tissue.

The gPCR evaluation was carried out in 170 samples, of which 5 were from NT, 28 corresponded

to NTAT samples, 62 were FTA, 11 FTC, 61PTC, and 3 PDTC.
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The gPCR was performed using the following conditions for each sample: 0.5 pL of each probe:
PrimeTime® std qPCR Assay DGCR8 (Hs.PT.58.1414870 IDT, IA, USA)- exon location 3 to 4- and the
human TATA-binding protein (huTBP) gene (no. Hs.PT.39a.22214825, IDT) as endogenous control.
The final probe concentration was at 20x, as recommended by the manufacturer, and added 3 pL of
water, 5 pL of MasterMix (TagMan Universal PCR MasterMix No AmpErase ® UNG, Applied
Biosystems), and 1 uL of cDNA. The sequence detection system was programmed to an initial step of
10 minutes at 959C, followed by 50 cycles of: 95°C for 15 seconds and 60°C for 1 minute. The
amplification level was detected in a QuantStudio™ 5 Real-Time PCR System (Applied Biosystem).

Relative quantification of target genes was determined using the A A CT method, where similar
amplification efficiencies between DGCR8 mRNA and huTBP were obtained, by Livak's linear

regression method (55).
2.5. Immunohistochemistry

Immunohistochemistry (IHC) was performed when the FFPE tissues were available and it
included 99 FFPE tumour sections, being: 30 FTA, 15 FTC,50 PTC, and 4 PDTC.

IHC was performed using Ultravision Quanto Detection System HRP (TL-125-QHL, Thermo
Scientific), according to the manufacturer's instructions. Briefly, deparaffinized and rehydrated sections
were subjected to heat-induced antigen retrieval for 45 minutes at 902Cin 10 mM sodium citrate buffer
(pH 6.0) (AP-9003-500, Thermo Scientific). Endogenous peroxidase activity was blocked with
Ultavision Hydrogen Peroxidase Block (TA-125-H202Q, Thermo Scientific) and the nonspecific
proteins of the tissue with UltraVision Protein Block (TA-125-PBQ, Thermo Scientific). Sections were
incubated overnight at 4°C with anti-DGCR8 polyclonal antibody (PA5-40122, Invitrogen) that
recognizes the N-terminus region of human DGCR8 protein at the optimized dilution of 1:250, in diluent
solution (TA-125-ADQ, Thermo Scientific). Primary Antibody Amplifier (TL-125-QPB, Thermo
Scientific) was used for signal amplification. The detection was performed with Polymer method
detection system, HRP Polymer Quanto (TL-125-QPH, Thermo Scientific) followed by 33'-
diaminobenzidine (DAB) reaction and counterstained with Mayer's hematoxylin. A normal thyroid
sample was used as a positive control and the negative control consisted in the omission of the primary
antibody.

Slides were evaluated by a Pathologist and semi-quantitatively scored in terms of percentage of
tumour-stained cells- extension (0: 0-25%; 1: 25-50%; 2: 50-75%; 3: 75-100%), staining intensity (0—
negative; 1-weak; 2—intermediate; 3—strong) and cellular localization (N-nuclear or C—cytoplasmatic).
An immunohistochemical score was calculated by multiplying the proportion of positive cells by the

intensity of the staining, 9 being the maximum score.
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Slides were digitalized using a ZEISS axioscan 7 microscope slide scanner (ZEISS, Oberkochen,

Germany) and pictures were treated in ZEISS 3.4. blue edition software (ZEISS).

2.6. Statistical methods

The statistical analysis was performed using GraphPad Prism version 9.0 (GraphPad Software,
Prism, CA, USA) and IBM SPSS version 25 (IBM, NY, USA). Data was evaluated and tested for outliers’
determination and for normal gaussian distributions. Populations were compared with ANOVA, if failed
gaussian distributions with Kruskal-Wallis test. Comparison of tumours and NTAT was evaluated by
paired t-test. For clinicopathological analysis association with the relative gene expression: gender,
age, tumour size, diagnosis, histological characteristics, molecular status and DGCR8 expression were
analysed using t-test and Mann—-Whitney test. Results were considered statistically significant if
p<0.05.
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3. Results
3.1. Insilico analysis of DGCR8

