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Abstract

The microRNAs (miRNAs) are small non-coding RNA comprising approximately 19-25
nucleotides. miRNAs can act as tumour suppressors or oncogenes, and aberrant expression of
miRNAs has been reported in several human cancers and has been associated with cancer
initiation and progression. Recent evidence suggests that miRNAs play a major role in thyroid
carcinogenesis. In this review, we summarize the role of miRNAs in thyroid cancer and describe
the oncogenic or tumour suppressor function of miRNAs as well as their clinical utility as
prognostic or diagnostic markers in thyroid cancer.
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Introduction

MicroRNAs (miRNA) are small non-coding RNAs that are approximately 19-25 nucleotides
in length. The miRNAs regulate gene expression at the posttranscriptional level in both
eukaryotic and prokaryotic cells. The discovery of miRNA has opened new insights into the
biological processes leading to cancer initiation and progression. Although most miRNAs
target the 3" untranslated region of the mRNA targets, some miRNA can also interact with
the coding sequence of the target gene. A single miRNA can bind to a large number of
different gene mMRNAs. Thus, miRNA regulation of mRNA plays a major role in several
biological functions in normal and pathological conditions [1]. Although the expression of
miRNAs is tightly regulated, cancer initiation and progression have been associated with
dysregulated miRNA expression [2—6]. In several cancers, miRNAs have been shown to be
good diagnostic and prognostic markers. Studies have also shown that the aberrant
expression of miRNAs plays an important role in cancer cell proliferation, differentiation,
invasion, migration and cell death. Upregulated miRNAs are considered as OncomiR, and
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downregulated miRNA act as tumor suppressors. However, the function of each miRNA is
tissue- and context-dependent. Genetic alterations in the genes coding for miRNASs or
epigenetic changes such as methylation contribute to the aberrant expression of miRNAs in
some cancers and diseases.

Thyroid cancer is the most common endocrine malignancy [7]. There are four histological
subtypes of thyroid cancer: papillary thyroid cancer (PTC), follicular thyroid cancer (FTC),
poorly differentiated thyroid cancer (PDTC) and anaplastic or undifferentiated thyroid
cancer (ATC) [8]. PTC is the most prevalent type of tumor among thyroid malignancies,
accounting for ~80% of all thyroid cancer cases [9]. Medullary thyroid cancer, unlike the
remainder of the thyroid lesions, is a neuroendocrine tumor that derives from C cells
(parafollicular cells) and accounts for 3-5% of all thyroid cancers [10]. There is growing
evidence that miRNAs play an important role in thyroid carcinogenesis and may have a role
as diagnostic and prognostic biomarkers of thyroid neoplasms. In this review, we summarize
recent studies that have explored the role of miRNA in thyroid cancer and describe the
recent findings about the potential clinical application of miRNA as diagnostic and
prognostic markers.

mMiRNA signature in thyroid cancer

Papillary thyroid cancer

Although the majority of PTC cases have excellent prognoses and responses to therapy, 10—
15% of patients show signs of disease recurrence during follow up, which is associated with
shorter overall survival [11]. PTC progression is often associated with the dedifferentiation
of cancer cells and, as such, with increased resistance to radioactive iodine (RAI) therapy.
Non-RAI avid disease is associated with a poor prognosis [12-14]. Therefore, a better
understanding of the mechanisms involved in PTC progression and metastasis are very
important and may have clinical ramifications. Several studies have analyzed miRNA
profiles in PTC. However, only a few miRNAs were commonly dysregulated among the
studies. The most consistently upregulated miRNAs are miR-146b, miR-222, miR-221 and
miR-181b [15-19]. miR-221 and miR-222share the same seed sequence, and many studies
have reported abnormal expression of these two miRNA in several cancers. The tumor
suppressor and cell-cycle regulator p27 has been identified as a direct target of miR-221 and
miR-222 in many cancers, including thyroid cancer [16]. Moreover, several studies have
reported a significant downregulation of p27 in PTC compared to normal thyroid tissue [20-
22]. Reduced expression of p27 in PTC due to overexpression of miR-221 and miR-222
might explain the proliferation rate observed in PTC cells. Microarray expression analysis of
miRNA in BRAFV600E mutant versus wild-type tumors showed a higher level of miR-221
in BRAF mutant samples, which were characterized by aggressive behavior, advanced
disease stage, extrathyroidal invasion and the presence of lymph node metastasis [23]. It has
been proposed that BRAFV600E, by activating the NFKB pathway, promotes the expression
of the oncogenic miR-221 [24,25].

The miR-146b is one of the most overexpressed miRNA in PTC compared to normal tissue,
and its expression positively correlates with tumor aggressiveness as well as the presence of
extrathyroidal tumor extension [26,27]. Analysis of the predicted targets of miR-146b
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showed that retinoic acid receptor beta (RARP) has a putative miR-146b binding site in the
3’UTR region and that RARB mRNA expression is significantly downregulated in PTC
compared to normal tissue. RARP expression is reduced in several cancers and showed a
tumor suppressive function in several studies [28]. A pilot study in a cohort of patients with
advanced PTC who were treated with retinoic acid, RARP ligand, showed that 38% of the
patients experienced a reduction in tumor size. Furthermore, 26% of the patients showed an
increase in radioiodine uptake [29]. These findings suggest that miR-146b, by targeting
RARRB, is involved in thyroid cancer initiation and progression. miR-222, miR-221 and
miR-146b were found to be overexpressed in aggressive PTC, as their expression was
associated with lymph nodes and distant metastases, risk of recurrence and the presence of
BRAF\/600E mutation.

