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AbstrAct
As in many cancer types, miRNA expression profiles and functions have become 

an important field of research on non-medullary thyroid carcinomas, the most common 
endocrine cancers. This could lead to the establishment of new diagnostic tests and 
new cancer therapies. However, different studies showed important variations in 
their research strategies and results. In addition, the action of miRNAs is poorly 
considered as a whole because of the use of underlying dogmatic truncated concepts. 
These lead to discrepancies and limits rarely considered. Recently, this field has been 
enlarged by new miRNA functional and expression studies. Moreover, studies using 
next generation sequencing give a new view of general miRNA differential expression 
profiles of papillary thyroid carcinoma. We analyzed in detail this literature from both 
physiological and differential expression points of view. Based on explicit examples, 
we reviewed the progresses but also the discrepancies and limits trying to provide a 
critical approach of where this literature may lead. We also provide recommendations 
for future studies. The conclusions of this systematic analysis could be extended to 
other cancer types.

IntroductIon

MicroRNAs are a class of small non-coding RNAs, 
19 to 25 nucleotides long, which repress the stability and 
the translation efficiency of their target mRNAs [1]. Their 
expression levels may classify different histological and 
pathological types of human tissues [2]. miRNAs have 
become major recognized actors in molecular cell biology 
in general and in cancer physiopathology and diagnosis 
in particular [3]. It has been suggested that changes in 
the expression of multiple miRNAs could be a major 
mechanism in thyroid cancer tumorigenesis [4] and could 
be used in diagnosis [5]. miRNA studies represent now an 
important chapter in thyroid cancer research.

Thyroid cancer is the most frequent cancer of the 
endocrine glands and the fifth most frequent cancer in 
women, with an increasing incidence [6]. It represents a 
useful model for other cancers because its various types 
present distinct histological features and the evolution 

from one type to another is rather well defined. Human 
thyroid tumors may derive from follicular (thyrocytes) or 
parafollicular C cells. Medullary thyroid cancer is the only 
form of tumor derived from parafollicular C cells. They 
represent a very small part of all thyroid tumors (2-4%) 
[7, 8]. On the other hand, different types of thyroid tumors 
derive from follicular cells. Each type is characterized 
by distinct molecular, clinical and histological criteria. 
Two types of benign tumor are described: autonomous 
adenoma (AA) and follicular adenoma (FA). They 
are characterized by their respectively high and low 
capacity to take up iodide and produce thyroid hormones. 
Three types of thyroid carcinoma are described: well-
differentiated, poorly differentiated and undifferentiated or 
anaplastic carcinoma (ATC). The well-differentiated type 
may be subdivided into two subtypes: papillary thyroid 
carcinoma (PTC) and follicular thyroid carcinoma (FTC). 
PTC is the most frequent type of thyroid cancer (80-85%) 
and originates de novo while FTC (10-15%) may derive 
from FA or directly from normal follicular cells [7, 8]. The 
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long term survival of both tumors is good (greater than 
80% at 10 years) and both present a loss of differentiation 
with decreased capacity to take up iodide and decreased 
expression of specific differentiation markers (e.g. TSH 
receptor) [7, 8]. ATC is one of the most aggressive human 
tumors; the thyrocytes are completely dedifferentiated 
and nonfunctional and the one year survival rate is 
estimated at 10 to 20% [9]. This tumor either derives from 
differentiated tumors or directly from normal follicular 
cells. However, ATC represents only 1 to 3% of all thyroid 
tumors [7-9].

Great progress has been made in the diagnosis and 
the understanding of the physiopathology of human non-
medullary thyroid carcinomas. Nevertheless, the nature 
of the transition from a slowly evolving differentiated 
adenoma to a highly aggressive anaplastic carcinoma 
remains poorly understood. In addition, the establishment 
of a molecular signature that can increase the accuracy 
of the cancer diagnosis on thyroid biopsies is still an 
important subject of research [5, 10].

The most exhaustive and cited review on miRNAs in 
human thyroid cancer, by Pallante et al, [11] summarized 
data on miRNA expression variations compared to normal 
samples (miRNA differential expression profiles) in 
various thyroid cancers, published until 2013. As in other 
recent reviews [12], the results of the literature are reported 
in the form of tables with little comparative analyses of the 
different studies. Such analyses should lead the reader to 
a better understanding of the main conclusions but also 
limits and the discrepancies which are rarely considered. 
General miRNA differential expression profiles of non-
medullary thyroid carcinomas are described but the 
results of different studies show strong variations. Even 
considering the variations in their experimental procedures 
(types of samples, quantity and repartition of samples, 
methodology and significance criteria used), it is difficult 
to draw simple conclusions from these syntheses. From 
such discrepant results some miRNAs are chosen to be 
integrated into functional schemes. From this analysis, 
diagnostic and therapeutic implications are derived and 
discussed. The miRNA expression data used by Pallante 
et al., and authors of similar reviews, are qRT-PCR or 
miRNA microarrays data. Since then, the field has been 
improved by the release of new miRNA functional and 
expression profiling studies. Next generation sequencing 
(small RNA deep sequencing technologies) gives a new 
reading of miRNA differential expression profiles of PTC 
and FTC [13-19].

The aims and thus the strategies of miRNA 
expression studies in cancer may differ: they can 
either define general differential expression profiles 
and diagnostic signatures or define physiopathological 
mechanisms and possible therapeutic approaches [20]. 
In the present review, we shall analyze separately these 
two viewpoints by reviewing in detail progresses but 
also discrepancies in the literature of miRNAs in the 

non-medullary thyroid cancers field. PubMed referenced 
290 articles on “miRNA and thyroid cancer” on October 
2015. We aimed to provide a critical approach of where 
this literature may lead. The conclusions of this systematic 
analysis could be ultimately applied to other cancer types.

dIfferentIAL expressIon profILIng

general considerations

We performed a systematic review of the articles 
showing miRNA differential expression profiles between 
human thyroid carcinomas (PTC, FTC or ATC) and 
normal samples until end of October 2015. After exclusion 
of studies using cell lines or pooled samples, a total of 
24 studies were kept for further analyses. We describe the 
research strategy used in each study regarding the number 
and the repartition of samples, the methodologies and the 
significance criteria used (Table 1-3). All these studies are 
difficult to compare as they differ in:
the number of patients and the population selection 
bias

The number of patients is a well-known source of 
variation between studies. It is only recently that a large 
cohort of 495 PTC samples has been analyzed [15], but 
with a relatively limited number of available normal 
samples (59). A variable number of samples was analyzed 
in the PTC studies, with a minimum of three tumors and 
normal samples [21]. This makes the direct comparison of 
the results of the different studies complicated (Table 1). 
The same observation can be done for the 7 FTC studies 
described. A variable number of samples was analyzed: 
from 6 tumors and normal samples [22] to 38 tumors 
and 10 normal samples [23] (Table 2). The very limited 
prevalence of ATC in the general population challenges 
the collection of a large cohort of samples. Indeed, the 
largest study analyzed 30 tumors and normal samples 
[24] while the 3 others analyzed fewer samples (Table 
3). Moreover, it is important to know that most of the 
studies on miRNA thyroid tumors expression profiles 
concerned Caucasian populations. Recently, a preliminary 
study showed that some variations may appear between 
the miRNA expression profiles of PTC samples from 
Caucasian American patients and African American 
patients but these results require further confirmations 
regarding possible confounding factors [25].
The quantification method used

Three methods are mostly used, namely miRNA 
microarray, qRT-PCR and small RNA deep sequencing. A 
meta-analysis of published microarray data confirmed by 
qRT-PCR on 76 pathological samples validated 2 miRNAs 
for a potential signature of FTC against FA [26]. However, 
a further analysis by small RNA deep sequencing by the 
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Table 1-3: synthesis of research strategies of general miRNA expression profiles studies of non-medullary thy-
roid carcinomas compared to normal tissues following literature analysis, until October 2015. 
table 1

references first sample set Methodology Significance criteria Independent 
validation set

He et al. 2005 [117] 15 PTC vs NPTC µarrays (235) SAM (qval=0) NA

Pallante et al. 2006 [118] 30 PTC vs 10 NT µarrays (245) ANOVA,
T-test (pval<0.05) 39 PTC vs NPTC

Tetzlaff et al. 2007 [119] 10 PTC vs 10 MNG µarrays (219) SAM (FDR<0.05) 10 PTC vs 10 MNG
Nikiforova et al. 2008 [40] 9 PTC vs 5 NT qPCR panel (158) T-test (FDR<0.05) 6 PTC vs 3 HN

Yip et al. 2011 [98] 12 PTC vs 4 NT µarrays (319) modulated in each sample NA
Lassalle et al. 2011 [22] 16 PTC vs NPTC µarrays (462) log2 fold changes > |0.58| NA
Huang et al. 2013 [29] 12 PTC vs 3 NT µarrays (866) SAM (FDR=0) NA

Dettmer et al. 2013 [38] 44 PTC (>80%) vs 
8 NT qPCR panel (754) MWW (pval<0.05) 46 PTC vs 5 NT

Zhang et al. 2013 [21] 3 PTC vs NPTC µarrays (1090) T-test (pval<0.05)
log2 fold changes > |1| NA

Jacques et al. 2013 [120] 2 PTC vs NPTC µarrays (866) T-test (pval<0.05) 5 PTC vs 5 NT
Wang et al. 2013 [121] 6 PTC vs 2 NT µarrays (1205) T-test (pval<0.05) NA
Peng et al. 2014 [30] 8 PTC vs 4 MNG µarrays (1223) fold changes >2 or <0.5 NA

Swierniak et al. 2013 [13] 14 PTC vs NPTC small RNA deep Seq T-test (FDR<0.05) 9 PTC vs NPTC

TCGA 2014 [15] 495 PTC (>60%) vs 
59 NT small RNA deep Seq

RPM>50
SAMseq (FDR<0.05)

Wilcoxon test (pval<0.05)
NA

Mancikova et al. 2015 [17] 35 PTC (>80%) vs 
8 NT small RNA deep Seq edgeR (FDR<0.01)

fold changes >2 or <0.5
43 PTC (>80%) vs 9 

NT

Saiselet et al. 2015 [19] 3 PTC (>70%) vs 
NPTC small RNA deep Seq edgeR (FDR<0.05)

14 PTC (>70%) vs 
NPTC

TCGA data

Riesco-Eizaguirre et al. 
2015 [18] 8 PTC vs NPTC small RNA deep Seq

RPM >0.6 
edgeR (FDR<0.05)

fold changes >1.5 or <0.66
16 PTC vs 14 NT
8 PTC vs 8 NT

table 2

references first sample set Methodology Significance criteria Independent 
validation set

Nikiforova et al. 2008 [40] 5 FTC vs 5 NT qPCR panel (158) T-test (FDR<0.05) 4 FTC vs 3 HN

Reddi et al. 2011 [77] 12 FTC vs 7 NT µarrays (1146) mean expression differences ≥ 
3 SD 10 FTC vs 3 NT

Lassalle et al. 2011 [22] 6 FTC vs NFTC µarrays (462) log2 fold changes > |0.58| NA

Rossing et al. 2012 [122] 12 FTC vs 10 NT µarrays (841) T-test (FDR<0.05)
fold changes >2 or <0.5 NA

Dettmer et al. 2013 [23] 38 FTC (>80%) vs 
10 NT qPCR panel (381) T-test (FDR<0.05) NA

Wojtas et al. 2014 [123] 10 FTC vs NFTC µarrays (1146) T-test (FDR<0.05)
fold changes >2.5 or <0.4 11 FTC vs NFTC