DGCRS8 gene is located at 22q11.2 and has 4 transcripts that produce 3 isoforms obtained by
alternative splicing (42, 56). Regarding normal tissue expression, data retrieved from GTEx points that
the highest expression of DGCR8 is in the brain-cerebellum with 80.00 transcripts per million (TPM)
whereas the thyroid ranks the 5" tissue showing the most expression with a median expression value
of 35.11 TPM, Figure 4A (43). Consensus normalized expression (NX) levels for 55 tissue types and 6
blood cell types that combine the data from three transcriptomics datasets (HPA, GTEx and FANTOMS)
indicate that there is variable expression within different tissues in the organs, Figure 4B. It is not
observed a perfect correlation and consistency between antibody staining and RNA expression data,
Figure 4 A and C. In the case of thyroid that has a high RNA expression profile (Figure 4B), the given
protein expression score is low. Overall, DGCR8 protein has low tissue specificity and is predicted to
have intracellular localization and have a general nuclear expression (44).

When evaluating DGCR8 microprocessor complex subunit protein, it is observed that it presents
three domains: one tryptophan-tryptophan (WW) domain and two double-stranded RNA binding motif
domains (DRBM)- DRBM1 and DRBM2. The WW domain spans from 301 to 334 bp (exon 3), while the
DRBM1 goes from 511 to 578 bp (exon 6-8) and DRBM2 from 620 to 685 bp (exon 9-11), Figure 4D.
The WW domains may be repeated up to four times in some proteins and are responsible for protein
binding. DRBMs are required for efficient binding to pri-miRNA and the region between residues 276
and 498 has an autoinhibitory function on pri-miRNA processing activity. In contrast to other RNA-
binding domains, DRBM are found in several proteins that specifically recognize double-stranded RNAs
and are mainly involved in post-transcriptional gene regulation, for e.g., by preventing the expression of
proteins or by mediating RNAs localization (56). Multiple DRBMs may act in combination to recognize
the secondary structure of specific RNAs (56). The region of 1 to 275 is necessary for nuclear
localization and retention. On the other hand, the region 276 to 751is necessary for heme-binding and
pri-miRNA processing and the region 701to 773 for interaction with DROSHA. There are also three low
complexity regions in the regions 165 to 176, 410 to 421and 737 to 748 (57).

In addition to the other proteins involved in miRNA biogenesis, the DGCRS8 protein is predicted to

interact with TP53 (57).
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Mutations in DGCR8 were already detected in different studies and, according to BioMuta(46), for
TC only two SNPs are reported for DGCR8: one case with a c. 977T>G p.(V326G) and two cases with the
c.1552G>A p.(E518K), both probably damaging as evaluated by Polyphen (p=1) (46).

For a broader perception of DGCR8 mutations in human cancer, data from 10967 samples from
10953 patients available in cBioPortal under the TCGA PanCancer Atlas Studies (47) filter was pulled.
Several different types of alterations targeting DGCR8 gene or its locus are described and include
missense mutations - a single nucleotide variation that results in a different amino acid; splice
mutations — genetic alterations at the boundary of an exon and an intron (splice site); truncating
mutations — a genetic variant that results in a smaller protein; structural variants — copy number
variations that could be inversion, deletion or insertions; amplifications — increase in the number of
copies of a gene sequence; and deep deletions — deep loss, probably a homozygous deletions (Figure
SA) (47).

Inthe 10967 cases, 143 mutations were reported. The p.(E518K) mutation is found in two cases of
PTC and a truncating mutation (E518*) in one case of melanoma, Figure 5B. A transcriptomic overview,
comparing mRNA expression in all mutated and normal cases from those studies points to a slightly
higher DGCR8 expression in mutated cases, Figure 5C.

To perform the same strategic analysis as above for TC, data from cBioPortal that include the
sequence studies of Poorly-Differentiated and Anaplastic Thyroid Cancers (MSKCC, JCI 2016) (49) and
Thyroid Carcinoma (TCGA, Firehose Legacy) (48) was pulled. The combined studies join 633 samples
from 625 patients and fitter data for amplification and missense mutations is available for well-
differentiated thyroid carcinomas studies, as represented in Figure 6A (47).

