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ABSTRACT
The aberrant expression of miRNAs is often correlated to tumor development. 

MiR-7-5p is a recently discovered downregulated miRNA in thyroid papillary 
carcinoma (PTC). The goal of this project was to characterize its functional role in 
thyroid tumorigenesis and to identify the targeted modulated pathways. MiR-7-5p 
overexpression following transfection in TPC1 and HT-ori3 cells decreased proliferation 
of the two thyroid cell lines. Analysis of global transcriptome modifications showed 
that miR-7-5p inhibits thyroid cell proliferation by modulating the MAPK and PI3K 
signaling pathways which are both necessary for normal thyroid proliferation and 
play central roles in PTC tumorigenesis. Several effectors of these pathways are 
indeed targets of miR-7-5p, among which EGFR and IRS2, two upstream activators. 
We confirmed the upregulation of IRS2 and EGFR in human PTC and showed the 
existence of a negative correlation between the decreased expression of miR-7-5p 
and the increased expression of IRS2 or EGFR. Our results thus support a tumor-
suppressor activity of miR-7-5p.  The decreased expression of miR-7-5p during PTC 
tumorigenesis might give the cells a proliferative advantage and delivery of miR-7-5p 
may represent an innovative approach for therapy.

INTRODUCTION

MiRNAs are small endogenous single-strand 
RNA molecules of ~23 nucleotides in length, described 
as essential players in the regulation of gene expression 
by targeting coding mRNAs. Each miRNA can regulate 
the expression of more than several hundred genes by 
binding to the 3’UTR untranslated region of their target 
based on complementary sequences, blocking translation 
or causing the degradation of target mRNAs. All the 
theoretical targets of a miRNA can be defined in silico 
by using bioinformatic prediction models [1]. Because of 
their global cellular role, miRNAs are involved in a large 
amount of biological processes but also in many human 
diseases including cancer. Several studies have shown 
that many miRNAs are overexpressed or downregulated 

in tumor tissues compared to adjacent normal tissues 
[2, 3], and some evidence support their incidence in tumor 
initiation and/or progression [4–7]. 

Thyroid cancer is the most prevalent endocrine 
cancer by constituting almost 93% of cancers associated to 
this system [8, 9]. During the past decade, the incidence of 
thyroid cancers has been reported to increase by over 5% 
annually [10]. Papillary thyroid cancer (PTC) corresponds 
to approximately 85% of malignant thyroid cancers. 
Until a few years ago, PTC was characterized as a cancer 
presenting essentially upregulated miRNAs although 
in multiple human cancers a general downregulation of 
miRNAs is generally observed [11–15]. Nevertheless, 
with the emergence of the Next Generation Sequencing 
tools, a lot of downregulated miRNAs associated to PTC 
have been reported [16–18].
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In this study, we have investigated the functional 
role of miR-7-5p, a miRNA previously identified in our 
studies as downregulated in PTC, and whose expression 
is associated with the presence of the BRAFV600E mutation 
[17]. MiR-7-5p has a complex activity with different 
publications underlying the key role of this miRNA in 
various biological processes and/or human diseases; it 
has been reported to be either an oncogene or a tumor 
suppressor according to the cellular context. Indeed, miR-
7-5p was shown to inhibit proliferation in lung carcinoma 
and glioblastoma, to inhibit migration and invasion in 
melanoma, and to promote proliferation and migration 
in lung carcinoma, skin epithelial cells and renal cancer 
[19–29]. MiR-7-5p can arise from three different loci 
and is highly conserved, supporting its key role [30–33]. 
An active role of this miRNAs in PTC tumorigenesis is 
thereby conceivable. However, the functional significance 
of its downregulation in PTC has not yet been investigated. 

In this work, we have defined its role in different 
cellular processes by performing functional assays in 
miR-7-5p transfected thyroid cells and by identifying the 
modulated pathways. The in vivo relevance of our results 
was then addressed in PTC. Our data suggest that miR-
7-5p inhibits thyroid cell proliferation by targeting the 
MAPK and PI3K signaling pathways.