Some studies have also observed overexpression of miR-181b in PTC compared to normal
thyroid tissue. Analysis of the mechanism by which miR-181b regulates cell transformation
and cancer initiation showed that miR-181b directly binds to the 3’UTR of CYLD and
inhibits its expression. CYLDis downregulated in several cancers and inhibits the NFkB
pathway [17,30]. CYLDalso induces apoptosis and has been found to be underexpressed in
several human cancers [31]. Studies focusing on down-regulated miRNAS in thyroid cancer
showed that miR-145, miR-451, miR-613 and miR-137 were underexpressed in PTC
compared to normal thyroid tissue [32-35]. /n vitroand in vivo studies of thyroid cancer
cells suggest that miR-145 is a master regulator of thyroid cancer growth and that it mediates
its effect through the PI3K/AKkt pathway [35]. Reporter assay experiments also revealed that
miR-145 targets DUSP6[34]. DUSP6 is a mitogen-activated protein kinase (MAPK)
phosphatase enzyme that inactivates ERK1/2, p38 and FOXO1 [36-40]. DUSP6 is
upregulated in PTC and PDTC [41], and it has been suggested that DUSP6 plays a tumor-
promoting role in some human cancers, such as glioblastoma [42]. Taken together, these
findings suggest that miR-145 has several targets and acts a tumor suppressor in thyroid
cancer. miR-613 is downregulated in PTC compared to normal thyroid tissue [32]. /n vitro
and /n vivo studies identified SPHK?2 as a direct target of miR-613 in ATC [32].
Overexpression of SPHKZrescued the anti-tumor effects of miR-613. Moreover,
immunohistochemistry staining showed that SPHK2 is highly expressed in PTC compared
to adjacent normal tissue, suggesting the inverse correlation between SPHK2 and miR-613
expression. These finding suggest that miR-613-SPHK2 is involved in PTC cell proliferation
and invasion [32].

In a miRNA expression profiling study in PTC, miR-137 expression has been shown to be
down-regulated [33]. In thyroid cancer cells, miR-137 inhibits cellular proliferation, invasion
and migration and targets CXCL12 [33]. CXCL12 is a chemokine that was found to be
upregulated in PTC and inversely correlated with miR-137 expression [33,43]. Binding of
CXCL12 on its receptor CXCRA4 leads to the activation of the oncogenic pathways ERK1/2,
MAPK, JNK and Akt [44,45]. These data suggest that miR-137 has anti-tumor effects in
PTC, partially by targeting CXCL12.

miR-451a has been studied in many human cancers and is downregulated in PTC [46-49].
Studies have observed inverse associations between miR-451a expression level and tumor
aggressiveness, TNM stage and the presence of extrathyroidal invasion [49]. The miR-451
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targets AKT1, a major component of the PI3k/AKT signaling pathway, which is known to
be altered in thyroid cancer [49-51]. Thus, by targeting the PI3/AKT pathway, miR-451 acts
as a tumor suppressor in PTC. A comparison of miRNA expression profiles between patients
with PTC both with and without lymph node metastasis showed that the patients with loco-
regional disease had higher miR-451 expression [52]. This finding suggests an oncogenic
role for miR-451 in PTC. Further studies in larger cohorts are needed to explain the
discrepant results on the role of miR-451 in thyroid cancer.

Follicular thyroid cancer

FTC is characterized by activating RAS mutations and PAX8/PPAR-y rearrangement in 40—
53% and 25-63% of FTCs, respectively [53,54]. Data regarding miRNA expression profiles
in FTC are very limited, and to our knowledge there is no study that correlates the genetic
alteration of FTC with abnormal miRNA expression. Downregulation of miR-199a-5p and
miR-144 has been observed in FTC, whereas miR-197 and miR-346 are overexpressed in
FTC compared to follicular adenoma. A comparison of the miRNA expression in two
histological types of FTC (conventional and oncocytic variants) revealed an upregulation of
miR-182/-183/-221/-222/-125a-3p and downregulation of miR-542-5p/-574-3p/-455/-199a
in both histological types compared to normal thyroid tissue [55]. However, miR-885-5p
was found to be upregulated in the oncocytic variant of FTC only. Of all the microRNA that
showed a significant up or downregulation in FTC, only miR-199a-5p was studied /n vitro.
This miRNA targets CTGF, which leads to the inhibition of cell cycle progression [56].
miR-146b and miR-221 were found to be significantly upregulated in FTC compared to
normal thyroid tissue, suggesting that these two miRNA are not specific for PTC but are
common to well-differentiated thyroid cancers [57].