Only one mutation was identified: c.1552G>A p.(E518K), in 2 cases of FV-PTC (Figure 6B). Both
cases presented concomitant alterations, being NRAS mutated in both cases leading to an altered RTK-
RAS pathway. The mRNA expression in mutated and normal cases from those studies were compared,

being the expression slightly higher in mutated than in normal cases, as represented in Figure 6C (47).
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3.2. ¢.1552G>A p.(E518K) in a Poorly Differentiated Thyroid Carcinoma

A total of 226 samples from 209 patients were genotyped. The samples included 5 NTs, 15
MNGs, 86 FTAs (2 cases with NTAT), 22 FTCs (6 cases with NTAT), 80 PTCs (2 cases with NTAT), 5
PDTCs (1 case with NTAT) and 2 ATCs. The total of 80 PTCs cases included classical variants of PTC
(n=44. cPTC), follicular variants of PTC (n=22; FV-PTC) and other variants of PTC (n=14; OV-PTC: 3 tall
cell PTC, 4 oncocytic PTC, 5 diffuse sclerosing PTC and 2 solid trabecular PTC). In Table 1 are

represented the clinicopathological and molecular parameters collected regarding the studied cohort.

Table 1: Clinicopathological and molecular characterization of the series

Histological subtypes
FTA MNG FTC cPTC FV-PTC OV-PTC PDTC ATC
(n=86) (n=15) (n=22) (n=44) (n=22) (n=14) (n=5) (n=2)

Clinicopathological variables®

Age(mean y/0) 432 453 478 402 423 45 65.6 N.D.

Genserntfemdes®) 00z w9 oo ma een P

Tumour size (mean, mm) 35 23 40 25 33 38 51 N.D.

Lymphocytic infiltrate n (%) 2(5 9/ ;7 ND. (32/11?) 122397) (ZZ) égg) (%/05) N.D.

— NN T

ymphrodemeasossot) (W00 0 B0 R
Minimal extrathyroidal extension n (%) ?éé)a N.D. 27/1:41) 1(4516357) (52 /;; (;Qi) (jéso) it gg 0)

FTA MNG FTC cPTC FV-PTC OV-PTC PDTC ATC
Molecular characterization'

0/84 0/2 0/17 0/41 0/20 /4 1/4 0/1

TERTpAm/MO) 0oy 0o) 00) 00 (00) 143) (250  (0.0)

_0/23  0/2  0/8 18/42  4/20 413 0/4 0/

BRAEm/M®)  h0) 00l (00 429 ool (08) (00 (00)

o 4/86 02 421 2/42 3/20 22 0/4 0/

NRASIO/REGY) Ly o) 090)  48) (43 fen  ©00) (00
0/14  0/2 /13 5/36  0/20  2/14 0/4

RET/PTCAM/MG) ooy 0oy 7)) 139 (00) 43 o NP
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Notes: Not all samples had clinicopathological data available ' Not all samples were genotyped.
nm: number of mutated samples; nt: number of total samples genotyped; N.D.: not determined.

A part of the samples used in this series was previously characterized (51) for mutations in
TERT, BRAF, and NRAS genes and for RET/PTC and PAX8/ PPARy rearrangements.

Overall, TERT promoter (TERTp) mutations were exclusively detected in malignant cases, with
afrequency of 14.3% in OV-PTC (two oncocytic carcinomas) and 25.0% in PDTC (one case). The BRAF

V600E mutation was the most frequent genetic alteration in PTC cases: 42.9% in cPTC (eighteen
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cases), 20.0% in FV-PTC (four cases) and 30.8% in OV-PTC (one tall cell, one solid trabecular and two
diffuse sclerosing variants). NRAS mutations, were detected in benign and malignant lesions: 4.7% in
FTA (four cases),19.0% in FTC (four cases), 4.8%in cPTC and 16.7% in OV-PTC (two cases in each), and
14.3%in FV-PTC (three cases). RET/PTCrearrangements were detected in 13.9% of cPTC (five cases),
7.7% of FTC (one case) and 14.3% of OV-PTC (two cases). Finally, the PAX8/ PPARy rearrangements,
present in follicular-pattern thyroid lesions (58), were detected in 3.9% FTA and 18.8% of FTC (three
cases in each) and 4.8% of FV-PTC (one case).