Mancikova et al. 2015 [17] 17 FTC (>80%)  vs 
8 NT small RNA deep Seq edgeR (FDR<0.01),

fold changes >2 or <0.5
6 (>80%) FTC vs 

9 NT

table 3

references first sample set Methodology Significance criteria Independent 
validation set

Visone et al. 2007 [24] 10 ATC vs 10 NT µarrays (161) T-test (pval<0.05) 20 ATC vs 20 NT
Nikiforova et al. 2008 [40] 2 ATC vs 5 NT qPCR panel (158) T-test (FDR<0.05) 2 ATC vs 3 HN

Braun et al. 2010 [101] 3 ATC vs 3 NT µarrays (773) fold change of each tumor/normal 
pair >2 or <0.5 NA

Hebrant et al. 2014 [53] 11 ATC vs 19 NT µarrays (841) fold change of each tumor >1.5 or 
<0.66 NA
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same authors showed different results [14]. The recent 
small RNA deep sequencing technology, thanks to its 
high resolution, can outperform miRNA microarray and 
qRT-PCR, by providing a more accurate quantification 
based on the detection of each miRNA isoform (isomiR) 
independently. In addition, it allows the identification 
of single base variations, including individual single 
nucleotide polymorphisms, mutations, RNA-editing 
and 3’non-templated nucleotide additions [27, 28]. The 
constant discovery of new miRNAs and the development 
of new miRNA expression profiling platforms created 
significant variations in the number of miRNAs analyzed 
in the 24 reported studies (Table 1-3). The majority of 
the studies have used microarrays analyzing from 161 
up to 1223 different miRNAs. On the other hand, the use 
of small RNA deep sequencing in 5 studies allowed the 
analysis of all known miRNAs and the potential discovery 
of new miRNAs. Consequently, the discrepant results 
between studies could be due to the absence of specific 
miRNAs in some profiling platforms. miR-204-3p and 
miR-7-3p are examples of such miRNAs: their expressions 
have been reported as decreased in PTC in recent small 
RNA deep sequencing studies [18, 19] but these miRNAs 
are absent from the microarray platform used in a study 
using similar samples in 2011 [22]. Actually, miR-204-3p 
is still missing in more recent microarrays platforms [29, 
30].
the use of a validation sample set and the criteria of 
statistical significance

It is advisable to use well-confirmed statistical 
analyses with commonly used significance criteria and 
two independent sets of samples in order to assert the 
accuracy and the comparability of an expression profile. 
The modulation of each miRNA must be defined on a 
training set and validated on another set of samples by a 
similar or a different quantification methodology. Those 
sets should be independent and as similar as possible. 
However, only 12 of the 24 referenced studies used a 
completely independent validation set of samples (Table 
1-3). Additionally, the statistical tests used and the 
associated significance criteria can drastically change the 
results of a study. Regarding this matter, the 24 studies 
showed poorly homogenous protocols. The student t-test 
was commonly used and generalizations of this test in 

tools applied to microarrays (e.g. Significance Analysis 
of Microarrays) or deep sequencing technologies (edgeR) 
were used in 18 of the 24 studies but only in 2 of the 4 
ATC studies. Moreover, the required correction for 
multiple testing was only used in 13 of the 18 studies 
including one of the 4 ATC studies. Furthermore, 10 of the 
24 studies used fold change thresholds to limit the results 
to the most interesting miRNA modulations in terms of 
cancer physiology (Table 1-3).
the heterogeneity of the tumors and the cell 
contamination

The heterogeneity of the tumors could lead to 
different expression results for different samples of 
the same tumor type or for different parts of the same 
tumor [31] but this is rarely investigated. Single cell 
genome sequencing reveals high heterogeneity from 
cell to cell. This casts doubts on the general validity of 
global quantification on pieces of tumor tissues [32, 
33]. Moreover, miRNA expression modulations in 
tumor samples might reflect a dilution of cancer cells by 
stromal cells (e.g. lymphocytes, fibroblasts) [34, 35]. On 
the other hand, changes in a subpopulation of cells (e.g. 
stromal cells) may be relevant to the physiopathology of 
cancer (e.g. breast cancer) [36] and a miRNA expression 
modulation nonspecific to cancer cells could actually be 
used in a clinical signature. Nevertheless, this will blur 
the basic research on the physiopathology of cancer cells. 
Unfortunately, on the 24 referenced studies only 5 used 
a threshold of cancer cells concentration in the tumor 
samples included, and this threshold varies from 60 to 80 
% (Table 1-3).

description and analyses of the comparative 
tables

In accordance with the above considerations, it is 
not surprising that comparative results of the reported 
studies look rather confusing. The differences in the 
research strategy complicate the results of a meta-analysis 
that would be difficult to correctly interpret. Within this 
framework, we report the number of modulated miRNAs 
described in each study and exhaustive comparative lists 
of these miRNAs (supplementary file 1). The results are 
highly heterogeneous but we found several interesting 

We describe the composition of the first sample set analyzed, the quantification methodology and the statistical significance 
criteria used to analyze this first set and the composition of the independent validation set of samples used if provided. 
The methodology for the analysis of the independent validation set may be different from the one used for the first set, and 
was most of the time qRT-PCR. When mentioned in the original publication, the percentages of cancer cells considered to 
determine the inclusion or rejection of a tumor sample in the study are mentioned in brackets in the “First sample set” and in 
the “Independent validation set” columns. The numbers of human mature miRNAs analyzed by each microarray or quantitative 
PCR platform are mentioned in brackets in the “Methodology” column. PTC: papillary thyroid cancer; NPTC: associated 
normal tissue of papillary thyroid cancer; FTC: follicular thyroid cancer; NFTC: associated normal tissue of follicular thyroid 
cancer; ATC: anaplastic thyroid cancer; NT: normal thyroid tissue; MNG: multinodular goiter; HN: hyperplasic nodule; NA: 
no independent validation set in the study; SAM: significance analysis of microarrays; MWW: Mann–Whitney–Wilcoxon U 
test; FDR: false discovery rate; RPM: reads per millions.
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observations:
miRNA expression profiles in PTC

A total of 125 up-regulated and 140 down-regulated 
miRNAs are reported but only a few are described in the 
majority of the studies. Some miRNAs are described as 
both down- and up-regulated in different studies (e.g. 
miR-195-5p). However, it is very interesting to observe 
that small RNA deep sequencing studies clearly changed 
the reported miRNA expression profile for this carcinoma. 
The 12 qRT-PCR or microarrays studies described a 
limited number of modulated miRNAs: from 5 to 25 up 
and from 0 to 11 down-regulated miRNAs with a great 
variation in the results. Only a few miRNA are found in 
at least three different studies. The over-expression of 
miR-146b-5p, miR-221-3p and miR-222-3p are reported 
in a majority of these studies. This led many authors to 
believe that PTC do not present common under-expressed 
miRNA and that these 3 miRNAs are the major modulated 
miRNAs in PTC (Table 4 and supplementary file 1). This 
concept was partially invalidated by the 5 recent small 
RNA deep-sequencing studies. These studies reported 
more modulated miRNAs: from 10 to 43 up- and from 5 
to 77 down-regulated miRNAs. In addition, the majority 
of these studies reported 13 common up-regulations 
including miR-146b-5p, miR-221-3p and miR-222-3p 
and 17 down-regulations (e.g miR-7-3p, miR-204-5p, 
miR-1179) (Table 4 and supplementary file 1). These 
modulations have been mostly described in studies using 
an independent validation sample set analyzed with an 
alternative methodology (mostly qRT-PCR).

Follicular variants of PTC represent a challenging 
category of PTC. They show follicular patterns of cells 
but the cytology is related to papillary cancer [37]. Most 
of the time, they are analyzed together with classical 
forms and other uncommon variants. It has been shown 
that the miRNA expression profiles of follicular variants 
and classical variants are quite similar [15, 22, 38]. 
However, strong differences may be found in the intensity 
of modulations of some specific miRNAs [15, 19, 38]. 
Classical forms are the most frequent and are enriched 
by a specific mutation in the BRAF gene (BRAF V600E) 
while follicular variants present mutations in RAS genes 
or the BRAF K601E mutation. These mutations lead to 
different expression profiles in the tumor cells [8, 15]. 
The majority of commonly reported deregulated miRNAs 
in PTC by small RNA deep sequencing studies (Table 4) 
show an increase of their level of modulations according 
to the mutational status of the tumor. All the up-regulated 
miRNAs show increased expression in BRAF V600E 
positive tumor samples compared to BRAF V600E 
negative tumor samples, except miR-34a-5p, miR-182-5p 
and miR-183-5p. Similarly, the down-regulated miR-7-2-
3p, miR-138-3, miR-138-5p, miR-139-5p, miR-152-3p, 
miR-204-5p, miR-652-3p, miR-873-5p and miR-1179 
show decreased expression in BRAF V600E positive 
tumor samples compared to BRAF V600E negative tumor 
samples [15, 19].
miRNA expression profiles in FTC

A total of 41 up-regulated and 79 down-regulated 
miRNAs are reported but only few miRNAs are described 

table 4: commonly reported modulated mirnAs in non-medullary thyroid carcinomas compared to normal tissues. 
up-regulated down-regulated

PTC
µA and qRT-PCR

miR-146b-5p, miR-221-3p and miR-222-3p

(miR-21-5p, miR-31-5p, miR-34a-5p,
miR-146b-5p, miR-181b-5p, miR-221-3p, 

miR-222-3p, miR-224-5p, miR-375,
miR-551b-3p)*

(miR-7-5p, miR-138-5p)*

PTC
deepSeq

miR-21-3p, miR-21-5p,miR-31-3p,
miR-31-5p,miR-34a-5p, miR-146b-3p,

miR-146b-5p, miR-182-5p, miR-183-5p, miR-
221-3p, miR-221-5p, miR-222-3p, miR-551b-

3p

miR-7-2-3p, miR-30a-3p,miR-100-5p,
miR-138-3p, miR-138-5p, miR-139-5p, miR-
144-3p, miR-144-5p, miR-152-3p, miR-204-

5p, miR-451a, miR-486-3p,
miR-486-5p, miR-652-3p, miR-873-5p, miR-

874-3p, miR-1179

FTC
whole

miR-96-5p, miR-182-5p miR-221-3p

(miR-183-5p, miR-222-3p)* (miR-31-5p, miR-199a-5p, miR-199b-5p)*

ATC
µA

let-7f-5p, let-7g-5p, miR-26a-5p,
miR-26b-3p, miR-30d-5p, miR-30e-5p, miR-
30a-5p, miR-99a-5p, miR-99b-5p, miR-125a-
5p, miR-125b-5p, miR-135a-5p, miR-138-5p, 

miR-141-3p miR-200b-3p

Referenced miRNAs are modulated in the majority of the expression profiles studies described in Tables 1 to 3. *: miRNAs 
in brackets are modulated in at least three different expression profiles studies. The considered studies for each tumor type 
are mentioned: µA: miRNA microarray profiling studies; qRT-PCR: quantitative PCR profiling studies; deepSeq: small RNA 
deep sequencing profiling studies; whole: all methodologies.
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in a majority of studies. These showed variable numbers 
of modulated miRNAs: from 0 to 26 up- and from 0 to 
40 down-regulated miRNAs. Contrary to PTC, only one 
small RNA deep-sequencing study is available, which 
reported 26 up- and only 5 down-regulated miRNAs. 
miR-96-5p, miR-182-5p and miR-221-3p are the only 
overexpressed miRNAs consistently reported whereas no 
common under-expression is observed. Only the down-
regulation of miR-31-5p, miR-199a-5p and miR-199b-5p 
are described in at least three different studies (Table 4 and 
supplementary file 1).
miRNA expression profiles in ATC

A qRT-PCR study reported 10 up-regulated miRNAs 
but no down-regulation. This observation was invalidated 
by 3 microarray studies showing that ATC present down-
regulated miRNAs but very few up-regulations. In total, 
these 3 studies described 44 down-regulated miRNAs and 
only 6 up-regulated miRNAs. The under-expression of 
13 miRNAs (e.g. miR-30d-5p, miR-141-3p, miR-200b-
3p) are reported in at least 2 of these 3 studies. Decreased 
expression of the EMT regulators miR-30a-5p and 
miR-125b-5p are reported in the 3 studies and could be 
considered further in a diagnostic signature (Table 4 and 
supplementary file 1).

diagnostic mirnAs in fnAb and blood samples

Differential expression profiles may also be used on 
fine needle aspiration biopsies (FNAB), surgical materials 
or blood samples to diagnose and distinguish the different 
types of human thyroid cancer. One of the advantages of 
miRNAs is their stability in diagnostic material [39-42]. 
A large number of studies describe miRNA diagnostic 
signatures in thyroid FNAB and blood samples [5, 26, 
43-49]. They present similar variations in their research 
strategies and results as in the studies on surgical materials.