RESULTS

MiR-7-5p is downregulated in papillary thyroid 
carcinomas and in thyroid derived cell lines

MiRSeq Deep Sequencing data, showing a strong 
downregulation of miR-7-5p, have been confirmed by 
RT-qPCR on 14 triplets of independent samples including 
PTC, normal adjacent tissues and associated lymph node 
metastases [17]. MiR-7-5p is downregulated in PTC 
samples compared to normal tissues and its expression 
is even significantly more downregulated in lymph node 
metastases (Figure 1A). Its expression was then assessed 
in different thyroid cell lines. TPC1 and HTori-3 cell 
lines were chosen among others for the functional studies 
for their low (Htori-3) or almost complete loss (TPC1) 
of endogenous expression of miR-7-5p (Figure 1B). 
To investigate its functional role, miR-7-5p has been 
transiently transfected in both cell lines. An increased 
expression of miR-7-5p was still observed 6 days after 
transfection (Figure 1B).

MiR-7-5p inhibits thyroid cell proliferation, but 
has no impact on migration or invasion

We have investigated the potential effect of miR-7-
5p on cell growth [viability, proliferation and apoptosis]. 
Transfection of miR-7-5p led to a significant decrease 
of the proliferation rate in TPC1 and HTori-3 cells 
compared to cells transfected with the negative control, 

as determined by both MTS and EdU assays (Figure 2A 
and 2B). No effect on apoptosis was observed (Figure 2C), 
suggesting that the negative action of miR-7-5p on cellular 
growth results only from an inhibition of cell proliferation. 
A possible role of miR-7-5p on cell motility was then 
considered, using cell migration and invasion assays 
(Figure 2D). No effect was observed after miR-7-5p 
transfection in both cell lines, suggesting that miR-7-5p is 
not involved in these processes. 

Microarray analysis reveals a large number 
of deregulated genes following miR-7-5p 
transfection

In order to study more in depth the role of 
miR-7-5p in thyroid tumorigenesis, we performed a 
microarray analysis on miR-7-5p transfected cells. 
This allowed us to study the effect of miR-7-5p on the 
whole transcriptome instead of focusing on a few targets. 
Samples were harvested 3 days after transfection and 
hybridized onto Affymetrix Human Genome U133 Plus 
2.0 arrays. The mRNA expression profiles of miR-7-5p 
transfected HTori-3 and TPC1 cells were normalized 
with their respective negative controls. The amount of 
statistically significant downregulated and upregulated 
genes following miR-7-5p transfection in each cell line is 
presented in Supplementary Table 1. We then looked into 
our gene list for the downregulation of validated targets 
of miR-7-5p. For that, we screened database of validated 
miRNA:mRNA interactions (miRTarBase) and recent 
literature to obtain the most complete list of validated 
mRNAs targets by a luciferase reporter assay of miR-7-5p 
(Supplementary Figure 1). 

We have performed a Pathway Analysis using the 
David software (Database for Annotation, Visualization 
and Integrated Discovery) to reveal the enriched pathways 
after miR-7-5p transfection. Kegg pathway outputs were 
listed in Supplementary Table 2. In view of the large 
number of genes showing deregulation following miR-
7-5p transfection, we decided to refine our analysis by 
minimizing dependence on the experimental model used.  
Hence, we only focused on genes commonly deregulated 
in the two cell lines, the 1054 genes commonly 
deregulated with a minimum fold change of 1.5 (up- or 
downregulated). 

Three important pathways, known to be involved 
in the proliferation of thyrocytes, insulin signaling 
pathway, MAPK and PI3K-Akt signaling pathways were 
identified. The main actors involved in these pathways are 
synthetized in Figure 3. Interestingly, many components 
of these pathways are either validated or predicted targets 
of miR-7-5p, and are modulated accordingly. These data 
suggest that miR-7-5p inhibits the proliferation of thyroid 
cells via the EGF and insulin receptor signaling pathways, 
namely via the downregulation of the Insulin Receptor 
Substrate 2 (IRS2). 
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Both MAPK and PI3K signaling pathways are 
inhibited by miR-7-5p

In order to further validate the microarray results, 
we selected several actors of the identified pathways and 
analyzed their protein expression and/or activity level 
by Western blotting (Figure 4). We observed similar 
decrease of mRNA and protein expression after miR-7-
5p transfection in TPC1 and HTori-3 cells for EGFR and 
IRS2, two upstream activators of the MAPK and PI3K 
signaling pathways. To analyze the activity of these 
pathways, we measured the phosphorylation of ERK and 
AKT (Ser473). The decrease of the phosphorylation state 
of these proteins observed after miR-7-5p transfection, 
while protein expression is unchanged, supports the 
inhibitory role of miR-7-5p in the regulation of the MAPK 
and PI3K signaling pathways. 