Anaplastic thyroid cancer

ATC is the most aggressive type of thyroid cancer. Although ATC represents less than 2% of
all thyroid tumors, this neoplasm causes 14%-39% of thyroid cancer—related deaths [58—
60]. ATC is resistant to most of the conventional therapies and is refractory to radioiodine
treatment [61]. Thus, ATC patients display a rapidly progressive disease that may cause
death within six months [59,61,62]. ATC can originate from a preexisting well-differentiated
cancer. This hypothesis is supported by studies documenting the presence of mutations
typical for differentiated thyroid cancer, such as BRAF and RAS, in substantial proportion
of ATC [63,64]. However, the 7P53 mutation is found exclusively in ATC [65,66]. Many
miRNAs have been found to be dysregulated in thyroid cancer, but only a few miRNAs (e.g.,
miR-200a, b and c) are exclusively dysregulated in ATC, which suggests a role in cancer
progression. Downregulation of miR-200 family members has been described in many
metastatic tumors. The miR-200c is transcriptionally regulated by TP53, and 7P53
inactivating mutations in ATC lead to miR-200c downregulation [67]. The two main targets
of miR-200s are the epithelial-mesenchymal-transition (EMT) transcription factors ZEB1
and ZEB2 [68]. EMT is a mechanism that enables cells to migrate and invade [69,70]. This
process is mediated by the EMT transcription factors (such as ZEB1, ZEB2, SNAIL and
SNAI2) that repress the epithelial features of cancer cells and disrupt the cell-cell adhesion
mediated by loss of E-cadherin [71]. On the other hand, the EGF/EGFR pathway leads to
silencing of miR-200s and an increase in Rho/Rho kinase activity as well as EMT and
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cancer cell invasion [72]. EGFR expression is greater in ATC compared to PTC and normal
thyroid tissue, and the inhibition of EGFR pathways leads to cell death [73]. Taken together,
these data suggest that the EGFR pathway and a 7”53 mutation in ATC lead to a loss of
miR-200 expression, which in turn increases ZEB1 and ZEB2 transcripts and protein levels
and blocks E-cadherin expression.

It has been reported that BRAFV600E oncogene activation stimulates the expression of the
miR-17-92 cluster [74]. The primary transcript of miR-17-92 is processed into seven
different mature miRNAs: miR-17 (miR-17-5p and miR-17-3p), miR-18a, miR-19a,
miR-19b, miR-20a and miR-92a [75,76]. An important target of the miR-17-92 cluster is the
tumor suppressor PTEN [77]. Reporter assays revealed the existence of several binding sites
for miR-19a/b, miR-17 and miR-20a in the 3’-UTR of PTEN. In fact, downregulation of
PTEN levels is a key step during tumorigenesis that potentiates the activation of AKT/
mTOR growth and survival signaling. The data suggest that these miRNAs play a role in
cancer initiation and progression in ATC. Another important tumor-suppressive pathway
targeted by several members of miR-17-92 is the TGFp signaling pathway. By activating the
NOTCH pathway, BRAFV600E increases the transcriptional activity of the main oncogenic
component of the 17-92 cluster, which is miR-19 [74]. In turn, miR-19 inhibits SMAD4
expression. SMAD4 mediates the tumor-inhibitory effect of the TGFB signaling [74]. The
TGFp signaling pathway is an important regulator of epithelial cell proliferation, with an
anti-proliferative effect mediated by p21. Thus, the BRAFV600E—-mediated increase of
miR-19 leads to a loss of the tumor inhibitory effect of TGFp in thyroid cancer cells, which
enhances cell proliferation.

miR-30 family members clearly distinguish between ATC and differentiated thyroid cancer,
as downregulation of miR-30 was found only in ATC [78,79], suggesting that miR-30 plays
a role in thyroid cancer differentiation and progression. Overexpression of miR-30 family
members led to a change in cell morphology and decreased vimentin expression in ATC
cells [79,80]. Overexpression of all miR-30 family members decreases SMADZ expression
[79]. A reporter assay experiment showed that miR-30e binds directly to the SMADZ2
3’UTR region and thus inhibits its expression. SMADZ s significantly upregulated in ATC
compared to normal thyroid tissue and well-differentiated thyroid cancer, and it regulates the
invasive potential of ATC cells. miR-30a also plays a tumor-suppressive role in ATC. Low
expression of miR-30a was associated with poor prognosis, extrathyroidal invasion and
shorter survival [80]. Analysis of the predicted targets of miR-30a showed that
overexpression of miR-30a significantly decreases lysyl oxidase (LOX) expression. LOX is
strongly expressed in ATC and aggressive thyroid cancers and is also associated with higher
mortality rate [80]. The miRNA signature in ATC suggests that miR-200 and miR-30 family
members are specific to undifferentiated thyroid tumors and are involved in cancer
progression by regulating the EMT process.

miR-146a-5p and miR-146b-5p, two of the most upregulated miRNAs in PTC, are also
overexpressed in ATC. A comparison of the expression of miR-146a in PTC foci within
ATC showed a much higher expression in ATC compared to the differentiated areas in tumor
samples [81]. /n vitro studies have shown that NFKB controls the transcription of miR-146a
in lymphoma and ATC cells [82,83]. NFkB is overactivated in ATC and controls the
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expression of anti-apoptotic genes. These results suggest that the pro-tumorigenic role of
NFkB in ATC may be mediated, at least in part, by miR-146b.