Most of the studies on FNAB analyzed miRNAs 
that were previously described as modulated in tissue 
samples. The tested miRNAs were selected arbitrarily 
[43, 44, 47] or by meta-analysis of the previous data [26]. 
Variable diagnostic accuracies are described for each 
single miRNA qRT-PCR assay or for a combination of 
them. However, in a recent meta-analysis, Zhang et al 
[5] reported that multiple miRNA assays used together 
showed a higher diagnostic accuracy than single miRNA 
assays. Accordingly, Labourier et al. [47] recently showed 
that an expression signature of 10 miRNAs can increase 
the diagnostic accuracy of a previous test of malignancy 
on thyroid FNAB which is based on the detection of 
specific mutations. This could represent an alternative to 
recent ones based on DNA next generation sequencing 
technology [10].

Studies on blood samples are limited by the scarce 
knowledge on circulating miRNAs in the blood of thyroid 
cancer patients. So far, contradictory results have been 

obtained. miR-95-3p and miR-190-5p were proposed 
as diagnostic blood markers because they showed 
respectively increased and decreased expression in both 
tumor and blood samples of a cohort of Caucasian patients 
with PTC [49]. However, these miRNAs are different from 
those reported two years earlier in the blood samples of a 
Chinese cohort: increased expression of let-7e-5p, miR-
151-5p and miR-222-3p [45]. This strong difference could 
be linked to a population selection bias. Nevertheless, 
the modulation of miR-222-3p has also been confirmed 
in the blood of Australian patients [46]. Very recently, 
another similar study performed in a Canadian cohort 
identified the up-regulated miR-10a-5p and let-7b-5p and 
the down-regulated miR146a-5p and miR-199b-5p as 
diagnostic blood markers of PTC. In this study, none of the 
previously cited miRNAs was reported as modulated [48]. 
Inconsistent results have been found also for other cancer 
types [50]. This could be explained by methodological 
pitfalls and limitations that are inherent to the screening 
of miRNAs in blood samples. Indeed, circulating miRNAs 
detected in serum or plasma samples may originate from 
tumors cells or other tissues. They are included in specific 
vesicles or released freely in the blood flow. However, 
blood cells also express miRNAs. Therefore, the miRNA 
expression profile is dependent on each pre-analytical step. 
For instance, the source of samples (serum vs plasma) and 
their processing, the miRNA extraction method or the 
presence of contaminating miRNAs originated from the 
lysis of blood cells dramatically influence the expression 
profiles [50-52]. Furthermore, other factors such as the 
normalization method used can influence the expression 
profiles, leading to a general lack of reproducibility. 
In our review of the literature, each study used its own 
methodology. For instance, only the Canadian study 
considered the potential hemolysis in the samples [48] 
while plasma samples were used only in the Australian 
study [46]. Further works with improved methodology are 
needed to clarify the situation.

conclusions, perspectives and remaining 
challenges

Even if the number of studies is limited, the 
small RNA deep sequencing studies gave a new view 
of the miRNA expression profile of PTC. We therefore 
believe that such studies designed with a thoughtful 
experimental strategy would be helpful to improve the 
miRNA expression profiles of FTC and ATC. So far, PTC 
and FTC present some common overexpressed miRNAs: 
miR-182-5p, miR-183-5p, miR-221-3p and miR-222-3p. 
ATC samples present a completely different expression 
profile (Table 4). This suggests that the progression of 
differentiated thyroid carcinomas to ATC is characterized 
by drastic changes in the miRNA expression profiles.

There is no doubt that, when used with a proven 
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methodology, miRNA expression signatures can contribute 
to a satisfactory separation of thyroid carcinomas and 
benign nodules using FNAB samples. Newly described 
deregulated miRNAs by small RNA deep sequencing 
could increase the accuracy of diagnostic tests. However, 
the studies on circulating miRNAs in blood samples are 
still preliminary and present too many divergent results to 
conclude on their utility as diagnostic markers.

The establishment of differential expression profiles 
between FTC and FA and the early detection of poorly 
differentiated carcinoma and ATC remain as challenges. 
However, the latter carcinomas present a very low 
prevalence in many populations [6, 8].

physIopAthoLogy

general considerations

In general, miRNAs are found to be differentially 
expressed in one type of carcinoma after a preliminary 
screening. Then, their modulations are confirmed by a 
specific experiment (e.g. qRT-PCR) in a larger series of 
samples. Their possible mRNA targets are predicted using 
one or more available bioinformatics algorithms. A screen 
of the literature and/or specific experiments point out the 
predicted mRNAs that are indeed regulated as expected 
in the carcinoma. A cell line is then searched in which the 

overexpressed miRNA represses its mRNA target and/
or conversely, the repression of the miRNA enhances its 
target expression. This suggests a cell biology program 
(e.g. EMT, cell proliferation) that is shown to be altered in 
the right direction by miRNA and its siRNA counterpart 
in vitro. Potentially, in vivo confirmation experiments 
are conducted by injection of transfected cell lines 
subcutaneously in immunodeficient mice (Xenograft 
mouse model). Finally, a sequence from the miRNA 
expression to the pathology is proposed and the miRNA 
is suggested as a therapeutic target (Figure 1). The present 
stereotype is so prevalent that publications demonstrating 
striking changes in miRNA expression without a classical 
analysis of mRNA targets are difficult to publish. Our 
group has also participated in this same fashion [53]. 
Before exploring the comparative results, a short analysis 
of the accepted concepts of miRNAs action is in order.
regulation of mrnA expression by mirnAs is a 
complex network

The control of gene expression by miRNAs may 
take place at two levels: mRNA translation inhibition 
or mRNA degradation [54], the former leading to the 
latter. Each miRNA has multiple mRNA targets and each 
mRNA can be the target of multiple miRNAs [55]. There 
is therefore a multiple control at the level of both miRNAs 
and mRNAs (Figure 1A) [55, 56]. Thus any change in 
miRNA expression may lead to many slight changes of 
targeted mRNAs. Furthermore, each mRNA may be the 

figure 1: interrelations between mirnAs and their mrnA targets. A. the bidirectional multiple controls model: several mRNA 
targets per miRNA and several controlling miRNAs per mRNA; b. the linear control model: one miRNA - one mRNA target- one biological 
effect, implicit in most miRNA functional studies.
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target of several miRNA variations leading eventually to 
major quantitative changes of mRNA expression. Also, 
slight effects of one miRNA on several mRNAs and 
their derived proteins of a specific pathway may lead, 
by multiplying these effects, to sizeable changes in the 
signaling cascade [57]. Multiple redundant pathways 
and feedback loops further complicate this analysis. 
Moreover, the action of a specific miRNA may be blocked 
due to the increased presence of RNAs containing the 
targeted sequence (“sponge” RNAs). This can produce 
a “dilution” of the repression function of the miRNA 
on its conventional mRNA target(s) [58]. Consequently, 
this complex regulation network should be considered 
when characterizing the function of a given miRNA. It 
is hazardous to resume the action of one miRNA to the 
inhibition of one or several mRNA targets even if these 
mRNAs showed modulated expressions (Figure 1B). 
Multiple cross-linked pathways represent a more realistic 
representation of the true molecular impacts of miRNAs 
but this is rarely explored.
mirnAs could act as long term mrnA expression 
regulators

A further pitfall in the analysis of miRNA expression 
data is the assumption that these account for most changes 
in mRNA expression. In fact major changes in mRNA 
expression occur, especially on a short-term basis, at the 
level of transcription and independently of the miRNAs. 
Transcription or half-life of any mRNA is controlled at 
many different levels. For instance long-term TSH or 
EGF/serum treatments of cultured human thyroid cells are 
able to mimic autonomous adenoma or PTC respectively, 
in terms of mRNA expression. However, no major change 
is observed for miRNAs, suggesting that the mRNA 
regulations induced by these physiological agents occur 
independently [59]. Similarly, in autonomous adenoma 
only 4 of the 841 investigated miRNA vs 483 of the 
22000 mRNA are modulated between the tumor and the 
normal cells, by a factor greater than |2| [60]. Autonomous 
adenoma is a hyperfunctioning tumor presenting 
qualitatively normal follicular cells. The thyroid function 
is not qualitatively modified but the level of activity of the 
tissue is enhanced and mRNA expression is quantitatively 
modified, unlike miRNA. On the other hand, PTC shows 
qualitative alterations and up to 120 miRNAs and almost 
half of the mRNA expressions were found modulated 
between cancers and normal samples [15, 61].

These caveats on the role of miRNAs are also in 
line with the observations upon in vivo Dicer inactivation 
in thyroid. In mouse models, the arrest of mature miRNAs 
generation induces progressive loss of function and 
cell dedifferentiation but increases cell proliferation 
only after a long time. Moreover, this increase seems 
inefficient and might be limited by the activation of 
the TGF-β pathway or others mechanisms that have 
to be characterized. Indeed, these mice do not show an 

increased thyroid size or nodules [62-64]. Interestingly, 
the inducible arrest of mature miRNAs generation in 
adult mice leads to progressive cell dedifferentiation, 
increased cell proliferation but no loss of thyroid function. 
Again, no variation of the thyroid size and no nodule 
were reported [64]. By contrast, the rare human Dicer 
inactivated syndrome is associated with an increased 
risk of hyperplasic multi-nodular goiters. This syndrome 
predisposes to different types of tumors leading in 
rare cases to PTC development [65, 66]. Despite the 
differences observed between human and mouse models, 
these studies commonly show that Dicer is required for the 
long term maintenance of thyroid follicular organization 
and thyrocyte differentiation. Therefore, the role of 
miRNAs is mainly “the precision in the orchestration” 
[58] or insuring a stabilization of the steady state [67] and 
control of expression noise [68].
Identification of mRNA targets

Multiple computational programs have been 
developed for the identification of mRNA targets of 
miRNAs but often these do not provide coherent lists [69]. 
While one program may suggest hundreds of possible 
targets, combining two programs reduces the list to 
only a few common possible targets and three programs 
might show no overlap at all. This leads to the use of 
the common list resulting from only two programs. The 
microarrays and deep sequencing datasets of miRNA and 
mRNA expressions could be used together, with prediction 
targets programs, to create new global bioinformatics 
analyses. This methodology would highlight the most 
interesting mRNA target - miRNA couples and makes 
pathways analyses easier. Many algorithms allowing those 
analyses have been proposed recently and could be used 
in the future [70-73].

functions of mirnAs: descriptions and analyses

The above considerations could lead to a skeptical 
appraisal of the studies investigating in depth one specific 
miRNA in thyroid carcinomas, its target(s) inhibition 
and the validation of this interaction by using cell lines. 
We performed an exhaustive review of the literature 
considering only studies that showed or mentioned a proof 
of direct interaction (e.g. luciferase assays) between the 
considered miRNA and its proposed mRNA target(s). We 
therefore referenced information regarding 44 different 
miRNAs (supplementary file 2). Most of these miRNAs 
are presented as potential major elements in the biology of 
the tumor involved. However, only 9 miRNAs are common 
to several studies. Five of them are well characterized for 
their involvement in many other cancer types: miR-21-5p, 
miR-145-5p, miR-221-3p, miR-222-3p and miR-101-3p 
[74]. Most of the up-regulated miRNAs in PTC, FTC or 
ATC are described as proto-oncogenic miRNAs (oncomiR) 
and most of the down-regulated miRNAs are described 



Oncotarget52483www.impactjournals.com/oncotarget

as tumor suppressors. Nevertheless, some studies suggest 
that the modulation of the studied miRNAs could be due 
to a cell response against the transformation process. This 
has been described for miR-20a-5p [75], miR-195-5p [76], 
miR-112-5p [77] and both miR-146a-5p and miR-146b-
5p [78, 79]. Interestingly, knockout mice for miR-146a 
gene (which has been described as overexpressed in PTC 
and ATC by some studies) develop early hyperplasia in 
prostate, followed by the appearance of internal prostatic 
intraepithelial neoplasia in older mice [80]. Similarly, old 
miR-146a knockout mice show myeloid sarcomas and 
lymphomas [81]. These data suggest that miR-146a-5p 
is a tumor suppressor miRNA, rather than an oncomiR, 
that has a protective role against tumor initiation. Other 
miRNAs described here could have a similar role.