The evaluation of DGCR8 p.(E518K) was initially performed in a series of familial-associated
MNG patients since this (germline) alteration was previously reported to cause a familial syndrome
characterized by MNG and schwannomatosis. It was observed that all the familial cases of MNG studied
were normal for this exon 6 alteration (where the mutation is located). The hotspot DGCR8 mutation
was then extended to the remaining somatic tissue available in the series.

It was identified for the first time one DGCR8 mutation - c.1552G>A, p.(E518K)-ina PDTC case
(an insular variant) and with a frequency of 20%, Table 1and Figure 7. This somatic mutation was not
detected in the corresponding NTAT, excluding it to be a germline alteration. In terms of other genetic
events, no rearrangements RET/PTC and PAX8/ PPARy, TERT, NRAS and BRAF mutations were
detected in the same case. This mutation (p.(E518K)) occurred in an older patient (82 years-old) with a
10 cm tumour presenting poor prognosis characteristics, such as invasion of capsule and extra-

thyroidal invasion.

c ¢ T @ c A c lie G i T c

DGCR8 wild-type

Figure 7: Chromatogram of the ¢.1552G>A, p.(E518K) DGCR8 mutation in a
PDTC. In the shaded area is it possible to observe the guanine to adenine
alteration in the amino acid 518, leading the glutamic acid (E) to be substituted

by a lysine (K) in the mutated sample.
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3.3. Deregulation of DGCR8 mRNA expression in follicular-patterned tumours

The mRNA expression levels of DGCR8 were available to be quantified in 170 samples by
qPCR. The expression of DGCR8 was significantly different when comparing NTAT and benign tumours
(Kruskal-wallis test, p<0.01) and between benign and malignant thyroid tumours (Kruskal-wallis test,
p<0.01), Figure 8A. No differences were observed between NTAT and malignant tumours. For cPTCs,
FV-PTCs, OV-PTCs and PDTCs follicular cell-derived carcinomas no major differences were detected,
Figure 8B. In contrast, for the remaining follicular cell-derived tumours, FTAs and FTCs, significant
alterations were detected. The DGCR8 gene quantification in FTA cases revealed that this histotype
presented a higher expression than all subgroups, and most interesting significantly higher than in
NTAT (Kruskal-wallis test p<0.01) and in malignant FTC cases (Kruskal-wallis test p<0.05), Figure 8B.
For optimal visualization of the changes between the different histotypes, a normalization was
conducted with NTAT expression being considered the basal expression and equal to 1. Following
normalization, the highest fold-changes were attributed to FTAs (1.75x), followed by cPTCs (1.35x), OV-
PTCs (1.42x) and PDTCs (1.16x), Figure 8C. With an inverted behaviour the follicular-pattern

carcinomas, were FTCs and FV-PTCs presented a reduction 0.84x and 0.92x, respectively, Figure 8C.
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Figure 8: Expression of DGCR8 mRNA in thyroid. A: Comparison between NTAT and benign tumours (p=0.005), as well as
between benign and malignant tumours (p=0.004). B: Comparison of the expression according to the histotype, and
overexpression in FTA, being significantly different from FTC (p=0.01) and NTAT (p=0.004). The DGCR8 mutated case and the
correspondent NTAT are marked with black C: Fold-change of DGCR8 mRNA expression using NTAT as a normalizer (=1)
reveals that FV-PTC and FTC are the lesions that present the higher ratios for underexpression, in contrast with the other

subtypes, being cPTC and FTA the lesions with a higher gain.

* Kruskal-wallis test statistical significance p<0.05; ** Kruskal-wallis test statistical significance p<0.01

In 28 cases, the DGCR8 gene expression between the tumour and its respective NTAT was
available. The pairwise tumour/NTAT analyses revealed that in 87.5% (7 out of 8) of the cPTC cases,
the main finding was overexpression of DGCR8in the tumours, with a statistically significant difference
in expression (paired t-test, p<0.05), Figure 9A. On the other hand, in FV-PTC cases and contrarily to
the previous, underexpression is the main finding in 83.3% (5 out of 6), with statistically significant
differences in expression (paired t-test, p<0.05), Figure 9B.