Poorly differentiated thyroid cancer

The clinical behavior of PDTC falls between differentiated thyroid cancer and ATC. Patients
diagnosed with PDTC have a higher risk of recurrence. Approximately 15% and 35% of
PDTCs harbor BRAFand RAS mutations, respectively, and 17-30% have a 7P53 mutation
[84-87]. This suggests that PDTC may originate from differentiated tumors. However, the
biology and molecular mechanisms leading to PDTC are not fully understood. Analysis of
the miRNA profile in PDTC tumors showed that miR-183-3p is upregulated in PDTC
compared to PTC and normal tissue [88]. miR-150 and miR-23b were both downregulated
in PDTC. These miRNAs have been associated with poor prognosis in many human cancers
and are significantly associated with tumor relapse and mortality in PDTC [89,90]. /n vitro
studies showed that the EMT transcription factor ZEB1 is a direct target of miR-150.
Analysis of the epigenetics alteration of miR-23b showed that the gene promoter is silenced
by hypermethylation. Moreover, the SRC oncogene was identified as a direct target of
miR-23b [90]. These data provide new insights into the mechanism leading to cancer
progression and metastasis in aggressive thyroid cancers.

Medullary thyroid cancer

Medullary thyroid cancer (MTC) is a neuroendocrine tumor that originates from the
parafollicular cells (C cells). Approximately 25% of MTCs are caused by germline mutation
of the RET proto-oncogene [91,92]. It has been shown that miR-129-5p was significantly
downregulated in MTC compared to normal tissue, and overexpression of miR-129-5p /in
vitro decreased cellular invasion and migration and inhibited the phosphorylation of AKT
[93]. Furthermore, a reporter vector assay showed that miR-129-5p directly targets RET in
MTC cells [93]. Another study analyzing the miRNA signature in six pairs of primary
tumors as well as lymph node metastasis from patients with sporadic MTC revealed that
miR-7, miR-10a, miR-29c and miR-200b/-200c were significantly downregulated in
metastatic sites compared to primary tumors. Additionally, five miRNAs were upregulated in
metastatic tumors: miR-130a, miR-138, miR-193a-3p, miR-373 and miR-498. The miR-200
family has been shown to be a key regulator of the EMT process, as it targets EMT
transcription factors such as ZEB1, ZEB2, SNAIL, SNAI2 and TWIST-1. In fact, inhibition
of the miR-200 family in MTC cell lines led to downregulation of E-cadherin and
upregulation of vimentin, TGFB1 and TGFR2 [94]. Further studies on a larger cohort of
MTC patients are needed to fully understand the role of miRNA in the biology of MTC and
their interaction with the RET proto-oncogene.

Biogenesis of miRNA in thyroid cancer

The biogenesis of miRNA starts with miRNA genes that are transcribed with RNA
polymerase Il into long, non-coding primary RNA (pri-miRNA) [95]. The pri-miRNA is
further processed by a complex, formed from the RNase 111 enzyme DROSHA and DGCR8
protein, that generates the pre-miRNA [96]. The pre-miRNA is then exported into the
cytoplasm by Exportin-5 (XPO5). Pre-miRNA is cleaved by DICER, generating a short
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duplex molecule. The mature miRNA strand is then loaded into an RNA-induced silencing
complex (RISC) that will guide the mature miRNA to the target mMRNA sequence [97].
Dysregulation of DICER and DROSHA expression has been observed in several tumors and
has been associated with oncogenic transformation of epithelial cells [98-100]. In fact,
decreased DICER mRNA has been found in thyroid cancer and is associated with tumor
aggressiveness, extrathyroidal invasion, lymph nodes and distant metastasis, recurrence and
BRAFV600E mutation [101]. Furthermore, miRNA abundance was lower in malignant
tissue compared to normal thyroid tissue. These data suggest that abnormal DICER
expression leads to dysregulated miRNA expression, which contributes to follicular cell
transformation and cancer initiation. MTC is characterized by a general increase in miRNA
levels [102]. Analysis of the expression profile of four genes involved in miRNA biogenesis
(DROSHA, DICER, DGCR8 and XPO8) in a large cohort of MTC cases showed that
DICER, DCGR8 and XPO8 mRNA were significantly upregulated in MTC with a RET
mutation. Among the MTC group with a RET mutation, tumors with a codon 634 mutation
had more pronounced increased in DICER1 and DGCR8 compared to wild-type tumors.
However, tumors with RAS mutations did not show any significant difference compared to
wild-type tumors [103]. It is still not known whether abnormal expression of the enzymes
involved in miRNA biogenesis is responsible for miRNA dysregulation and cancer initiation,
and further studies are needed.

Circulating miRNAs in thyroid cancer

Recent findings showed that miRNA can be detected in blood, saliva, urine and milk,
suggesting secretion of mMiRNA by the cells and potential implications in cell—cell
communication [104,105]. Furthermore, circulating miRNA can also be altered in several
pathological conditions, including cancer. Circulating miRNAs can either be secreted by
passive leakage from dead cells, by active secretion in exosomes or with RNA-binding
proteins (RBP) such as AGO2 or NPM1. miRNAs are protected from RNase degradation
either through active secretion in vesicles or by binding to RBP. In the past few years,
studies have attempted to elucidate the role of circulating miRNA in cancer [106-110]. It
has been proposed that miRNA secreted by cancer cells may modify the tumor micro-
environment [111]. The expression profile of miRNA in tumor cells and in the exosomes is
the same, suggesting that circulating miRNA can be used as diagnostics markers in cancer
[112,113]. In thyroid cancer, circulating miR-146b and miR-155 discriminated between
benign lesions and PTC [114]. miR-221 and miR-222 were found to be elevated in serum
samples from patients with PTC. Furthermore, total thyroidectomy and lymph node
dissection decreased the levels of circulating miR-221 and miR-222 levels [115]. Comparing
the secretion of miRNA in the serum of patients with PTC to those with benign lesions
showed that the level of circulating miR-25-3p and onco-miR-451 were significantly higher
in plasma from PTC patients [116]. Both miRNAs were significantly reduced after surgical
removal. Taken together, these data suggest that miRNAs are secreted by cancer cells and
can be used as non-invasive diagnostic markers.