The luciferase assay is the standard in vitro assay 
used to study the direct interaction between a miRNA and 
its targeted mRNA. It has been shown that this assay may 
present variations depending on the cell line used [82]. 
However, only half of the studies reported (supplementary 
file 2) performed or referenced luciferase assays on human 
thyroid carcinoma cell lines. Therefore, further validation 
is required for the remaining studies regarding the direct 
inhibition of the targeted mRNA(s). Furthermore, our 
group has shown that the most commonly used human 
thyroid cancer cell lines (BCPAP, TPC-1, K1, FTC133, 
WRO and 8505C) actually present similar mRNA and 
miRNA expression profiles. Our studies suggest that these 
cell lines are indeed better models for ATC even if they 
originated from PTC or FTC [59, 83]. Nevertheless, this 
fact is rarely considered, and these cells are frequently 
used in in vitro miRNA functional assays and Xenograft 
mouse models.

Most of the referenced studies designed their 
research strategies considering the dogmatic linear 
model of one miRNA - one mRNA (Figure 1). Their 
methodologies did not consider the whole spectrum of 
action of the studied miRNAs and they presented some 
of the problems previously mentioned. This leads to 
discrepancies in the literature. From our review, we can 
draw three explicit examples:
mir-21-5p

different functional studies showed that miR-21-
5p inhibits thyroid differentiation but also increases 
cell proliferation and invasion. To explain these results, 
targeted mRNAs such as THRB, PTEN and PDCD4 have 
been reported as repressed. However, the direct inhibition 
of these mRNAs by miR-21-5p has only been proved in 
non-thyroid cell lines [84-87]. On the other hand, Frezzetti 
et al. [88] performed target and pathway bioinformatics 
analyses based on the modulated mRNAs following an in 
vitro increase of miR-21-5p expression in thyroid cells. 
Down-regulated mRNAs associated with the up-regulation 
of miR-21-5p are mainly involved in the cell cycle which 
is composed by validated targets, predicted targets of miR-

21-5p but also indirect targets of this miRNA such as p53 
and cyclin B1. This unconventional but more realistic 
methodology revealed the potential major effect of miR-
21-5p in a follicular context. This effect is mainly related 
to the inhibition of the cell cycle and could be less related 
to cell invasion or dedifferentiation.
mir-146a-5p

this miRNA was first presented as an oncomiR 
able to protect ATC cell lines against chemotherapeutic 
drug-induced apoptosis [89]. However, it has been shown 
more recently that this miRNA is able to decrease cell 
proliferation and increase cell apoptosis in human PTC 
cell lines by targeting PKCε [78]. This suggests a dual role 
for this miRNA in thyroid cancer progression.
mir-146b-5p 

this miRNA is one of the strongest overexpressed 
miRNA in PTC. It has been described first as an oncomiR 
which increases cell proliferation by targeting SMAD 
4 but maintains the cells in a differentiated state and 
protects them from the TGF-β anti-proliferative signal 
[90]. However, TGF-β has a dual role in epithelial cancer 
progression. It has been shown that miR-146b-5p is up-
regulated when inducing EMT in vitro by long term 
TGF-β treatment and this miRNA may have an inhibitory 
role on cell proliferation and invasion [79]. Recently, 
using similar methodologies, miR-146b-5p has been 
described to promote cell invasion, induce EMT and PTC 
metastasis through the activation of the Wnt/β-catenin 
signaling pathway [91]. The three mentioned studies 
inhibited miR-146b-5p expression by anti-miR siRNA in 
TPC1 or K1 cells but described opposite results regarding 
cell proliferation or cell invasion [79, 90, 91]. These three 
examples clearly show the necessity of a multi-targets 
approach to characterize the physiological function of a 
miRNA.

We summarized the function proposed for the 
considered miRNAs in the three non-medullary thyroid 
carcinoma types. We excluded studies reporting a 
modulation never observed in at least one of our 
referenced 24 general miRNA expression profile studies 
(supplementary file 1). Therefore, we used 35 of the 44 
referenced miRNAs (Figure 2 and supplementary file 2). 
Five main and interconnected cell functions were analyzed 
across the different studies: apoptosis, proliferation, 
migration and invasion, EMT, differentiation and thyroid 
function, but mainly with in vitro experiments. Most of 
the characterized miRNAs showed multiple actions on 
multiple pathways. We found approximately the same 
number of functional studies describing either oncomiRs 
or tumor suppressor miRNAs in PTC. Unlike oncomiRs, 
the list of tumor suppressor miRNAs analyzed shows little 
similarity with the list of commonly reported modulated 
miRNAs in the small RNA deep sequencing studies 
(Figure 2 and Table 4). FTC functional studies mainly 
described tumor suppressor miRNAs and a few oncomiRs. 
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figure 2: synthesis of described functions of mirnAs in the non-medullary thyroid carcinomas tumorigenesis 
following literature analysis, until october 2015. We did not consider studies which reported a modulation not observed in at least 
one of our referenced general miRNA expression profile studies on in vivo samples. PTC: papillary thyroid cancer; FTC: follicular thyroid 
cancer; ATC: anaplastic thyroid cancer; EMT: epithelial to mesenchymal transition. The underlined miRNAs are the commonly reported 
modulated miRNAs in the general expression profiles studies (Table 4). Therefore, they are the most relevant miRNAs involved in thyroid 
carcinomas development.
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However, only miR-221-3p is commonly found modulated 
in the general miRNA expression profile studies (Figure 
2 and Table 4). ATC functional studies described tumor 
suppressor miRNAs and oncomiRs but only the oncomiRs 
are common with PTC or FTC studies. In addition, only 
a few tumor suppressor miRNAs are commonly reported 
under-expressed in the general miRNA expression profile 
studies (Figure 2 and Table 4).

Some studied miRNAs (e.g. miR-1-3p, miR-106b-
5p and miR-144-3p) have been described as modulated in 
only one or a few of the general miRNA expression profile 
studies (supplementary file 1). Nevertheless, functional 
experiments reported an effect of these miRNAs. This 
could be explained by many issues such as the incorrect 
molecular representativeness of the cell line used, the 
non-physiological in vitro experimental procedure, 
the differences in the microarray platform used in the 
different studies, the absence of multiple small RNA deep-
sequencing studies for FTC and ATC, etc. We showed in 
this review (point 2) that PTC and FTC samples present 
common overexpressed miRNAs: miR-182-5p, miR-183-
5p, miR-221-3p and miR-222-3p. These miRNAs have all 
been characterized as activators of thyrocytes proliferation 
[92-95]. In addition, miR-182-5p and miR-183-5p 
increase cell invasion [93, 95]. The modulation of these 
miRNAs may therefore represent a common pathological 
feature in differentiated thyroid carcinomas. For instance, 
some validated targets of these miRNAs (e.g. PTEN, 
PDCD4, p27) are involved in the negative regulation 
of the PI3K/Akt pathway which has been described as 
activated at different levels in thyroid carcinomas [96]. 
miR-221-3p and miR-222-3p are up-regulated in invasive 
PTC compared to non-invasive PTC [97, 98] and show 
increased expressions in BRAF V600E mutated PTC 
samples [15]. In accordance, this mutation has been 
associated with an increased aggressiveness of PTC [99, 
100]. Moreover, miR-222-3p is up-regulated in half of 
the general miRNA expression profile studies on ATC 
samples (supplementary file 1). On the other hand, PTC 
and FTC samples exhibit large differences in their miRNA 
expression and functional profiles. Thus, the distinction 
of these two types of carcinoma on a pathological basis 
supported already by clinical features and by a different 
set of oncogenic mutations [8] corresponds clearly to a 
gene expression phenotype. Surprisingly, ATC samples, 
which may derive from PTC and FTC, exhibit a widely 
different miRNA expression pattern. Notably, some 
miRNA families that have been described as EMT and 
cancer progression inhibitors are down-regulated (e;g 
miR-30 or miR-200 families) [53, 101]. This dramatic 
shift in miRNA expression corresponds to a similar shift 
in pathological and clinical phenotypes. This could explain 
the extraordinary invasive capacity of this cancer. As one 
of the effects of p53 is to induce miRNA expression [102-
104], this could be the result of a p53 inactivation. The 
general down-regulation of miRNAs could represent 

the final common pathway leading to ATC in response 
to various mechanisms including and besides p53 
inactivation. In accordance, inactivating mutations of p53 
are found in 55% of ATC [105] and are sufficient to confer 
ATC properties to PI3K activated thyroid cells in a mouse 
model [106].

conclusions, perspectives and remaining 
challenges

Even if the meaning and function of individual 
changes in miRNA expression thyroid carcinomas are 
difficult to interpret, there is no doubt that their general 
pattern modification is meaningful. However, the detailed 
correlation of gene expression with the pathological 
and clinical phenotypes remains to be done. So far, the 
list of commonly modulated miRNAs (Table 4) shows 
low overlaps with the list of studied functional miRNAs 
(Figure 2) but allows the identification of the most 
interesting miRNAs that could be directly involved in 
thyroid cancer tumorigenesis. Such miRNAs are miR-21-
5p, miR-34a-5p, miR-144-3p, miR-146b-3p, miR-146b-
5p, miR-182-5p, miR-204-5p, miR-221-3p and miR-
222-3p for PTC; miR-30a-5p, miR-30d-5p, miR-30e-5p, 
miR-99a-5p, miR-141-3p, miR-200c-3p for ATC (Figure 
2). Nevertheless, only miR-221-3p shows both functional 
and largely confirmed expression data which support its 
potential direct involvement in FTC tumorigenesis (Figure 
2). Recently, cell adhesion pathways have been described 
as deeply modulated in PTC [18]. So far, these pathways 
are poorly analyzed in functional studies. 