Although there was only a slight decrease in IRS2 
expression in our cell lines, we decided to focus on this 
protein and its potential regulation by miR-7-5p because 
IRS2 is an upstream signaling molecule that mediates the 
effects of insulin and whose regulation is linked to the 
insulin signaling pathway and the regulation of glucose 
homeostasis, two highlighted pathways in our DAVID 
analysis. To further establish whether miR-7-5p could 
mediate thyroid cell proliferation by regulating IRS2, we 
performed a siRNA knockdown of IRS2 in both cell lines. 
Proliferation assays showed that the decrease of IRS2 
levels led to a reduction in the percentage of EdU labelled 
cells (Figure 5), suggesting that the inhibition of thyroid 

proliferation by miR-7-5p is at least partly mediated by 
IRS2. Additionally, we have evaluated the sensitivity 
of miR-7-5p transfected cells to the MEK inhibitor 
trametinib and to the PI3K inhibitor GDC0941. Various 
inhibitor concentrations were chosen for each cell line 
based on pERK and pAKT protein levels (Figure 6A and 
6B) to assess the dose-dependent effect of trametinib and 
GDC0941 on thyroid cell proliferation, evaluated by EdU 
incorporation (Figure 6C and 6D). Both trametinib and 
GDC0941 inhibited proliferation in the TPC1 and Htori-3 
cell lines. Moreover, transfection of miR-7-5p increased 
the sensitivity of the cells to the effects of these inhibitors. 
From these data, we concluded that the effects of miR-
7-5p on thyroid cell proliferation are dependent on both 
MAPK and PI3K signaling pathways. 

MiR-7-5p and EGFR or IRS2 expressions are 
negatively correlated in human PTC

The EGFR and IGF-1R (insulin-like growth factor 1 
receptor) signaling pathways play a central role in thyroid 
cell proliferation [34]. To address the in vivo relevance 
of our data, we quantified miR-7-5p, IRS2 and EGFR 
in 9 PTC and adjacent normal thyroids. Tumor samples 
showed a statistically significant downregulation of miR-
7-5p and upregulation of IRS2 and EGFR, compared to 
their matched normal tissues (Figure 7). Since we showed 
previously that the downregulation of miR-7-5p was 
more pronounced in more aggressive PTC exhibiting 
a BRAFV600E mutation [17], we hypothesized that IRS2 

Figure 1: Downregulation of miR-7-5p in PTC and in thyroid derived cell lines, measured by RT-qPCR. (A) Experimental 
RT-qPCR validation in a set of 14 independent patient samples including normal adjacent tissues (black), PTC (blue), and associated lymph 
node metastases (red). Paired t-test was used to define statistically significant modulation (p < 0.05) of expression between normal samples 
and tumors or metastases (*) or between tumors and metastases (**)(adapted from Saiselet et al. 2016). (B) Relative miR-7-5p expression in 
human normal thyroid tissues (n = 14), FTC (n = 5) and PTC (n = 9), in various thyroid cell lines, and in TPC1 and HTori-3 cell lines on 
days 1, 3, 4 and 6 following miR-7-5p mimics transfection with n ≥ 4. Results are expressed as means with standard deviation. ANOVA test 
was used to define statistically significant modulation; *p < 0.05, **p < 0.01, ***p < 0.001.
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and EGFR expressions would be more increased in these 
BRAFV600E positive PTC. When analyzing the TCGA, in 
addition to the significant downregulation of miR-7-5p, 
we indeed observed a significant upregulation of IRS2 
and EGFR in BRAFV600E positive compared to BRAFV600E 
negative PTC (Figure 8). In our 9 PTC and matched 
normal thyroids, we observed a similar tendency despite 
the no robustness of the statistical analyses due to the 
low number of samples (Figure 7). Next, we evaluated 
the correlations between the decreased expression of 
miR-7-5p and the increased expression of IRS2 or EGFR 
(Table 1). In the TCGA data, expressions revealed a 
negative correlation between miR-7-5p and IRS2 (rs: 
–0.33, p = 1.73e-15) or EGFR (rs: –0.22, p = 2.55e-07) 
expressions, and a positive correlation between IRS2 
and EGFR expressions (rs: 0.49,  p = 4.54e-36). For the 
9 pairs of PTC/normal thyroids, we could observe similar 
trends, although not statistically significant due to the 
small number of samples.  These similar observations 
in our in vitro experiments and in human PTC support 

our hypothesis that miR-7-5p modulates thyroid cell 
proliferation by regulating different signaling pathways 
including MAPK, PI3K, and insulin signaling pathway 
with IRS2 as central actor.