There is no direct evidence that secreted miRNA plays a role in cell communication that
promotes the transformation of adjacent normal cells or that it promotes metastasis.
Interestingly, analysis of the circulating tumor suppressor miR-145 in PTC showed higher
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levels in the exosomes from serum in patients with PTC compared to patients with benign
lesions or healthy controls [35]. This suggests that cancer cells may use active secretion in
exosomes to eliminate mMiRNAs with anti-cancer effects. Given the emerging role of
circulating miRNAs in thyroid cancer, further studies are needed to elucidate the role of
circulating miRNAs and their potential use as diagnostic markers.

All of the above findings and observations suggest an important role of miRNA in thyroid
cancer initiation, proliferation and differentiation (Table 1, Fig. 1). The next step is to assess
miRNA’s potential utility as a diagnostic and prognostic tool.

miRNA analysis in thyroid cancer diagnosis

The reporting system and cytological characteristics of benign versus malignant thyroid
lesions were variable until the National Cancer Institute Thyroid Fine-Needle Aspiration
State of the Science Conference in 2007 provided consensus recommendations known as the
Bethesda System for Reporting Thyroid Cytopathology. The Bethesda system recognizes six
diagnostic categories and provides an estimation of cancer risk within each category:

Category I, Nondiagnostic or Unsatisfactory: Estimated risk of malignancy 1-
4%

Category Il, Benign: Risk of malignancy 0-3%

Category 111, Atypia of Undetermined Significance or Follicular Lesion of
Undetermined Significance (AUS/FLUS): Cancer risk 5-15%

Category 1V, Follicular Neoplasm or Suspicious for a Follicular Neoplasm
(FN/SFN), Hiirthle Cell Neoplasm or Suspicious for Hirthle Cell Neoplasm:
Risk of malignancy 15-30%

Category V, Suspicious for Malignancy (SUSP): Risk of thyroid cancer 60—
75%

Category VI, Malignant — Risk of thyroid cancer 97-99% [117].

The cytopathology evaluation is characterized by high accuracy when the nodules belong to
Bethesda Il (benign) with a negative predictive value (NPV) > 95% or Bethesda VI
(malignant) with a positive predictive value (PPV) > 98%. Unfortunately, approximately 30—
35% of nodules are characterized by indeterminate cytology. In a meta-analysis of 25,445
thyroid fine-needle aspiration (FNA) samples, 9.6% of all samples were diagnosed as AUS/
FLUS with cancer risk of 15.9%, while 10.1% were diagnosed as FN/SFN with cancer risk
of 26.1% and 2.7% of the nodules were diagnosed as SUSP with an average cancer risk of
75.2% [118]. According to the 2015 American Thyroid Association guidelines, diagnosis of
AUS/FLUS occurs in 2-18% of nodules, FN/SFN in 2-25% of nodules and SUSP in 1-6%
of nodules [1]. In addition to traditional cytological evaluation, molecular adjunct testing has
been implemented to help refine FNA diagnosis for inconclusive results.

Initial studies describing miRNAs profiles in FNA biopsy focused on the distinction between
malignant and benign thyroid lesions in general and documented a panel of miRNAs
significantly over-expressed in thyroid cancer compared with benign cells, including
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miR-221, miR-222 and miR-146b, all of which are involved in regulation of the KIT
oncogene responsible for cell growth and differentiation [15] (Table 2). Pallante et al.
documented significant overexpression of miR-221, miR-222 and miR-181b in FNA
samples derived from PTC versus normal thyroid cells [17] (Table 2). Chen and colleagues
found that miRNAs 221, 222 and 146b were significantly differentially expressed between
20 benign and 20 malignant thyroid tumors with ex vivo FNA samples (Table 2) [119].
Interestingly, in this study, miR-221 and miR-222 were only significantly different between
PTC and follicular adenoma but not between PTC versus hyperplastic nodule [119]. Mazeh
et al. found that the most accurate determinants of malignant lesions were miR-146b,
miR-221 and miR-222, with an accuracy rate of 96%, 98% and 92%, respectively (Table 2)
[120]. Nikiforova and associates performed miRNA profiling using a probe designed to
detect 158 human miRNAs and analyzed miR expression levels in both thyroid tumors and
normal thyroid tissue. This study resulted in the selection of a set of seven miRs (miR-187,
-221, -222, -146b, -155, -224 and -197) that were the most accurate in differentiating
between thyroid cancer and hyperplastic nodules. The team then applied this set to a test
sample set for validation in 62 consecutive patients undergoing FNA biopsy of a thyroid
nodule(s). Unfortunately, the data could not be fully validated, as only 13 out of 62 patients
underwent surgery and thus had a histologic diagnosis (Table 2) [19]. Moreover, the clear
distinction between the malignant (Bethesda category V1) and benign nodules (Bethesda I1)
is achieved with extremely high accuracy by cytology evaluation alone, without the need for
implementation of molecular diagnostics. Thus, subsequent studies should focus on the
utility of miRNA profiling as a tool for improving thyroid cancer risk estimation in the most
clinically challenging indeterminate nodules (AUS/FLUS, FN/SFN). Based on a screening
study of 850 miRNAs performed on 104 benign and malignant tissue samples, Vriens et al.
identified four miRs significantly differently expressed between malignant and benign
lesions (miR-100, miR-125b, miR-138 and miR-768-3p). The results were validated on 125
indeterminate FNA biopsy samples, of which 37 turned out to be malignant at histologic
evaluation. In this study, miR-138 had an accuracy of 75% for distinguishing between
benign and malignant indeterminate nodules. However, the NPV was 81%, meaning this test
can’t be used to rule out malignancy (Table 2) [121].