The dogmatic linear control model of one miRNA 
- one mRNA is so prevalent in the literature that the 
functional results must be interpreted with care and 
validated in different studies. It is quite likely that some 
of the described miRNAs may have an important role 
in thyroid carcinomas tumorigenesis and/or progression 
but this remains to be confirmed. The functional 
characterizations reported are limited by the weak use of 
in vivo models. Furthermore, the Xenograft mice models 
are technically simple, reproducible and cost effective but 
present some disadvantages that could be managed by 
the use of other in vivo models. For instance, orthotopic 
tumor mouse models have been developed by injections 
of cell lines in the appropriate anatomic sites [107, 108]. 
These models are more cumbersome to develop but 
allow tumor growth in the correct microenvironment 
and the development of tumor metastasis through the 
same anatomical routes as the original tumor, improving 
functional characterization [109]. However, none of 
the studies reported in our review used such models. 
Moreover, classical oncogenes or tumor suppressor genes 
are characterized by the generation of tumors in transgenic 
mice. This model is more difficult to develop but present 
multiple advantages. For instance, the studied gene can be 
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characterized in situ, in mice with a functional immune 
system and it does not require cell lines. However, to our 
knowledge, no thyroid tumor has so far been generated in 
transgenic mice with a modulation of expression of one 
or several miRNAs. This would be convincing and would 
represent a great progress in the field. Although “driver” 
modulations of expression could be found, as it is the 
case for the increased expression of miR-155 in lymphoid 
cancer in mice [110], most of the miRNA modulations 
could also be considered as passenger phenomena. 
Interestingly, transgenic mouse models of some of the 
miRNAs that could be directly involved in thyroid cancer 
tumorigenesis have been developed in other organs. 
Particularly, a mouse model exhibiting an overexpression 
of miR-221-3p in the liver has been developed. This 
model shows spontaneous nodular liver lesions and an 
acceleration of tumor development, defining this miRNA 
as an important oncomiR in the hepatocellular carcinoma 
[111]. This miRNA should be considered for the future 
development of transgenic mouse models of thyroid 
cancers.

The studied miRNAs are often proposed as 
therapeutic targets. The utility of miRNAs or miRNAs 
inhibitors as therapeutic tools is a recent and very 
interesting field of research already showing promising 
results [112]. However, to our knowledge, no miRNA has 
been described and validated yet as a clinical therapeutic 
agent or target for thyroid carcinomas. This would greatly 
improve the treatment especially for the lethal ATC. 
The correct delivery of a drug to the targeted tissue and 
simultaneously weak toxicity on other tissues is a general 
challenge in cancer therapy and thus in miRNA therapy as 
well. Mimic miRNAs or inhibitors of miRNAs could be 
delivered through different techniques. So far, the safety 
and the efficacy of miRNA therapy have been proven 
in different in vivo studies [112, 113]. The absence of 
systematic toxicity can simply be defined by the absence 
of obvious cytotoxicity in more important organs [114]. 
Nevertheless, other methods have been established, such 
as the inclusion of miRNA target sites within the 3’ UTR 
of E1A gene, essential for the viral replication of oncolytic 
adenovirus. This leads to a specific lysis in cells which 
do not express the miRNA. This approach has been used, 
in vitro and in mouse models, to target hepatocellular 
carcinomas cells because these do not express miR-
199, unlike normal liver cells and other tissues [115]. 
This approach could be combined with other strategies: 
for instance, the addition of anti-oncomiR genes in the 
genome of this virus could improve the regression of the 
hepatocellular carcinomas [116].

recommendations

Clearly, thyroid carcinomas are not the only tumors 
analyzed for miRNA expression and function. Therefore, 
we propose several controls that could minimize to some 

extent the described drawbacks and allow distinguishing 
important switches from the noise affecting miRNA 
expression in each cancer type:

- investigate most frequent and quantitatively 
important changes in expression, being aware that 
different cell populations may coexist in the studied 
surgical sample;

- test the effects of miRNAs in different models (e.g. 
cell lines) and not only in the most responsive one;

- use in priority the most representative cell lines 
which are derived from the cancer of interest (even for the 
luciferase assay), consider the different in vivo models;

- always test the effects of the miRNA on the whole 
mRNA population and not only on the supposed targets, 
being aware that the miRNA could have both direct and 
indirect effects on multiple pathways;

- consider other published studies on the same 
miRNA in other systems and analyze the targets and 
pathways proposed.

generAL concLusIons

The research on miRNA expression signatures 
in thyroid non-medullary carcinomas using a suitable 
combination of findings from several studies has some 
future. The appearance of small RNA deep sequencing 
data will increase the efficiency of diagnostic signature 
and will be the starting point of new functional studies.

In physiopathology, the main challenge is to 
distinguish minor and major contributions to the 
phenotype and consequently mRNA targets. Concluding 
that one miRNA may be a driver of tumorigenesis requires 
rigorous proofs. Future studies have to consider and to 
determine the exact regulatory network between miRNAs 
and mRNAs. The field of therapeutic options is wide open 
but the possibility of interfering with other organs while 
treating thyroid cancer must be carefully evaluated.

The extension of these conclusions on other cancer 
types deserves to be considered.

AcknowLedgMents

This work was supported by the Fonds de la 
Recherche Scientifique-FNRS (grant number 19556102) 
; WELBIO ; Plan Cancer Belgique ; Télévie ; Fondation 
Rose et Jean Hoguet ; Fonds David et Alice van Buuren ; 
Fonds Docteur J.P. Naets and les Amis de l’Institut Bordet.

confLIcts of Interests

The authors declare that they have no competing 
interests.



Oncotarget52487www.impactjournals.com/oncotarget

references

1. Bartel DP, Lee R, and Feinbaum R. MicroRNAs : Genomics 
, Biogenesis , Mechanism , and Function Genomics : The 
miRNA Genes. Cell. 2004; 116: 281-97.

2. Lu J, Getz G, Miska E, Alvarez-Saavedra E, Lamb J, 
Peck D, Sweet-Cordero A, Ebert BL, Mak RH, Ferrando 
A, Downing JR, Jacks T, Horvitz HR, et al. MicroRNA 
expression profiles classify human cancers. Nature. 2005; 
435: 834-8. doi: 10.1038/nature03702.

3. Croce CM. Causes and consequences of microRNA 
dysregulation in cancer. Nature Reviews Genetics. 2009; 
10: 704-14. doi: doi:10.1038/nrg2634.

4. de la Chapelle A, and Jazdzewski K. MicroRNAs in 
Thyroid Cancer. The Journal of clinical endocrinology and 
metabolism. 2011; 96: 1-11. doi: 10.1210/jc.2011-1004.

5. Zhang Y, Zhong Q, Chen X, Fang J, and Huang Z. 
Diagnostic value of microRNAs in discriminating malignant 
thyroid nodules from benign ones on fine-needle aspiration 
samples. Tumour biology. 2014; 35: 9343-53. doi: 10.1007/
s13277-014-2209-1.

6. Aschebrook-Kilfoy B, Schechter RB, Shih Y-CT, Kaplan 
EL, Chiu BC-H, Angelos P, and Grogan RH. The Clinical 
and Economic Burden of a Sustained Increase in Thyroid 
Cancer Incidence. Cancer Epidemiology. 2013; 22: 1252-9. 
doi: 10.1158/1055-9965.EPI-13-0242.

7.  Sipos J, and Mazzaferri EL. Thyroid cancer epidemiology 
and prognostic variables. Clinical oncology. 2010; 22: 395-
404. doi: 10.1016/j.clon.2010.05.004.

8. Xing M. Molecular pathogenesis and mechanisms of 
thyroid cancer. Nature reviews Cancer. 2013; 13: 184-99. 
doi: 10.1038/nrc3431.

9. Nagaiah G, Hossain A, Mooney CJ, Parmentier J, and 
Remick SC. Anaplastic thyroid cancer: a review of 
epidemiology, pathogenesis, and treatment. Journal of 
oncology. 2011; 2011: 542358. doi: 10.1155/2011/542358.

10. Nishino M. Molecular cytopathology for thyroid nodules: 
A review of methodology and test performance. Cancer 
Cytopathology. 2015; 124: 14-27. doi: 10.1002/cncy.21612

11. Pallante P, Battista S, Pierantoni GM, and Fusco A. 
Deregulation of microRNA expression in thyroid 
neoplasias. Nature reviews Endocrinology. 2013; 10: 89-
101. doi: 10.1038/nrendo.2013.223.

12. Wójcicka A, Kolanowska M, and Jażdżewski K. MicroRNA 
in diagnostics and therapy of thyroid cancer. European 
journal of endocrinology. 2015; 15: 0647. doi: 10.1164/
rccm.201002-0262OC.

13. Swierniak M, Wojcicka A, Czetwertynska M, Stachlewska 
E, Maciag M, Wiechno W, Gornicka B, Bogdanska M, 
Koperski L, de la Chapelle A, and Jazdzewski K. In-
Depth Characterization of the MicroRNA Transcriptome 
in Normal Thyroid and Papillary Thyroid Carcinoma. The 
Journal of clinical endocrinology and metabolism. 2013; 98: 
1401-9. doi: 10.1210/jc.2013-1214.

14. Stokowy T, Eszlinger M, Wierniak M, Fujarewicz K, Jarz 
B B, Paschke R, and Krohn K. Analysis options for high-
throughput sequencing in miRNA expression profiling. 
BMC research notes. 2014; 7: 144. doi: 10.1186/1756-
0500-7-144.

15. The Cancer Genome Atlas Research Network. Integrated 
Genomic Characterization of Papillary Thyroid Carcinoma. 
Cell. 2014; 159: 676-90. doi: 10.1016/j.cell.2014.09.050.

16. Huang C-T, Oyang Y-J, Huang H-C, and Juan H-F. 
MicroRNA-mediated networks underlie immune response 
regulation in papillary thyroid carcinoma. Scientific reports. 
2014; 4: 6495. doi: 10.1038/srep06495.

17. Mancikova V, Castelblanco E, Pineiro-Yanez E, Perales-
Paton J, de Cubas A, Inglada-Perez L, Matias-Guiu X, Capel 
I, Bella M, Lerma E, Riesco-Eizaguirre G, Santisteban 
P, Maravall F, et al. MicroRNA deep-sequencing reveals 
master regulators of follicular and papillary thyroid tumors. 
Modern Pathology. 2015; 28: 748-57. doi: 10.1038/
modpathol.2015.44.

18. Riesco-Eizaguirre G, Wert-Lamas L, Perales-Paton J, 
Sastre-Perona A, Fernandez LP, and Santisteban P. The 
miR-146b-3p/PAX8/NIS Regulatory Circuit Modulates the 
Differentiation Phenotype and Function of Thyroid Cells 
During Carcinogenesis. Cancer Research. 2015; 75: 4419-
30. doi: 10.1158/0008-5472.CAN-14-3547.

19. Saiselet M, Gacquer D, Spinette A, Craciun L, Decaussin-
Petrucci M, Andry G, Detours V, and Maenhaut C. New 
global analysis of the microRNA transcriptome of primary 
tumors and lymph node metastases of papillary thyroid 
cancer. BMC Genomics. 2015; 16: 828. doi: 10.1186/
s12864-015-2082-3.

20. Lujambio A, and Lowe SW. The microcosmos of cancer. 
Nature. 2012; 482: 347-55. doi: 10.1038/nature10888.

21. Zhang J, Liu Y, Liu Z, Wang XM, Yin DT, Zheng LL, 
Zhang DY, and Lu XB. Differential expression profiling 
and functional analysis of microRNAs through stage 
I-III papillary thyroid carcinoma. International Journal 
of Medical Sciences. 2013; 10: 585-92. doi: 10.7150/
ijms.5794.