DISCUSSION

Since their discovery, miRNAs have been shown 
to regulate a lot of physiological processes and to be 
involved in various human pathologies including cancer, 
with a large amount of tumor suppressors and oncogenes 
targeted and regulated by miRNAs [11, 14, 35]. In a 
previous work whose purpose was to characterize the 
miRNA expression profile of PTC, several miRNAs have 
been identified as deregulated. Among these, miR-7-5p 
showed the most significant downregulation, what was 
confirmed by two other studies [16–18]. Nevertheless, 
little is known about its biological function and molecular 
mechanism of action in thyroid tumorigenesis. MiR-7-5p 
is described as oncomir or tumor suppressor according to 

Figure 2: Functionnal consequences of miR-7-5p transfection in thyroid cell lines. (A) Ratio of absorbance of MTS 
metabolized reagent in miR-7-5p and miR-neg transfected cells. Paired t-test was used to define statistically significant modulation (p < 
0.05) of expression between conditions in HTori-3 (*) or TPC1 (**) cells. (B) Percentage of EdU-positive cells among 20.000 cells  analyzed 
by flow cytometry (n = 4). Results are expressed as means with standard deviation. Paired t-test was used to define statistically significant 
modulation (p < 0.05) between miR-7-5p transfected cells and the corresponding miR-neg group in TPC1 and Htori-3 cells. (C) 20.000 
cells were analyzed by flow cytometry after labelling by SYTOX Advanced (X-Axis) to detect necrotic cells and by alexa 488-coupled 
Annexin V (Y-Axis) to detect apoptotic cells. Representative experiment with n = 3. (D) Counting and averaging of 5 separate spots of miR-
7-5p or miR-neg transfected cells on coated matrigel chamber for invasion and on non coated chamber for migration (n = 4).   
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the cellular context [19–29], although literature largely 
suggests that miR-7-5p acts as a tumor suppressor in most 
human tissues. 

In the objective to characterize the functional 
consequences of the downregulation of miR-7-5p in PTC 
tumorigenesis, we have performed functional assays 
following miRNA transfection in thyroid derived cell lines 
to investigate proliferation, apoptosis and the ability of the 
cells to metastasize. Our results support an in vitro tumor-
suppressor activity of miR-7-5p which inhibits cellular 
proliferation but has no impact on invasion or migration. Its 
decreased expression in human PTC could therefore play a 

role in the development and/or the progression of papillary 
thyroid cancer through the increase of cellular growth. 

Our data are in accordance with previous studies 
showing similar results in glioblastoma and tongue 
carcinoma [19, 20, 36], but contrast with other studies 
reporting that miR-7-5p inhibits proliferation but also 
migration and invasion in thyroid cell lines [37–39]. It is 
likely that the differences result from the concentration 
of the transfected mimics which is 50 times higher in two 
studies, and not specified in the third. Indeed, Jin et al. 
reported that a high concentration of mimics induces 
non-specific alterations in gene expression [40], and 

Figure 3: Signaling pathways targeted by miR-7-5p in thyroid cell lines. Genes identified by the Affymetrix microarray 
analysis with a fold change ≥ 1.5 are depicted (green: downregulated, red:upregulated). Arrows and bars indicate respectively stimulation 
and inhibition activity of the corresponding protein. Already validated targets of miR-7-5p are bold contoured (Abbreviations: EGFR: 
EGF Receptor; INSR: Insulin Receptor; IGF1R: IGF1 Receptor; IRS: Insulin Receptor Substrate; OGT: O-GlcNAc Transferase; OGA: 
O-GlcNAcase).

Figure 4: Protein expression and phosphorylation following miR-7-5p transfection in TPC1 and HTori-3 cells. Actin 
or vinculin were used as a loading controls. Relative protein expression between miR-7-5p condition and negative control. Results are 
expressed as means with standard deviation with n = 3. Paired t-test was used to define statistically significant modulation; *p < 0.05.
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Figure 5: Inhibition of cell proliferation following IRS2 knockdown in TPC1 and HTori-3 cells. Percentage of EdU-
positive cells among 20.000 cells analyzed by flow cytometry (n = 4) 3 days after transfection. Results are expressed as means with 
standard deviation. Paired t-test was used to define statistically significant modulation (p < 0.05) between siIRS2 transfected cells and the 
corresponding siNC group in TPC1 and HTori-3 cells.