Keutgen and colleagues utilized an ex vivo FNA biopsy approach in 29 thyroid nodules with
indeterminate cytology, 14 of which were malignant on final histopathology. The authors
performed a targeted analysis of miRNA expression known to be deregulated in malignant
versus benign thyroid lesions (miR-222, miR-181, miR-146b, miR-328, miR-197 and
miR-21) and used statistical modeling in order to find out which set of miRNAs had the
highest diagnostic accuracy. They found a set of four miRNAs (miR-222, miR-328, miR-197
and miR-21) that have an 86% accuracy in the training set and 90% accuracy in a validation
set of 72 indeterminate thyroid FNA biopsy samples (Table 2) [122]. Mazeh et al.
implemented an even more practical approach. The authors utilized miRNA amplification
from the residual cells left in 77 FNA biopsy samples and analyzed a set of six miRNAs
(miR-21, miR-31, miR-146b, miR-187, miR-221 and miR-222) [123]. The analysis included
only 11 out of 77 collected samples, which were characterized by the indeterminate cytology
and with final pathology data available. Although the authors describe very high accuracy
for the test (90% with 100% specificity and 100% PPV), the small study sample size does
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not allow for a strong conclusion. Moreover, the high PPV in this study is most likely a
reflection of the prevalence of thyroid cancer in this cohort being 81% (9/11 patients).

Kitano et al. analyzed expression levels of four miRNAs (miR-7, miR-126, miR-374a and
miR-let-7g) in 95 Bethesda 1-VI category FNA biopsy samples as the training set and 59
FNA biopsy samples in the validation set. The application of the model to non-satisfactory
and indeterminate FNA biopsy samples (47/95 in the study set and 24/59 in the validation
FNABS) yielded a sensitivity of 100%, specificity of 20%, PPV of 25%, and NPV of 100%,
suggesting that miR-7 and miR-126, significantly different between benign and malignant
tumors, can be used as a “rule-out” test sparing diagnostic thyroidectomy [15].

Shen et al. performed a targeted analysis of eight miRNAs with well-established associations
with thyroid cancer (miR-146b, -221, -187, -197, -346, -30d, -138 and -302c) in 60
indeterminate FNA biopsy samples. Based on this analysis, a set of four miRNAs
(miR-146b, miR-221, miR-187 (upregulated) and miR-30d (downregulated)) correctly
predicted the histologic diagnosis in 56 out of 60 cases. The diagnostic accuracy was 93.3%,
while sensitivity and specificity were 93.2% and 93.8%, respectively. Nevertheless, in the
validation sample including 30 AUS/FLUS cases, the diagnostic accuracy was low—only
73.3%—with a sensitivity of 63.6%, specificity of 78.9%, PPV of 64% and NPV of 79%.
The miR prediction method in this study was accurate for papillary thyroid cancer cases,
with malignant prediction rates of 35/36 (97.2%) and 34/36 (94.4%) in the training and
validation sample sets, respectively. Unfortunately, the malignant prediction rates for FTC
were relatively low—4 out of 5 (80%) in the training sample set and 5 out of 8 (62.5%) in
the validation sample set—suggesting that this miR profiling is not useful in discriminating
between follicular adenoma and FTC.

Several studies have tried to identify the molecular miRNA profile that distinguishes FTC
from benign thyroid lesions. Weber and colleagues analyzed tissue samples derived from 23
FTCs, 20 follicular adenomas (FA) and 4 normal thyroid tissues and found miR-197 and
miR-346 to be significantly overexpressed in FTC. Moreover, functional studies documented
that /in vitro overexpression of either miR induced proliferation and repressed the expression
of their predicted target genes /n vitro and /n vivo, whereas inhibition led to growth arrest
[124]. Nikiforova et al. confirmed differential upregulation of miR-187 and miR-197 in FTC
[19]. However, there was an overlap between the large panel of upregulated miRNAs in FA
and FTC. Kitano and associates profiled the expression of 1263 human miRNAs in 47 tumor
samples (21 benign and 26 malignant) and focused on candidates discriminating between FA
versus FTC, Hirthle cell adenoma (HA) versus Hurthle cell cancer (HCC) and FA/HA
versus FTC/HTC/follicular variant of papillary thyroid cancer (FVPTC). The analysis
revealed significant downregulation of miR-126 and miR-7 in malignant tumors [125]. The
above mentioned studies analyzed tissue samples, not cytology samples obtained after FNA
biopsy. To our knowledge, there are no data reported from prospective cohort studies yet.