22. Lassalle S, Hofman V, Ilie M, Bonnetaud C, Puisségur M-P, 
Brest P, Loubatier C, Guevara N, Bordone O, Cardinaud B, 
Lebrigand K, Rios G, Santini J, et al. Can the microRNA 
signature distinguish between thyroid tumors of uncertain 
malignant potential and other well-differentiated tumors of 
the thyroid gland? Endocrine-related cancer. 2011; 18: 579-
94. doi: 10.1530/ERC-10-0283.

23. Dettmer M, Vogetseder A, Durso M B, Moch H, 
Komminoth P, Perren A, Nikiforov YE, and Nikiforova 
MN. MicroRNA Expression Array Identifies Novel 
Diagnostic Markers for Conventional and Oncocytic 
Follicular Thyroid Carcinomas. The Journal of clinical 
endocrinology and metabolism. 2013; 98: E1- E7. doi: 
10.1210/jc.2012-2694.

24. Visone R, Pallante P, Vecchione A, Cirombella R, Ferracin 
M, Ferraro A, Volinia S, Coluzzi S, Leone V, Borbone E, 



Oncotarget52488www.impactjournals.com/oncotarget

Liu C, Petrocca F, Troncone G, et al. Specific microRNAs 
are downregulated in human thyroid anaplastic carcinomas. 
Oncogene. 2007; 26: 7590-5. doi: 10.1038/sj.onc.1210564.

25. Suresh R, Sethi S, Ali S, Giorgadze T, and Sarkar FH. 
Differential Expression of MicroRNAs in Papillary 
Thyroid Carcinoma and Their Role in Racial Disparity 
HHS Public Access. J Cancer Sci Ther. 2015; 7: 145-54. 
doi: 10.4172/1948-5956.1000340.

26. Stokowy T, Wojtaś B, Fujarewicz K, Jarząb B, Eszlinger M, 
and Paschke R. miRNAs with the Potential to Distinguish 
Follicular Thyroid Carcinomas from Benign Follicular 
Thyroid Tumors: Results of a Meta-analysis. Hormone and 
metabolic research. 2014; 46: 171-80. doi: 10.1055/s-0033-
1363264.

27. Pritchard CC, Cheng HH, and Tewari M. MicroRNA 
profiling: approaches and considerations. Nature Reviews 
Genetics. 2012; 13: 358-69. doi: 10.1038/nrg3198.

28. Alon S, Mor E, Vigneault F, Church GM, Locatelli 
F, Galeano F, Gallo A, Shomron N, and Eisenberg E. 
Systematic identification of edited microRNAs in the 
human brain. Genome research. 2012; 22: 1533-40. doi: 
10.1101/gr.131573.111.

29. Huang Y, Liao D, Pan L, Ye R, Li X, Wang S, Ye C, 
and Chen L. Expressions of miRNAs in papillary thyroid 
carcinoma and their associations with the BRAFV600E 
mutation. European journal of endocrinology. 2013; 168: 
675-81. doi: 10.1530/EJE-12-1029.

30. Peng Y, Li C, Luo D-C, Ding J-W, Zhang W, and Pan G. 
Expression Profile and Clinical Significance of MicroRNAs 
in Papillary Thyroid Carcinoma. Molecules. 2014; 19: 
11586-99. doi: 10.3390/molecules190811586.

31. Aherne ST, Smyth PC, Flavin RJ, Russell SM, Denning 
KM, Li JH, Guenther SM, O’Leary JJ, and Sheils OM. 
Geographical mapping of a multifocal thyroid tumour using 
genetic alteration analysis & miRNA profiling. Molecular 
cancer. 2008; 7: 89-102. doi: 10.1186/1476-4598-7-89.

32. Navin N, Krasnitz A, Rodgers L, Cook K, Meth J, Kendall 
J, Riggs M, Eberling Y, Troge J, Grubor V, Levy D, Lundin 
P, Månér S, et al. Inferring tumor progression from genomic 
heterogeneity. Genome research. 2010; 20: 68-80. doi: 
10.1101/gr.099622.109.

33. Wang Y, Waters J, Leung ML, Unruh A, Roh W, Shi X, 
Chen K, Scheet P, Vattathil S, Liang H, Multani A, Zhang 
H, Rui Z, et al. Clonal Evolution in Breast Cancer Revealed 
by Single Nucleus Genome Sequencing. Nature. 2014; 512: 
155-60. doi: 10.1038/nature13600.

34. Jarzab B, Wiench M, Fujarewicz K, Simek K, Jarzab 
M, Oczko-Wojciechowska M, Włoch J, Czarniecka A, 
Chmielik E, Lange D, Pawlaczek A, Szpak S, Gubała E, et 
al. Gene Expression Profile of Papillary Thyroid Cancer : 
Sources of Variability and Diagnostic Implications. Cancer 
Research. 2005; 65: 1587-1597.

35. Harrell JC, Dye WW, Harvell DME, Sartorius C, and 
Horwitz KB. Contaminating cells alter gene signatures in 

whole organ versus laser capture microdissected tumors: a 
comparison of experimental breast cancers and their lymph 
node metastases. Clinical Experimental Metastasis. 2008; 
25:81-8. doi: 10.1007/s10585-007-9105-7.

36. Soon P, and Kiaris H. MicroRNAs in the tumour 
microenvironment: big role for small players. Endocrine-
related cancer. 2013; 20: R257-67. doi: 10.1530/ERC-13-
0119

37. Lloyd RV, Darya Buehler D, and Khanafshar E. Papillary 
Thyroid Carcinoma Variants. Head and Neck Pathology. 
2011; 5: 51-56. doi: 10.1007/s12105-010-0236-9.

38. Dettmer M, Perren A, Moch H, Komminoth P, Nikiforov 
YE, and Nikiforova MN. Comprehensive MicroRNA 
expression profiling identifies novel markers in follicular 
variant of papillary thyroid carcinoma. Thyroid. 2013; 23: 
1383-9. doi: 10.1089/thy.2012.0632.

39. Zhang X, Chen J, Radcliffe T, Lebrun DP, Tron V, and 
Feilotter H. An array-based analysis of microRNA 
expression comparing matched frozen and formalin-fixed 
paraffin-embedded human tissue samples. The Journal 
of molecular diagnostics. 2008; 10: 513-9. doi: 10.2353/
jmoldx.2008.080077.

40. Nikiforova MN, Tseng GC, Steward D, Diorio D, and 
Nikiforov YE. MicroRNA expression profiling of thyroid 
tumors: biological significance and diagnostic utility. The 
Journal of clinical endocrinology and metabolism. 2008; 93: 
1600-8. doi: 10.1210/jc.2007-2696.

41. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, 
Zhang Y, Chen J, Guo X, Li Q, Li X, Wang W, et al. 
Characterization of microRNAs in serum: a novel class of 
biomarkers for diagnosis of cancer and other diseases. Cell 
research. 2008; 18: 997-1006. doi: 10.1038/cr.2008.282.

42. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman 
SK, Pogosova-Agadjanyan EL, Peterson A, Noteboom J, 
O’Briant KC, Allen A, Lin DW, Urban N, Drescher CW, et 
al. Circulating microRNAs as stable blood-based markers 
for cancer detection. Proceedings of the National Academy 
of Sciences of the United States of America. 2008; 105: 
10513-8. doi: 10.1073/pnas.0804549105.

43. Lodewijk L, Prins M, Kist JW, Valk GD, Kranenburg O, 
Rinkes IHMB, and Vriens MR. The value of miRNA in 
diagnosing thyroid cancer: a systematic review. Cancer 
biomarkers. 2012; 11: 229-38. doi: 10.3233/CBM-2012-
0273.

44. Agretti P, Ferrarini E, Rago T, Candelieri A, De Marco G, 
Dimida A, Niccolai F, Molinaro A, Di Coscio G, Pinchera 
A, Vitti P, and Tonacchera M. MicroRNA expression 
profile helps to distinguish benign nodules from papillary 
thyroid carcinomas starting from cells of fine-needle 
aspiration. European journal of endocrinology. 2012; 167: 
393-400. doi: 10.1530/EJE-12-0400.

45. Yu S, Liu Y, Wang J, Guo Z, Zhang Q, Yu F, Zhang Y, 
Huang K, Li Y, Song E, Zheng X, and Xiao H. Circulating 
microRNA profiles as potential biomarkers for diagnosis 
of papillary thyroid carcinoma. The Journal of clinical 



Oncotarget52489www.impactjournals.com/oncotarget

endocrinology and metabolism. 2012; 97: 2084-92. doi: 
10.1210/jc.2011-3059.

46. Lee JC, Zhao JT, Clifton-Bligh RJ, Gill A, Gundara JS, Ip 
JC, Glover A, Sywak MS, Delbridge LW, Robinson BG, 
and Sidhu SB. MicroRNA-222 and MicroRNA-146b are 
tissue and circulating biomarkers of recurrent papillary 
thyroid cancer. Cancer. 2013; 119: 4358-65. doi: 10.1002/
cncr.28254.

47. Labourier E, Shifrin A, Busseniers AE, Lupo MA, 
Manganelli ML, Andruss B, and Wylie D. Molecular testing 
for miRNA, mRNA and DNA on fine needle aspiration 
improves the preoperative diagnosis of thyroid nodules with 
indeterminate cytology. Journal of Clinical Endocrinology 
and Metabolism. 2015; 100: 2743-50. doi: 10.1210/jc.2015-
1158.

48. Elise M, Graham R, Hart RD, Douglas S, Makki FM, Pinto 
D, Butler AL, Bullock M, Rigby MH, Trites JRB, Taylor 
SM, and Singh R. Serum microRNA profiling to distinguish 
papillary thyroid cancer from benign thyroid masses. 
Journal of Otolaryngology - Head and Neck Surgery. 2015; 
44: 33. doi: 10.1186/s40463-015-0083-5.

49. Cantara S, Pilli T, Sebastiani G, Cevenini G, Busonero G, 
Cardinale S, Dotta F, and Pacini F. Circulating miRNA95 
and miRNA190 Are Sensitive Markers for the Differential 
Diagnosis of Thyroid Nodules in a Caucasian Population. 
The Journal of clinical endocrinology and metabolism. 
2014; 99: 4190-8. doi: 10.1210/jc.2014-1923.

50. Jarrya J, Schadendorfc D, Greenwood C, Spatza A, and 
van Kempen LC. The validity of circulating microRNAs 
in oncology: Five years of challenges and contradictions. 
Molecular Oncology. 2014; 8: 819-29. doi: 10.1016/j.
molonc.2014.02.009.

51. Cheng HH, Yi HS, Kim Y, Kroh EM, Chien JW, Eaton 
KD, Goodman MT, Tait JF, Tewari M, and Pritchard 
CC. Plasma processing conditions substantially influence 
circulating microRNA biomarker levels. PLoS One. 2013; 
8: e64795. doi: 10.1371/journal.pone.0064795.

52. Ferracin M, Lupini L, Salamon I, Saccenti E, Zanzi 
MV, Rocchi A, Da Ros L, Zagatti B, Musa G, Bassi 
C, Mangolini A, Cavallesco G, Frassoldati A, et al. 
Absolute quantification of cell-free microRNAs in cancer 
patients. Oncotarget. 2015; 6: 14545-55. doi: 10.18632/
oncotarget.3859.

53. Hébrant A, Floor S, Saiselet M, Antoniou A, Desbuleux A, 
Snyers B, La C, Aubain N de Saint, Leteurtre E, Andry G, 
and Maenhaut C. miRNA Expression in Anaplastic Thyroid 
Carcinomas. PLoS ONE. 2014; 9: 2-10. doi: 10.1371/
journal.pone.0103871.

54. Jonas S, and Izaurralde E. Towards a molecular 
understanding of microRNA-mediated gene silencing. 
Nature Review Genetics. 2015; 16: 421-33. doi: 10.1038/
nrg3965.