The strong association of DGCR8 downregulation in follicular-pattern carcinomas is also
presentin FTCs, where underexpression is again present in most of the cases, 66.7% (4 out 6) and with
significant differences (paired t-test, p<0.05), Figure 10. A curious case in this series, was a multifocal
PTCin a patient with two subtypes,acPTCand a FV-PTC with Q61R NRAS mutation thatin accordance
with the previous findings, presented DGCR8 overexpression and underexpression, respectively, in the
different components.

In the PDTC case with p.(E518K) mutation, the expression in tumour tissue was slightly lower

thanin NTAT, presenting similar patterns of expression with NTAT.
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Figure 9: DGCR8 mRNA pairwise-matched tumour/NTAT analysis in cPTC and FV-PTC. A: cPTC is characterized by
overexpression and with significant difference in DGCR8 expression (p=0.02). B: Contrarily to cPTC, in FV-PTC

underexpression is more frequent and DGCR8oss of expression is significant between tumours/NTAT (p=0.04).

*Paired t-test statistical significance p<0.05

FTC

2.0

1
o
17\

0.0

DGCR8 mRNA expression (Z24Ct

Figure 10: DGCR8 mRNA pairwise-matched
tumour/NTAT expression in FTC cases. Four out
of six cases, present a significant reduction in

DGCR8expression (p=0.02).

*Paired t-test statistical significance p<0.05
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The evaluation of DGCR8 mRNA expression in thyroid cell lines to elucidate expression
patterns presented interesting results. The transformed follicular epithelial normal Nthy-ori-3-1 cell
line presented the highest DGCR8 expression. All thyroid, papillary and anaplastic carcinoma cell lines
—TPC-1, T241 and 8505C, presented DGCR8 expression lower than in human normal thyroid cell lines,
Figure 11.
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Figure 11: Expression of DGCR8 mRNA in thyroid cell lines. A underexpression
of relative DGCR8 gene quantification is observed in thyroid tumour cell lines
(T241, TPC-1 and 8505c) when compared to normal thyroid cell line (Nthy-ori
3-1).

3.4. DGCR8immunoexpression in thyroid cancer

The expression of DGCR8 protein was performed in 99 FFPE samples and evaluated to create a
score reflecting the staining intensity and extension, Table 2. Twenty-two cases (22.2%) were
evaluated with a score of O, however, only 4 cases lacked absolute expression for the DGCRS; the
remaining 18 cases had less than 25% of extension. Regarding the other 77.8%, they were distributed
throughout the additional score values as presented in Table 2 and a brief representation of part of the

scores is presented in Figure 12.

Table 2: Distribution of DGCR8 protein expression score

Staining score
0 7 2 3 4
Frequency
n 22 9 15 5 8
% 222 91 152 51 81
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Figure 12: DGCR8 immunoexpression in thyroid lesions. A: A FV-PTC case that was evaluated with a score of O

where no cells present DGCR8 expression. B: A FTA with an intermediate score (3), where it is observable a clear
nuclear expression of DGCR8 in the thyroid follicular cells. C: A cPTC with strong nuclear and cytoplasmatic
expression classified with a score of 9. All the drawn insets represent areas of magnification for better

visualization of the selected areas.
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As exemplified in Figure 12, the immunoexpression of DGCR8 was mainly found in the nucleus, as
expected, and with an overall higher expression in lesion areas in comparison with NTAT (data not
shown). Stratification by histotype of the DGCR8 scores revealed that tendentially, higher median score
patterns were associated with the PTCs (with no statistical significance), Table 3 and Figure 13. The
highest score of expression (9) was also commonly detected in PTCs (six cPTCs and one FV-PTC) (7
out 15 cases with a score of 9, 46.7%) and followed by FTAs (5 out 15 cases with score of 9,33.3%). The
PDTCs were the most underrepresented histotype group (n=4), and with three-quarters of the cases
presenting low expression scores. Only one PDTC presented strong staining (score=9) and it
corresponded to the insular variant of PDTC case with DGCR8 p.(ES18K) mutation, Figure 14; this case
presented the highest DGCR8 expression of all the evaluated samples. In some extensive areas of the
mutated PDTC, it was noticeable that some nuclei presented loss of DGCR8 protein, Figure 14B (black

arrows).