An interesting strategy to increase the diagnostic accuracy of adjunct molecular testing is
combining testing for common somatic mutations with miRNA profiling. Labourier et al.
combined the seven-gene mutational testing with expression of a set of 10 miRNAs in
preoperative FNA samples from 109 patients with AUS/FLUS or FN/SFN cytology and
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observed an 89% sensitivity and 85% specificity with a 73% PPV, 94% NPV and 32%
prevalence of malignancy [126]. It is important to realize that the predictive value of any
diagnostic procedure, whether based on pathology review or molecular testing, varies
according to the pretest probability of the condition of interest in the evaluated population.
Therefore, the authors used the Bayes’ theorem and modeled the accuracy of the test based
on different cancer prevalence. The PPV was predicted to be greater than 50% for any
prevalence greater than 15% and the NPV would range from 93 to 98% for a cancer
probability greater than 15% and less than 35%. Thus, the utilization of this approach may
result in an 85% decrease in the number of diagnostic thyroidectomies that may be
performed in the absence of molecular testing [126].

In summary, there is currently no validated miRNA test available in clinical practice. Since
the reproducibility of molecular tests is highly variable in clinical practice, as both NPV and
PPV are affected by the prevalence of thyroid cancer, there is a need to validate the
implementation of miRNA profiling in FNA biopsy in a large multicenter prospective study
that includes patients from tertiary referral centers as well as community centers.

MiRNAs as prognostic markers and therapeutic targets in thyroid cancer

Given the important role of miRNAs in cancer initiation and/or progression, several
investigators have proposed that miRNASs could serve as prognostic markers and therapeutic
targets. Several researchers have documented upregulation of miRNA-146b, miRNA-221,
miRNA-222, miRNA-155 and miRNA-31 and downregulation of miRNA-1, miRNA-34b,
miRNA-130b and miRNA-138 as associated with aggressive forms of PTC [127-129].
Based on a study of miRNA expression in tissue samples from patients with thyroid cancer
recurrence and long-term remission (average follow-up of 120 months), Sonderman and
associates observed that miRNA-9 and miRNA-21 could serve as prognostic markers for
PTC recurrence [130]. Dettmer and colleagues found an independent and significant
association between miR-23b levels and thyroid cancer recurrence and miRNA-150 levels
with thyroid cancer—related death [88]. Abraham et al. found that upregulation of
miRNA-183 and miRNA-375 in MTC predicted lateral lymph node metastasis and was
associated with residual disease, distant metastasis and mortality [131].

There is a growing body of evidence that the expression of certain miRNA is associated with
sensitivity to certain chemotherapeutic agents. Zhang et al. documented that deregulation of
miR-30d, which is involved in beclinl expression in ATC cells, is responsible for the
insensitivity to cisplatin by promoting autophagy survival [132]. Lankenau et al. examined
the mechanisms of resistance to the BRAF inhibitor vemurafenib in BRAFV600E mutant
PTC cells. The authors found that concomitant targeting of BRAF with vemurafenib and
miRNA-3151 either with proteasome inhibitors, to limit its binding capacity to SP1/NF-xBs,
or with antagomiRNA-3151 has synergistic pro-apoptotic effects [133]. Varmeh et al.
identified a set of miRNAs that could be used as biomarkers of resistance to BRAF
inhibitors in patients with thyroid cancer [134]. Lasalle and colleagues demonstrated that
overexpression of miRNA-375 leads to downregulation of SEC23A—a protein involved in
transport between the endoplasmic reticulum and Golgi apparatus—as well as increased
sensitivity of MTC cells to vandetanib [135].
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Several miRNAs (e.g., miR-339-5p and miR-195) are involved in the regulation of thyroid-
specific genes, in particular the sodium-iodine (NIS) symporter, a key protein involved in the
response to radioactive iodine (RAI) treatment [136]. Overexpression of miRNA-146b is
commonly observed in thyroid cancer and may play a role in dedifferentiation and resistance
RAI therapy. miRNA-146b impairs NIS mRNA translation and subsequently decreases
protein levels and, consequently, uptake of iodine via NIS. Interestingly, TSH treatment
results in a strong downregulation of miR-146b and induction of NIS expression, which is
reversed by IGFI and TGFB, two well-established repressors of TSH-induced NIS
expression [137]. Li et al. also showed that inhibition of miR-146b by histone deacetylase 3
(HDAC3) /n vitroin FTC cells leads to upregulation of NIS [138]. Knockdown of
miRNA-21 is another potential mechanism of induction of NIS expression, which leads to
induction of differentiation in ATC cell lines [139].

The studies described above used /n vitro models of targeting regulatory miRNAs, which
begs the question: Is there a chance to translate these finding from bench to bedside? Several
strategies are employed to target miRNA expression /in vivo. The majority of the attempts to
develop therapeutic agents have involved synthesis of expression vectors (miRNA sponges),
small-molecule inhibitors and antisense oligonucleotides (ASOs). The molecular biology
techniques enabled the synthesis of various chemically modified and conjugated
oligonucleotides targeted to efficiently block miR function /n vitroand in vivo. In fact, the
first miRNAs-targeting therapeutic (anti-sense inhibitor of miRNA-122) is now in clinical
trials for hepatitis C virus (HCV) infection (clinicaltrials.gov NCT01727934). The initial
phase 1 clinical trial in solid tumors using siRNAs as the therapeutic agent targeted tissues
of interest with a special nanoparticles delivery system. That led to the reduction of mMRNA
and protein expression of the product of the gene of interest in cancer tissue [140].