55. Bartel DP. MicroRNAs: target recognition and regulatory 
functions. Cell. 2009; 136: 215-33. doi: 10.1016/j.
cell.2009.01.002.

56. Ameres SL, and Zamore PD. Diversifying microRNA 
sequence and function. Nature review Molecular Cell 
Biology. 2013; 14: 475-88. doi: 10.1038/nrm3611.

57. Rossato M, Curtale G, Tamassia N, Castellucci M, 
Mori L, Gasperini S, Mariotti B, De Luca M, Mirolo M, 
Cassatella MA, Locati M, and Bazzoni F. IL-10-induced 
microRNA-187 negatively regulates TNF- , IL-6, and 
IL-12p40 production in TLR4-stimulated monocytes. 
Proceedings of the National Academy of Sciences. 2012; 
109: E3101-10. doi: 10.1073/pnas.1209100109.

58. Hausser J, and Zavolan M. Identification and consequences 
of miRNA-target interactions--beyond repression of gene 
expression. Nature Reviews Genetics. 2014; 15: 599-612. 
doi: 10.1038/nrg3765.

59. Floor SL, Hebrant A, Pita JM, Saiselet M, Trésallet C, 
Libert F, Andry G, Dumont JE, van Staveren WC, and 
Maenhaut C. MiRNA Expression May Account for Chronic 
but Not for Acute Regulation of mRNA Expression in 
Human Thyroid Tumor Models. PloS one. 2014; 9: 
e111581. doi: 10.1371/journal.pone.0111581.

60. Floor SL, Tresallet C, Hebrant A, Desbuleux A, Libert F, 
Hoang C, Capello M, Andry G, van Staveren WCG, and 
Maenhaut C. microRNA expression in autonomous thyroid 
adenomas: Correlation with mRNA regulation. Molecular 
and cellular endocrinology. 2015; 411: 1-10. doi: 10.1016/j.
mce.2015.04.001.

61. Dom G, Tarabichi M, Unger K, Thomas G, Oczko-
Wojciechowska M, Bogdanova T, Jarzab B, Dumont JE, 
Detours V, and Maenhaut C. A gene expression signature 
distinguishes normal tissues of sporadic and radiation-
induced papillary thyroid carcinomas. British Journal of 
Cancer. 2012; 107: 994-1000. doi: 10.1038/bjc.2012.302.

62. Rodriguez W, Jin L, Janssens V, Pierreux C, Hick 
A-C, Urizar E, and Costagliola S. Deletion of the 
RNaseIII enzyme dicer in thyroid follicular cells causes 
hypothyroidism with signs of neoplastic alterations. PloS 
one. 2012; 7: e29929. doi: 10.1371/journal.pone.0029929.

63. Frezzetti D, Reale C, Calì G, Nitsch L, Fagman H, Nilsson 
O, Scarfò M, De Vita G, and Di Lauro R. The microRNA-
processing enzyme Dicer is essential for thyroid function. 
PLoS One. 2011; 6: e27648. doi: 10.1371/journal.
pone.0027648.

64. Undeutsch H, Löf C, Pakarinen P, Poutanen M, and Kero 
J. Thyrocyte-specific Dicer1 deficiency alters thyroid 
follicular organization and prevents goiter development. 
Endocrinology. 2015; 156: 1590-601. doi: 10.1210/
en.2014-1767.

65. de Kock L, Sabbaghian N, Soglio DB, Guillerman RP, 
Park BK, Chami R, Deal CL, Priest JR, and Foulkes WD. 
Exploring the association Between DICER1 mutations 
and differentiated thyroid carcinoma. Journal of Clinical 
Endocrinology and Metabolism. 2014; 99: E1072-7. doi: 
10.1210/jc.2013-4206.

66. Rutter MM, Jha P, Schultz KA, Sheil A, Harris AK, Bauer 
AJ, Field AL, Geller J, and Hill DA. DICER1 Mutations 



Oncotarget52490www.impactjournals.com/oncotarget

and Differentiated Thyroid Carcinoma: Evidence of a 
Direct Association. Journal of Clinical Endocrinology and 
Metabolism. 2016; 101: 1-5. doi: 10.1210/jc.2015-2169.

67. Kaspi H, Pasvolsky R, and Hornstein E. Could microRNAs 
contribute to the maintenance of ?? cell identity? Trends 
in Endocrinology and Metabolism. 2014; 25: 285-92. doi: 
10.1016/j.tem.2014.01.003.

68. Schmiedel JM, Klemm SL, Zheng Y, Sahay A, Blüthgen N, 
Marks DS, and Oudenaarden A Van. MicroRNA control of 
protein expression noise. Science. 2015; 348: 128-32.

69. Ritchie W, and Rasko JEJ. Refining microRNA target 
predictions: sorting the wheat from the chaff. Biochemical 
and biophysical research communications. 2014; 445: 780-
4. doi: 10.1016/j.bbrc.2014.01.181.

70. Huang GT, Athanassiou C, and Benos P V. mirConnX: 
condition-specific mRNA-microRNA network integrator. 
Nucleic acids research. 2011; 39: W416-23. doi: 10.1093/
nar/gkr276.

71. Suzuki HI, Mihira H, Watabe T, Sugimoto K, and Miyazono 
K. Widespread inference of weighted microRNA-mediated 
gene regulation in cancer transcriptome analysis. Nucleic 
acids research. 2013; 41: e62. doi: 10.1093/nar/gks1439.

72. van Iterson M, Bervoets S, de Meijer EJ, Buermans HP, ’t 
Hoen P C, Menezes RX, and Boer JM. Integrated analysis 
of microRNA and mRNA expression: adding biological 
significance to microRNA target predictions. Nucleic acids 
research. 2013; 41: e146. doi: 10.1093/nar/gkt525.

73. Li Y, Liang C, Wong K-C, Luo J, and Zhang Z. Mirsynergy: 
detecting synergistic miRNA regulatory modules by 
overlapping neighbourhood expansion. Bioinformatics. 
2014; 30: 2627-35. doi: 10.1093/bioinformatics/btu373.

74. Spizzo R, Nicoloso MS, Croce CM, Calin GA, and 
Micrornas H. SnapShot : MicroRNAs in Cancer. Cell. 
2009; 137: 586-586. doi: 10.1016/j.cell.2009.04.040.

75. Xiong Y, Zhang L, Kebebew E, and Li J. MiR-20a Is 
Upregulated in Anaplastic Thyroid Cancer and Targets 
LIMK1. PLoS ONE. 2014; 9: e96103. doi: 10.1371/journal.
pone.0096103.

76. Jain M, Zhang L, Boufraqech M, Liu-Chittenden Y, Bussey 
K, Demeure MJ, Wu X, Su L, Pacak K, Stratakis C a., and 
Kebebew E. ZNF367 inhibits cancer progression and is 
targeted by miR-195. PLoS ONE. 2014; 9: e101423. doi: 
10.1371/journal.pone.0101423.

77. Reddi H V, Madde P, Milosevic D, Hackbarth JS, 
Algeciras-schimnich A, Mciver B, Grebe SKG, and 
Eberhardt NL. The Putative PAX8 / PPAR γ Fusion 
Oncoprotein Exhibits Partial Tumor Suppressor Activity 
through Up-Regulation of Micro-RNA-122 and Dominant-
Negative PPAR γ Activity. Genes & Cancer. 2011; 2: 46-
55. doi: 10.1177/1947601911405045.

78. Zhang X, Li D, Li M, Ye M, Ding L, Cai H, Fu D, and Lv 
Z. MicroRNA-146a targets PRKCE to modulate papillary 
thyroid tumor development. International Journal of Cancer. 
2014; 134: 257-67. doi: 10.1002/ijc.28141.

79. Hardin H, Guo Z, Shan W, Montemayor-Garcia C, Asioli S, 
Yu X-M, Harrison AD, Chen H, and Lloyd R V. The Roles 
of the Epithelial-Mesenchymal Transition Marker PRRX1 
and MicroRNA 146b-5p in Papillary Thyroid Carcinoma 
Progression. The American journal of pathology. 2014; 
184: 2342-54. doi: 10.1016/j.ajpath.2014.04.011.

80. Liu R, Yi B, Wei S, Yang WH, Hart KM, Chauhan P, 
Zhang W, Mao X, Liu X, Liu CG, and Wang L. FOXP3-
miR-146-NF-κB Axis and Therapy for Precancerous 
Lesions in Prostate. Cancer Research. 2015; 75: 1714-24. 
doi: 10.1158/0008-5472.

81. Zhao JL, Rao DS, Boldin MP, Taganov KD, O’Connell 
RM, and Baltimore D. NF-kappaB dysregulation in 
microRNA-146a-deficient mice drives the development 
of myeloid malignancies. PNAS. 2011; 108: 9184-9. doi: 
10.1073/pnas.1105398108.

82. Frankel LB, Christoffersen NR, Jacobsen A, Lindow M, 
Krogh A, and Lund AH. Programmed cell death 4 (PDCD4) 
is an important functional target of the microRNA miR-21 
in breast cancer cells. Journal of Biological Chemistry. 
2008; 283: 1026-33. doi: 10.1074/jbc.M707224200.

83. Saiselet M, Floor S, Tarabichi M, Dom G, Hébrant A, van 
Staveren WCG, and Maenhaut C. Thyroid cancer cell lines: 
an overview. Frontiers in endocrinology. 2012; 3: 133. doi: 
10.3389/fendo.2012.00133.

84. Talotta F, Cimmino A, Matarazzo MR, Casalino L, De 
Vita G, D’Esposito M, Di Lauro R, and Verde P. An 
autoregulatory loop mediated by miR-21 and PDCD4 
controls the AP-1 activity in RAS transformation. 
Oncogene. 2009; 28: 73-84. doi: 10.1038/onc.2008.370.

85. Jazdzewski K, Boguslawska J, Jendrzejewski J, 
Liyanarachchi S, Pachucki J, Wardyn K, Nauman A, and 
De La Chapelle A. Thyroid hormone receptor β (THRB) is 
a major target gene for microRNAs deregulated in papillary 
thyroid carcinoma (PTC). Journal of Clinical Endocrinology 
and Metabolism. 2011; 96: 546-53. doi: 10.1210/jc.2010-
1594.

86. Zhang J, Yang Y, Liu Y, Fan Y, Liu Z, Wang X, Yuan Q, 
Yin Y, Yu J, Zhu M, Zheng J, and Lu X. MicroRNA-21 
regulates biological behaviors in papillary thyroid 
carcinoma by targeting programmed cell death 4. The 
Journal of surgical research. 2014; 189: 68-74. doi: 
10.1016/j.jss.2014.02.012.

87. Haghpanah V, Fallah P, Tavakoli R, Naderi M, Samimi H, 
Soleimani M, and Larijani B. Antisense-miR-21 enhances 
differentiation/apoptosis and reduces cancer stemness state 
on anaplastic thyroid cancer. Tumor Biology. 2015; 37: 
1299-308. doi: 10.1007/s13277-015-3923-z.

88. Frezzetti D, De Menna M, Zoppoli P, Guerra C, Ferraro 
A, Bello M, De Luca P, Calabrese C, Fusco A, Ceccarelli 
M, Zollo M, Barbacid M, Di Lauro R, et al. Upregulation 
of miR-21 by Ras in vivo and its role in tumor growth. 
Oncogene. 2011; 30: 275-86. doi: 10.1038/onc.2010.416.

89. Pacifico F, Crescenzi E, Mellone S, Iannetti A, Porrino 
N, Liguoro D, Moscato F, Grieco M, Formisano S, and 



Oncotarget52491www.impactjournals.com/oncotarget

Leonardi A. Nuclear factor-{kappa}B contributes to 
anaplastic thyroid carcinomas through up-regulation of 
miR-146a. The Journal of clinical endocrinology and 
metabolism. 2010; 95: 1421-30. doi: 10.1210/jc.2009-1128.