Table 3: Score values of DGCR8 immunoexpression in the different histotypes

Staining score
0 7 2 3 4
Histotype n, (%)
FTAn=30 © X 4 c e
(20.0) (16.7) (13.3) 6.7) (6.7)
FTCn=15 3 0 e 1 °
200 (0 (33 (67 (133)
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Figure 13: Distribution of the immunohistochemical
expression scores according to the histotypes of the

lesions.
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Figure 14: DGCR8 expression in PDTC case with p
expression in the series (9). B: Some areas presented extensive loss of expression in some nuclei (black arrows) possibly due

to LOH (as previously described in cases with p.(E518K) mutation).

3.5. DGCR8mRNA and protein expression, and clinicopathological associations

DGCR8 mRNA/protein expression was highly discordant and, overall, tendentially, it behaved
contrarywise, i.e., higher levels of DGCR8 mRNA expression associated with lower protein scores. For
absent or low immunoexpression (scores 0-3), a median of 1.41 DGCR8 mRNA expression was
observed; in medium immunoexpression (scores 4-6) a median of 131, and in the high
immunoexpression group (9) a median of 1.09 was observed; this data failed to be statistically
significant (not shown).

DGCR8 mRNA expression was additionally compared to age at diagnosis (less and more than
50 years), tumour number, vascular invasion (yes, no), lymphocytic infiltrate (yes, no), and
mutation/rearrangement (presence/positive, absent/negative, respectively) but no significant
associations were detected. The only significant association was verified between the DGCR8 mRNA
expression by tumour size (<2 and = 2 cm), with larger tumours presenting higher expression, but the
association was lost when histotype stratification was performed.

The association of the mutation presence with clinicopathological data was not performed since

the low number of events (only one DGCR8 mutated case) precluded this analysis.
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4. Discussion

The in silico analysis of DGCR8 was an initial approach to understand the gene and the protein
expression in thyroid, as well as the consequences in expression upon the presence of mutations. In the
combined study of thyroid, with well-differentiated and poorly-differentiated carcinomas, it was
observed that in 663 samples of TC only one DGCR8 mutation is described — c.1552G>A p.(E518K)
mutation -, in two FV-PTCs (47). Remarkably, this recurrent hotspot mutation, p.(E518K), was initially
described in Wilms' tumours, the most common renal paediatric malignancy, in a familial syndrome
characterized with MNG and schwannomatosis (15, 40) and more recently, in a study evaluating FTCs,
where two widely-invasive carcinomas were mutated (40).

The fact that our group previously demonstrated that loss of 22q was highly prevalentin wiFTC (39),

that 22q is of major interest in thyroid lesions, and more recently the description of DGCR8 (a gene
located in 22q) mutation in familial MNG forms and sporadic thyroid carcinomas, presented DGCR8 as
an optimal candidate for studying it in a series of thyroid lesions.
The evaluation of DGCR8 p.(E518K) was initially performed in familial-associated MNG patients that
did not present alterations; germline DNA evaluation of 12 index, one for each family. Next, 214 samples
from sporadic cases were evaluated and one case was found mutated. It corresponded to an insular
variant of PDTC with the recurrent somatic missense mutation: c.1552G>A p.(E518K). This finding
established the mutation frequency in 20.0% for the PDTC group and in 0.9% (1 out 109) for all the
carcinomas in the series.

In the previously reported (FV-PTCs and FTCs with p.(E518K)-mutation) it was commonly
detected NRAS mutations concomitantly; this is in accordance with follicular-patterned tumours where
NRAS s frequently found mutated. It was advanced the DGCR8 p.(E518K) mutation could influence the
tumour progression or invasive behaviour without driving the tumour per se, since the tumours with
this mutation are always described to bear additional genetic events (40). No other molecular
alterations were detected in the mutated case (TERTp, BRAF and NRAS hotspot mutations and
RET/PTC and PAX8/PPARYy rearrangements), contrasting with the previous observation, or pointing
that other event (non-classical) may be involved; this is the first report, so far, of a DGCR8-mutated
PDTC.