Figure 6: Cell proliferation after treatments with trametinib and GDC0941. Relative p-ERK and p-AKT protein expression 
after treatment with respectively trametinib (A) and GDC0941 (B) inhibitors at various concentrations. Control treatment condition consisted 
in DMSO-treated cells. For each condition after miR-7-5p or miR-neg transfection, a percentage of inhibition was defined after trametinib 
(C) and GDC0941 (D) treatment by normalizing the percentage of EdU labelled cells with the respective DMSO negative control treatment. 
Results are expressed as means with standard deviation (n ≥ 3). Paired t-test was used to define statistically significant modulation between 
miR-7-5p transfected cells and the corresponding miR-neg group in TPC1 and Htori-3 cells; *p < 0.05, **p < 0.01 and ***p < 0.001. 
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in our study, we have observed a functional effect on 
survival, proliferation and migration with the negative 
control miRNA when transfected at a concentration of 
20nM. Consequently, when used at supra-physiological 
concentrations such as in the published studies [37–39], 
an off-target effect is highly conceivable.

An innovative approach used in this work consists in 
defining the global biological effects –direct and indirect– 
of miR-7-5p in thyroid cell lines, by performing gene 
expression analysis. Indeed, the role of miRNAs as tumor 
suppressors or oncogenes is defined by the set of their 
biological targets [14, 35]. Hence, full characterization 
of the functional role of a given miRNA requires the 
validation of several direct targets and a correlation with 
the functional observations [15]. Since each miRNA has 
a large amount of mRNA targets, any change in miRNA 
expression may lead to many slight changes in all their 

targeted mRNAs, suggesting that the cellular reality is 
more complex than a linear control model [one miRNA/
one mRNA target/one biological effect] as reported in 
most studies. We have confronted our mRNA expression 
data with the list of validated mRNA targets of miR-7-
5p described in databases and in the literature. Only 
several of them were statistically downregulated after 
miRNA transfection in both cell lines. Interestingly, a lot 
of modulated mRNAs in our miR-7-5p transfected cells 
were already known to be targeted by miR-7-5p in thyroid 
or other tissues, including EGFR, IGF1R, IRS1, IRS2, 
RAF1, PI3K, MNK1, MNK2 (Figure 3) [19–21, 36, 41–
45]. Our approach thus allowed us to get an enlarged and 
precise vision of the regulation exerted by miR-7-5p in a 
thyroid context. 

Our Affymetrix gene expression analysis suggests 
that miR-7-5p inhibits cell proliferation by downregulating 

Figure 7: Dereregulation of miR-7-5p, IRS2 and EGFR measured by RT-qPCR. Relative expression in a set of 9 patient 
samples including normal adjacent tissues (triangles) and PTC (circles). BRAFV600E mutation status was evaluated and used to separate 
BRAFV600E negative (black) and positive (white) PTC. Presence of BRAFV600E mutation is indicated by a cross and is absent in their matched 
normal thyroid tissues. Results are expressed as means with standard deviation. Paired t-test was used to define statistically significant 
modulation of expression between normal samples and tumors; *p < 0.05 and **p < 0.01. 

Figure 8: Dereregulation of miR-7-5p, IRS2 and EGFR according to PTC aggressivity. THCA study from TCGA database 
analyses of  miR-7-5p, IRS2 and EGFR expression in BRAFV600E negative (grey) and positive (black) PTC. Results are expressed as min-
to-max box plots. Mann-Whitney test was used to define statistically significant modulation; ***p < 0.001.
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several members of the EGF and the insulin signaling 
pathways, among which EGFR and IRS2, an adaptor that 
mediates the effects of insulin and IGF-1. EGF is a well-
known mitogenic agent for thyrocytes [34]. However, its 
mitogenic effect requires IGF-1 receptor stimulation by 
IGF-1 or by high concentrations of insulin, which have little 
mitogenic effects by themselves [34, 46]. EGF promotes a 
sustained activation of MAPK/ERKs, but only a weak and 
transient activation of the PI3K pathway, whereas insulin/
IGF-1 strongly and sustainably activates the PI3K pathway, 
and weakly the MAPK/ERKs pathway [47]. This occurs 
following IRS2 binding to the receptor and its subsequent 
association with PI3K p85 subunit and GRB2 [48, 49]. To 
induce DNA synthesis, a strong and sustained activation of 
both pathways are necessary [47]. We have experimentally 
validated that the decrease of IRS2 in the two thyroid cell 
lines led to a reduction of cell proliferation, supporting its 
role in the regulation of thyroid proliferation. In accordance 
with our results, an increase of circulating levels of insulin 
is correlated to an increase of thyroid proliferation [50, 51], 
and increased expression of insulin receptors has been 
described in cancers, including thyroid carcinomas [52, 
53]. Our data show that miR-7-5p negatively controls 
thyroid cell proliferation by downregulating actors in both 
pathways, and the decrease of MAPK and PI3K signaling 
activity following miR-7-5p transfection supports the 
dependence of these pathways in miR-7-5p function.