90. Geraldo M V, Yamashita S, and Kimura ET. MicroRNA 
miR-146b-5p regulates signal transduction of TGF-β by 
repressing SMAD4 in thyroid cancer. Oncogene. 2012; 31: 
1910-22. doi: 10.1038/onc.2011.381.

91. Deng X, Wu B, Xiao K, Kang J, Xie J, Zhang X, and Fan Y. 
MiR-146b-5p Promotes Metastasis and Induces Epithelial-
Mesenchymal Transition in Thyroid Cancer by Targeting 
ZNRF3. Cellular Physiology and Biochemistry. 2015; 35: 
71-82. doi: 10.1159/000369676.

92. Visone R, Russo L, Pallante P, De Martino I, Ferraro A, 
Leone V, Borbone E, Petrocca F, Alder H, Croce CM, 
and Fusco A. MicroRNAs (miR)-221 and miR-222, both 
overexpressed in human thyroid papillary carcinomas, 
regulate p27Kip1 protein levels and cell cycle. Endocrine-
Related Cancer. 2007; 14: 791-8. doi: 10.1677/ERC-07-
0129.

93. Zhu H, Fang J, Zhang J, Zhao Z, Liu L, Wang J, Xi Q, and 
Gu M. miR-182 targets CHL1 and controls tumor growth 
and invasion in papillary thyroid carcinoma. Biochemical 
and biophysical research communications. 2014; 450: 857-
62. doi: 10.1016/j.bbrc.2014.06.073.

94. Mardente S, Mari E, Massimi I, Fico F, Faggioni A, 
Pulcinelli F, Antonaci A, and Zicari A. HMGB1-Induced 
Cross Talk between PTEN and miRs 221/222 in Thyroid 
Cancer. BioMed Research International. 2015; doi: 
10.1155/2015/512027.

95. Wei C, Song H, Sun X, Li D, Song J, Hua K, and Fang 
L. miR-183 regulates biological behavior in papillary 
thyroid carcinoma by targeting the programmed cell death 
4. Oncology Reports. 2015; 34: 221-220. doi: 10.3892/
or.2015.3971.

96. Xing M. Genetic Alterations in the Phosphatidylinositol-3 
Kinase/Akt Pathway in Thyroid Cancer. Thyroid . 2010; 20: 
697-706. doi: 10.1089/thy.2010.1646.

97. Yang Z, Yuan Z, Fan Y, Deng X, and Zheng Q. Integrated 
analyses of microRNA and mRNA expression profiles in 
aggressive papillary thyroid carcinoma. Molecular Medicine 
Reports. 2013; 8: 1353-8. doi: 10.3892/mmr.2013.1699.

98. Yip L, Kelly L, Shuai Y, Armstrong MJ, Nikiforov YE, 
Carty SE, and Nikiforova MN. MicroRNA signature 
distinguishes the degree of aggressiveness of papillary 
thyroid carcinoma. Annals of surgical oncology. 2011; 18: 
2035-41. doi: 10.1245/s10434-011-1733-0.

99. Kim SJ, Lee KE, Myong JP, Park JH, Jeon YK, Min HS, 
Park SY, Jung KC, Koo do H, and Youn YK. BRAF 
V600E mutation is associated with tumor aggressiveness in 
papillary thyroid cancer. World Journal of Surgery. 2012; 
36: 310-7. doi: 10.1007/s00268-011-1383-1.

100. Tufano RP, Teixeira GV, Bishop J, Carson KA, and Xing 
M. BRAF mutation in papillary thyroid cancer and its value 

in tailoring initial treatment: a systematic review and meta-
analysis. Medicine (Baltimore). 2012; 91: 274-86. doi: 
10.1097/MD.0b013e31826a9c71.

101. Braun J, Dralle H, and Hu S. Downregulation of 
microRNAs directs the EMT and invasive potential of 
anaplastic thyroid carcinomas. Oncogene. 2010; 29: 4237-
44. doi: 10.1038/onc.2010.169 .

102. He X, He L, and Hannon GJ. The guardian’s little helper: 
microRNAs in the p53 tumor suppressor network. Cancer 
Res. 2007; 67: 11099-101. doi: 10.1158/0008-5472.CAN-
07-2672.

103. Suzuki HI, Yamagata K, Sugimoto K, Iwamoto T, Kato S, 
and Miyazono K. Modulation of microRNA processing by 
p53. Nature. 2009; 460: 529-33. doi: 10.1038/nature08199.

104. Brabletz T. To differentiate or not — routes towards 
metastasis. Nature Reviews Cancer. 2012; 12: 425-36. doi: 
10.1038/nrc3265.

105. Vu-Phan D, and Koenig RJ. Genetics and epigenetics 
of sporadic thyroid cancer. Molecular and cellular 
endocrinology. 2014; 386: 55-66. doi: 10.1016/j.
mce.2013.07.030.

106. Antico Arciuch VG, Russo M, Dima M, Kang KS, Dasrath 
F, Liao X-H, Refetoff S, Montagna C, and Di Cristofano 
A. Thyrocyte-specific inactivation of p53 and Pten results 
in anaplastic thyroid carcinomas faithfully recapitulating 
human tumors. Oncotarget. 2011; 2: 1109-26. doi: 
10.18632/oncotarget.380.

107. Antonello ZA, and Nucera C. Orthotopic mouse models 
for the preclinical and translational study of targeted 
therapies against metastatic human thyroid carcinoma with 
BRAF(V600E) or wild-type BRAF. Oncogene. 2014; 33: 
5397-404. doi: 10.1038/onc.2013.544.

108. Greco A, Albanese S, Auletta L, Mirabelli P, Zannetti A, 
D’Alterio C, Di Maro G, Orlandella FM, Salvatore G, 
Soricelli A, and Salvatore M. High-Frequency Ultrasound-
Guided Injection for the Generation of a Novel Orthotopic 
Mouse Model of Human Thyroid Carcinoma. Thyroid. 
2016; 26:552-8. doi: 10.1089/thy.2015.0511.

109. Bibby MC. Orthotopic models of cancer for preclinical 
drug evaluation: advantages and disadvantages. European 
Journal of Cancer. 2004; 40: 852-7.

110. Costinean S, Zanesi N, Pekarsky Y, Tili E, Volinia S, 
Heerema N, and Croce CM. Pre-B cell proliferation and 
lymphoblastic leukemia/high-grade lymphoma in E(mu)-
miR155 transgenic mice. Proceedings of the National 
Academy of Sciences of the United States of America. 
2006; 103: 7024-9. doi: 10.1073/pnas.0602266103. 

111. Callegari E, Elamin BK, Giannone F, Milazzo M, Altavilla 
G, Fornari F, Giacomelli L, D’Abundo L, Ferracin M, Bassi 
C, Zagatti B, Corrà F, Miotto E, et al. Liver tumorigenicity 
promoted by microRNA-221 in a mouse transgenic model. 
Hepatology. 2012; 56: 1025-33. doi: 10.1002/hep.25747.

112. Orellana E, and Kasinski A. MicroRNAs in Cancer: A 
Historical Perspective on the Path from Discovery to 



Oncotarget52492www.impactjournals.com/oncotarget

Therapy. Cancers. 2015; 7: 1388-405. doi: 10.3390/
cancers7030842.

113. Callegari E, Gramantieri L, Domenicali M, D’Abundo L, 
Sabbioni S, and Negrini M. MicroRNAs in liver cancer: a 
model for investigating pathogenesis and novel therapeutic 
approaches. Cell Death & Differentiation. 2015; 22: 46-57. 
doi: 10.1038/cdd.2014.136.

114. Wu Y, Crawford M, Mao Y, Lee R, Davis I, Elton T, Lee L, 
and Nana-Sinkam S. Therapeutic Delivery of MicroRNA-
29b by Cationic Lipoplexes for Lung Cancer. Molecular 
therapy. Nucleic acids. 2013; 2: pp: e84. doi: 10.1038/
mtna.2013.14.

115. Callegari E, Elamin BK, D’Abundo L, Falzoni S, Donvito 
G, Moshiri F, Milazzo M, Altavilla G, Giacomelli L, 
Fornari F, Hemminki A, Di Virgilio F, Gramantieri L, et 
al. Anti-tumor activity of a miR-199-dependent oncolytic 
adenovirus. PLoS One. 2013; 8: e73964. doi: 10.1371/
journal.pone.0073964.

116. Moshiri F, Callegari E, D’Abundo L, Corrà F, Lupini 
L, Sabbioni S, and Negrini M. Inhibiting the oncogenic 
mir-221 by microRNA sponge: toward microRNA-based 
therapeutics for hepatocellular carcinoma. Gastroenterology 
and Hepatology From Bed to Bench. 2014; 7: 43-54.

117. He H, Jazdzewski K, Li W, Liyanarachchi S, Nagy R, 
Volinia S, Calin G, Liu C-G, Franssila K, Suster S, 
Kloos RT, Croce CM, and de la Chapelle A. The role 
of microRNA genes in papillary thyroid carcinoma. 
Proceedings of the National Academy of Sciences of 
the United States of America. 2005; 102: 19075-80. doi: 
10.1073/pnas.0509603102.

118. Pallante P, Visone R, Ferracin M, Ferraro A, Berlingieri 
MT, Troncone G, Chiappetta G, Liu CG, Santoro 
M, Negrini M, Croce CM, and Fusco a. MicroRNA 
deregulation in human thyroid papillary carcinomas. 
Endocrine-related cancer. 2006; 13: 497-508. doi: 10.1677/
erc.1.01209.

119. Tetzlaff MT, Liu A, Xu X, Master SR, Baldwin D a., Tobias 
JW, Livolsi V a., and Baloch ZW. Differential expression 
of miRNAs in papillary thyroid carcinoma compared to 
multinodular goiter using formalin fixed paraffin embedded 
tissues. Endocrine Pathology. 2007; 18: 163-73. doi: 
10.1007/s12022-007-0023-7. 

120. Jacques C, Guillotin D, Fontaine JF, Franc B, Mirebeau-
Prunier D, Fleury A, Malthiery Y, and Savagner F. 
DNA microarray and miRNA analyses reinforce the 
classification of follicular thyroid tumors. Journal of 
Clinical Endocrinology and Metabolism. 2013; 98: 981-9. 
doi: 10.1210/jc.2012-4006.

121. Wang Z, Zhang H, He L, Dong W, Li J, Shan Z, and Teng 
W. Association between the expression of four upregulated 
miRNAs and extrathyroidal invasion in papillary thyroid 
carcinoma. OncoTargets and Therapy. 2013; 6: 281-7.

122. Rossing M, Borup R, Henao R, Winther O, Vikesaa J, Niazi 
O, Godballe C, Krogdahl A, Glud M, Hjort-Sorensen C, 
Kiss K, Bennedbaek FN, and Nielsen FC. Down-regulation 
of microRNAs controlling tumourigenic factors in follicular 
thyroid carcinoma.The Journal of Molecular Endocrinology. 
2012; 48: 11-23. doi: 10.1530/JME-11-0039.

123. Wojtas B, Ferraz C, Stokowy T, Hauptmann S, Lange D, 
Dralle H, Musholt T, Jarzab B, Paschke R, and Eszlinger 
M. Differential miRNA expression defines migration 
and reduced apoptosis in Follicular Thyroid Carcinomas. 
Molecular and Cellular Endocrinology. 2014; 388: 1-9. doi: 
10.1016/j.mce.2014.02.011.