Mechanistically, the DGCR8 p.(E518K) mutation is located in exon 6 and may affect DRBM1
protein domain, responsible for RNA binding potential, and to have an impact on miRNA production,
leading to incomplete maturation and therefore to have a role in carcinogenesis (40). PDTC is
characterized by the accumulation of several different oncogenic alterations, being important to study
new biomarkers that justify the progression of follicular cells up to this poorly-differentiated carcinoma,

working as predictive and prognostic markers (59). By in silico analysis (STRING, data not shown), one
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of the DGCR8 partners is the tumour suppressor p53 (TP53), a highly frequent altered gene in PDTC
and ATC (60). A link between miRNA machinery components and TP53is described in the thyroid gland
since miRNAs specifically deregulated in DICERT-mutant lesions of the thyroid regulate crucial
pathways in cancer such as the p53 pathway (29). Results suggest that miRNAs and transcription
factors, such as p53, may cooperate in complex transcriptional and post-transcriptional loops that
control major cellular processes such as cell proliferation and apoptosis (21). Most cancer associated
TP53mutations are inadomain thatis required for miRNA processing and transcriptional activity. Thus,
loss of p53 transcription and miRNA abnormal processing may contribute to thyroid tumour
progression towards undifferentiation (21).

The expression of DGCR8 in benign tumours was significantly different from NTAT and
malignant tumours. In the findings by Paulsson et al. (40) a downregulation of DGCR8 gene expression
in FTCs in comparison to FTAs was reported, still, there was no data regarding the normal (or NTAT).
We obtained similar results; however, we report that FTCs change in expressionis only significant when
compared to FTAs but not NTAT. Aberrant expression of miRNA biosynthesis genes DGCR8 and
DROSHA is described to promote tumorigenesis and, recent studies suggest that aberrant miRNA
expressional pattern could be at play even at the level of tumour initiation (40). These results suggest
that overexpression of DGCRS, especially in FTA (the highest DGCR8 expression), could be at play to
force maintenance of “normal” thyroid differentiation, in particular, of the follicular differentiation and
structure. On the other hand, follicular-pattern carcinomas of the thyroid (FTC and FV-PTC) displayed
lower gene expression than NTAT, suggesting that not only mutations but also deregulation in
expression takes part in tumorigenesis of thyroid follicular-patterned carcinomas as loss of
differentiation occurs. When tumoral and NTAT matched-paired study was conducted, the follicular-
pattern carcinomas (FTC and FV-PTC) presented more frequently a downregulation of DGCRS8 in
comparison to their normal (NTAT) counterparts. The dichotomy cPTC/high DGCR8expression versus
FV-PTC/low DGCR8expression was also present in the case of a patient with multifocal PTC and with
two subtypes, acPTCand aFV-PTCthat presented overexpression and underexpression, respectively.
Beyond DGCR8, somatic DICERT mutations are reported in follicular-patterned lesions of thyroid
(benign and malignant) which underlines the importance of the miRNA processing genes in follicular-
patterned lesions (61, 62).

In the PDTC with p.(E518K) mutation, the mRNA expression in tumour tissue was slightly lower
than in NTAT with comparable expression to normal tissues but with a high protein expression as
evaluated by IHC, in the tumour. Contrarily to what was observed, it was described that the p.(E518K)
mutation could elevate DGCR8 mRNA expression level, probably through interrupting miRNA binding
(32, 33) but we detected an expression comparable to the basal level. In the cell lines, the DGCR8

expression in the transformed follicular normal cell line (Nthy-ori 3-1) was higher in comparison with
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differentiated and undifferentiated carcinoma cell lines expression. The latter findings were not in total
agreement with the observations done in our series but since the carcinoma cell lines start losing
differentiation, proper thyroid tissue organization and follicle structure, DGCR8 may be impacted; it
must also be taken into consideration the genomic background of the undifferentiated cell lines and its
impactin DGCR8 expression.