To further address the in vivo relevance of our results, 
we investigated the relationships between miR-7-5p, IRS2 
and EGFR expressions in PTC. Tumor samples showed a 
downregulation of miR-7-5p and conversely an upregulation 
of IRS2 and EGFR. More interestingly, when analyzing 
the TCGA data, a negative correlation between miR-7-5p 
and IRS2 or EGFR expressions was observed. MiR-7-
5p, IRS2 and EGFR expressions are correlated with the 
aggressivity of thyroid tumors: more aggressive BRAFV600E 
positive PTC exhibit a more pronounced decrease of miR-
7-5p expression and increase of IRS2 or EGFR expressions 
compared to BRAFV600E negative PTC. This suggests that 
the relationship between miR-7-5p, IRS2 and EGFR may 
play a significant role in thyroid tumorigenesis. In adequacy 
with our findings, other studies showed similar results by 

suggesting an anti-proliferative role of miR-7-5p through 
targeting the EGFR, MAPK and IGF1R/Akt signaling 
pathways in different tumoral contexts, such as glioblastoma 
and tongue carcinoma [19, 20, 36]. 

Our data suggest that glucose homeostasis is 
deregulated following miR-7-5p transfection. This miRNA 
has been largely studied in the endocrine pancreas because 
it is the most abundant miRNA in β-cell islets [54, 55]. 
MiR-7-5p regulates β-cell proliferation through a miR-
7-mTOR axis [24, 56], driving β-cell mass, proliferation, 
survival and function [57]. Following miR-7-5p disruption 
in beta-cells, an increase of pAkt (Ser473), Mnk1/2 and 
Mapkap1 protein levels were reported [44], similarly to 
what we observed here in thyroid cells. In accordance, 
previous publications reported that PTC present an 
overactivation of the mTOR pathway and an increase of 
phospho-Akt Ser473 expression [58, 59]. 

Future studies should explore the mechanisms 
by which miR-7-5p is downregulated during thyroid 
tumorigenesis. MiR-7-5p can originate from 3 different 
loci whose transcription is independently regulated. 
While MIR-7-2 and 7-3 are intergenic, the first locus is 
in the last intron of the hnRNPk gene. Analysis of the 
TCGA revealed that hnRNPK is not modulated in PTC, 
suggesting that the downregulation of miR-7-5p cannot 
be explained by the decreased transcription of its host 
gene. Different transcription factors regulate miR-7-
5p expression [31, 44, 60], among which NFκB, which 
inhibits miR-7-5p promoter activity of the MIR-7-1 and 
2 loci in gastric cancer [33]. NFκB is activated following 
PI3K stimulation, and in addition, RELA and RELB 
mRNA expressions are significantly increased in the PTC 
from TCGA [61, 62]. Consequently, the loss of expression 
of miR-7-5p could be explained by the inhibition exerted 
by NFκB on the transcription of locus 1 and 2 of miR-7-
5p, and this should be addressed in future studies.