There are currently ongoing pre-clinical studies on miRNA-221 antisense inhibitors in
hepatocellular carcinoma. Since miRNA-221 is commonly overexpressed in thyroid cancer
and plays a role in thyroid cancer proliferation, testing this compound in pre-clinical thyroid
cancer models may prove useful.

Another way to use miRNAs therapeutically is compound library screening. This approach
identifies small molecules specifically inhibiting miRNA expressions, such as azobenzene,
which affects miRNA-21 expression [141], as well as several other small molecules that
inhibit miRNA-122 [142]. However, the therapeutic potential of these molecules is limited
by their high EC50 values, which are in the micromolar range, making it difficult to achieve
in human plasma and tissues of interest [143]. Another approach focuses on reinstating
certain miRNAS that serve as tumor suppressors. Currently, there is one ongoing phase 1
clinical trial focused on miRNA-34 replacement in liver cancer or liver metastases of other
cancers (clinicaltrials.gov NCT01829971).

Let-7 was shown to induce growth arrest in multiple cancer cell lines and to suppress tumor
growth in a xenograft model of human lung cancer [144,145]. Interestingly, Let-7 miRNA
was found to reduce MAPK/ERK signaling, inhibit proliferation and induce differentiation
in human thyroid cancer cell lines with RET/PTC rearrangement [146]. Using Let-7 as a
potential MiRNA replacement for cancer treatment is currently being investigated [143].
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Therapeutic utilization of miRNA faces a challenge when it comes to optimal drug delivery,
as all forms of miRNA-targeting oligonucleotides have been found to localize primarily to
the liver, spleen and kidney [143]. Moreover, there is a significant risk of off-target effects
related to nonspecific RNA binding as well as immunostimulatory response, leading to
unpredictable toxicities. In addition, thyroid and other cancers are driven by multiple cellular
pathways. Therefore, combining miRNA-based therapy with well-established therapies (e.g.,
tyrosine kinase inhibitors) might be of interest for novel therapeutic options in thyroid
cancer.

To summarize, we have documented a pivotal role of miRNA in thyroid carcinogenesis,
progression and differentiation and its potential utility in thyroid cancer diagnosis and
prognosis. Since deregulation of miRNAs is not the only molecular event associated with
thyroid cancer, it is reasonable to utilize a more comprehensive approach in thyroid cancer
diagnosis, prognosis and treatment. Future studies should focus on combining somatic
mutations with miRNA profiling to improve the diagnostic accuracy of FNAB of
indeterminate thyroid nodules. In order to improve the accuracy of the predictive models, it
might be worthwhile to incorporate well-established clinic—pathological features such as
age, tumor size, presence of lymph node and distant metastases, extrathyroid extension and
completeness of the surgery with molecular characteristics such as somatic mutation status
and miRNAs profiling. Importantly, miRNA profiling may serve as a useful tool for
predicting responses to certain therapeutics (e.g., vendetanib or vemurafenib), thus enabling
a more personalized therapeutic approach.
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Practice points
. Differentially expressed MiRNAs may be helpful adjunct diagnostic
markers to refine thyroid nodule fine needle aspiration biopsy.
. MiRNA:s in tissue and blood samples that are markers of aggressive

thyroid cancer may provide helpful prognostic information when
planning adjuvant therapy and follow up, and as biomarkers of
treatment response.

. MiRNAs with tumor suppressive function in thyroid cancer could
provide potential therapeutic alternatives in patients with advanced/
metastatic thyroid cancer.
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Research agenda

1. Large, prospective and well-designed studies are needed to validate
diagnostic and prognostic miRNA markers in thyroid neoplasm.

2. Further analysis of the mechanism of dysregulated miRNAs in thyroid
cancer and their target genes is needed to better understand their
function in thyroid cancer imitation/progression.

3. Development of strategies for efficient delivery of miRNAs into the
tumour site is required.
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Fig. 1.
miRNAs signature in different histological types of thyroid cancer.
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Table 1

Dysregulated miRNA and target genes in thyroid cancer.

miRNA Gene target(s) Studies

miR-145 DUSP6 Gu Y etal.,, 2015
Akt3 Boufragech M et al., 2014

miR-30a LOX Boufragech M et al., 2015

miR-30e SMADZ2

miR-144 ZEBI and ZEB2 Guan H et al., 2015

miR-222  p27 Zhong C et al., 2015
PTEN LiBetal., 2016

miR-221  PTEN Li B etal., 2016

miR-146a RARB Czajika A et al., 2016

miR-26a CKS2 Lv Metal., 2013

miR-34b MET Migliore C et al., 2008
c-MYC Leucci E et al., 2008

miR-21 THRB Jazdzewski K et al., 2011
PDCD4 Lu Z etal., 2008
PTEN Meng F et al., 2007
BCL2 Wang P et al., 2009
CDC25A

Let-7 RAS Johnson M et al., 2005
HMGAIL HMGAZ Lee Y.Setal., 2007
mMyYC Sampson V.B. et al., 2007
CCNB1 Johnson C.D et al., 2007
CDK1 Johnson C.D et al., 2007
cbcasc Johnson C.D et al., 2007

miR-200  ZEBI1 SunJetal., 2015

miR-199a CTGF Sun D et al., 2016
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