DGCR8 immunoprofiling was done by immunohistochemistry in 99 FFPE samples and as
expected, it was mainly found in the nucleus. A tendency to more intense patterns were associated with
PTC followed by FTA and FTC. PDTC cases presented low expression scores, except for PDTC case
with DGCR8 p.(E518K) mutation that presented strong staining (score=9), the highest DGCR8
expression of all the evaluated samples. In areas of the mutated PDTC, it was noticeable that some
nuclei presented loss of DGCR8 protein, possibly due to LOH reported in all DGCR8 p.(E518K) mutated
cases. It would be interesting to determine if loss of the locus 22q is a second event in these cells that
are losing the nuclear expression. Contrarily to DICER, where a positive correlation between expression
at protein and RNA level is described (63), DGCR8 mRNA/protein expression was highly discordant
and, in general, it behaved contrariwise, being higher levels of DGCR8 mRNA expression associated
with lower protein scores. A perfect example was the PDTC with the mutation that had a high protein
staining and low mRNA expression. This could be explained by the fact that when DROSHA and DGCRS8
levels are elevated in the cell, the microprocessor cleaves and destabilizes the DGCR8 mRNA to reduce
DGCRS8 levels. It is also described that the knockdown of DROSHA leads to upregulation of DGCR8
expression at mRNA and protein levels, suggesting that not only alterations in DGCR8 but also
alterations in other genes involved in miRNA biogenesis could alter the DGCR8 protein expression in
thyroid lesions (64). As this is the first study evaluating protein expression, further studies will help to
clarify the mRNA and protein expression for DGCR8 in TC.

Correlation between DGCR8 mRNA expression levels and clinicopathological parameters
including age, histological grade, tumour size and lymph node metastasis presented significant results
in previous studies (64). However, in our study no relationship between the gene expression and
clinicopathological features were revealed, unless for DGCR8 mRNA expression by tumour size (<2 and
> 2 cm), with larger tumours presenting higher expression but the association is lost when histotype
stratification was performed.

As miRNAs are important to stabilize thyroid follicles and hormone production, itis perceivable
that alterations in genes involved in miRNA biogenesis may have repercussions at follicular level,
having a role in tumorigenesis of follicular patterned tumours.

The findings from this study strengthen the association between abnormal miRNA processing
and the development and/or progression of TC, especially in follicular-patterned carcinomas,

suggesting that not only mutations but also alterations in DGCR8 mRNA/protein expression may be
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important in thyroid tumorigenesis. Succeeding DICER1 alterations in the susceptibility of thyroid
disease, we reaffirm DGCRS8 as a novel player of the miRNA microprocessor complex team.

As future perspectives, it would be interesting to study the loss of 22q in the mutated PDTC, as
in other p.(E518K)-mutated cases it is described loss of the entire 22 chromosome. This would also
clarify if the loss of expression observed in some nuclei were due to LOH. It will be also important to
extend the characterization of the 22q and determine if LOH or other mechanisms (e.g., methylation) is
responsible for the changes we observed in expression. Additional molecular characterization would be
also useful to determine if other events cooperated with DGCR8 mutation, in particular TP53loss, since
itis a common alteration in PDTCs and it is important in TC progression. Finally, but not less important,
once we are dealing with a miRNA microprocessor complex, miRNAs expression changes and miRNA

patterns of DGCR8-altered lesions could bring interesting results.
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5. Conclusion

The study of the miRNA biogenesis gene DGCR8in this series of thyroid lesions allowed for the
first time the identification of the hotspot DGCR8 p.(E518K) in a PDTC case. The DGCR8 mRNA
expression revealed a deregulation in follicular-pattern lesions of thyroid. Overexpression of DGCR8
mRNA in FTA cases and an underexpression in follicular pattern carcinomas (FTC and FV-PTC) was
observed and these results are in agreement with a pairwise study between tumoral and NTAT.

At the protein level, DGCR8 expression showed a higher score of expression in PTC and FTA
cases, being observed an inverse tendency between RNA and protein expression. The PDTC p.(E518K)
mutated stained at the highest score, and in some areas some nuclei were detected with loss of
expression, possibly due to LOH, as reported in the literature in cases with this mutation.

Our findings strengthen the association between miRNAs processing machinery interference in
the development and progression of TC, especially in follicular-pattern carcinomas, suggesting that not
only mutations but also alterations in DGCR8 mRNA/protein expression could have an impact on

thyroid tumorigenesis.
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