In conclusion, we have evaluated the functional role 
of miR-7-5p in thyroid cells and shown that this miRNA 
negatively regulates the expression of several signaling 
targets active in the MAPK and PI3K/Akt signaling 
pathways. Hence, its decreased expression during 
PTC tumorigenesis could give the cells a proliferative 

Table 1: Correlations between miR-7-5p, IRS2 and EGFR mRNA expressions
Correlation miR-7-5p vs IRS2 miR-7-5p vs EGFR IRS2 vs EGFR

Spearman 
rho

p value Spearman 
rho

p value Spearman 
rho

p value

THCA study from TCGA database –0,3291 1,73e-15 –0,2167 2,55e-07 0,4912 4,54e-36
9 paired couples Normal-Tumor –0,717 0,037 –0,433 0,25 0,667 0,059

Correlations between miR-7-5p and IRS2, miR-7-5p and EGFR, IRS2 and EGFR expressions were evaluated from the PTC 
present in the TCGA database and from our experimental data on 9 pairs of PTC and adjacent normal tissues. Analyses from 
the TCGA database were performed on UCSC Xena browser and considered 580 samples from the THCA study including 
tumors (491), normal thyroid tissues (59) and metastases (9). For the 9 pairs of PTC and adjacent normal tissues analyzed by 
RT-qPCR, we considered the ratio of expression between tumor and normal tissues. These ratios were used to calculate the 
correlation of expression between the different genes.
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advantage. Given the central roles of the MAPK and 
PI3K/Akt pathways in PTC tumorigenesis, delivery of 
miR-7-5p may represent an innovative approach for 
therapy, especially for high proliferative PTC recurrences. 
Future research on miR-7-5p will allow to define its 
potential therapeutic application by using already available 
delivery systems like cell-penetrating peptides, liposomes, 
micelles, and polymeric nanoparticles [63, 64]. 

MATERIALS AND METHODS

Thyroid tissues

Normal thyroid tissues, adjacent tumors (PTC, 
classical variant, and FTC) and PTC matched lymph node 
metastases (LNM) were collected in the Centre Hospitalier 
Lyon Sud (Lyon, France) and in the J. Bordet Institute 
(Brussels, Belgium). Protocols have been approved by the 
ethics committees of the institutions. Written informed 
consent was obtained from all participants involved in the 
study.

Cell culture and miRNA transfection

The TPC1 cell line is derived from a human RET/
PTC1-positive PTC and the Htori-3 cell line is derived 
from SV40-immortalized human thyrocytes. The TPC1 
cell line was received from Pr. Mareel (University of 
Ghent, Belgium) and the HTori-3 cell line was received 
from Pr. Wynford-Thomas (Hammersmith Hospital, 
London, UK). Short tandem repeat profiling confirmed the 
thyroid identity of the cell lines [65]. Both cell lines were 
cultured at 37°C in 5% CO2 with RPMI 1640 (Invitrogen) 
supplemented with 10% fetal bovine serum. Cells were 
transiently transfected with miRIDIAN microRNA mimics 
miR-7-5p (#C-300546-07-0005) or negative control 
cel-miR-67 (#CN-001000-01-05) using DharmaFECT 
2 (Dharmacon) and with siRNA IRS2 silencer select 
(#4392420) or negative control (#4390843) using 
RNAiMAX lipofectamine (ThermoFisher) according to 
the manufacturer’s protocol. Transfected miRNA mimics 
and negative control miRNA were used at a concentration 
of 2 nM while siRNAs and controls were used at a 
concentration of 20 nM. Cells were treated with trametinib 
and GDC0941 inhibitors for 24 h at various concentrations 
and analyzed 3 days post-transfection.

RNA purification, reverse transcription and 
quantitative PCR

Total RNA extraction was performed using QIAzol 
reagent (Qiagen) and miRNeasy Mini kit (Qiagen). 
Total miRNA reverse transcription was performed with 
miRCURY LNA Universal RT microRNA PCR kit 
(Exiqon). Quantitative PCR was performed with cDNA 
Synthesis and SYBR Green Master Mix kit [Exiqon]. 

Primers used were LNA-enhanced oligonucleotides 
miR-7-5p (#205877, Exiqon). Relative expression 
was calculated using adapted Pfaffl method [66] with 
U6 snRNA (#308006, Exiqon) as endogenous control 
for normalization. All kits were used according to the 
manufacturer’s protocol.

Cell viability and proliferation assays

Cell viability was evaluated by MTS assay 
(Promega). Cells were incubated with MTS reagents for 1 
h 45 every 24-hours over a period of 6 days. Quantification 
was performed by measuring the absorbance at 490 nm. 
Cell proliferation was evaluated by 5-ethynyl-2′-
deoxyuridine EdU incorporation assay (Click-iT EdU 
Flow Cytometry Assay Kit, Life Technologies). EdU 
reagent was used at a final concentration of 10 µM 6 h 
before harvesting the cells which were treated according 
to the manufacturer’s protocol. Cells were analyzed 3 
days after transfection. EdU incorporation was analyzed 
by flow cytometry on the BD LSRFortessa cell analyzer. 

Apoptosis assay

Apoptosis was evaluated by Annexin V Conjugates 
assay (Invitrogen), according to the manufacturer’s 
instructions. Cells were analyzed 3 days after 
transfection. 

Migration and invasion assay

The invasive and migration abilities of the cells 
were analyzed by Transwell chamber assays with or 
without coated matrigel (Corning). 2.5 × 104 TPC1 cells 
and 2 × 104 HTori-3 cells were harvested 3 days after 
transfection with a solution of PBS/5 mM EDTA/5 mM 
EGTA. 22-hours after seeding into the upper chamber, 
passing cells were fixed, stained by using Diff-Quick 
stain kit (Polysciences) and quantified by counting and 
averaging 5 separate spots of 4 mm diameter. 

Affymetrix microarray studies

Cells were lysed 3 days after transfection with 
QIAzol reagent (Qiagen) and RNAs were extracted using 
RNeasy Mini kit (Qiagen). The RNA concentrations were 
spectrophotometrically quantified, and their quality was 
evaluated by the Experion Automated Electrophoresis 
System (Bio-rad). Samples were hybridized onto 
Affymetrix U133 plus 2.0 Arrays using 3’IVT Plus 
Labelling kit (AROS Applied Biotechnology A/S) 
according to the manufacturer’s protocol.

Protein extraction and western blotting 

Proteins were extracted 3 days after transfection. 
Detailed protocol and detection methods used were 
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previously described [65]. Primary antibodies used were 
against EGFR (1:1000; #2232), AKT (1:1000; #9272) and 
p-AKT (1:1000; #9277S) from Cell Signaling Technology, 
IRS2 (1:100; #390761), ERK (1:500; #514302), p-ERK 
(1:500; #7383) and Vinculin (1:500; #25336) from Santa 
Cruz biotechnology and Actin (1:1000; #A2066) from 
Sigma. Secondary antibodies were anti-rabbit IgG HRP-
linked (1:3750; #7074S) and anti-mouse IgG HRP-linked 
(1:3750; #7076S) from Cell Signaling technology. 

Bioinformatics analyses 

The .cel files were processed using a preprocessed 
GenePattern program to create mRNA expression 
files and to perform a log2 transformation of the data. 
Normalization was performed based on the expression 
profiles of cells transfected with the negative control. 
mRNAs with a fold change ≥ 1.5 were selected. Pathway 
analyses were carried out with DAVID Bioinformatics 
Resources 6.7; the criteria for pathway selection in Kegg 
Pathway database were False Discovery Rate (FDR) 
≤ 5% or False Discovery Rate (FDR) ≤ 7.5% and Fold 
Enrichment ≥ 1,5 with p < 0.05. Gene expression data 
are available from the Gene Expression Omnibus under 
accession number GSE159666. 

Author contributions

AA and MS performed the initial functional studies. 
AA performed all the other experiments and wrote the 
article. MDP provided the PTC and matched metastases 
as well as clinical, pathological and cellular information 
of the samples, GA provided the normal thyroids, JD 
participated in the design of the study, CM, principal 
investigator, participated in the design and the supervision 
of the study, and helped to draft the manuscript. All 
authors have approved the final version of the article.

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

FUNDING

This work was supported by grants from the Fonds 
pour la Recherche Scientifique (F.R.S-FNRS, Belgium), 
Télévie, Fonds J.P. Naets, Fonds David et Alice Van 
Buuren, Fondation Jaumotte-Demoulin. 

REFERENCES

1. Bartel DP. MicroRNAs: target recognition and regulatory 
functions. Cell. 2009; 136:215–33. https://doi.org/10.1016/j.
cell.2009.01.002. [PubMed] 

 2. Pallante P, Battista S, Pierantoni GM, Fusco A. Deregulation 
of microRNA expression in thyroid neoplasias. Nat Rev 

Endocrinol. 2014; 10:88–101. https://doi.org/10.1038/
nrendo.2013.223. [PubMed] 

 3. Bhayani MK, Calin GA, Lai SY. Functional relevance of 
miRNA sequences in human disease. Mutat Res. 2012; 
731:14–19. https://doi.org/10.1016/j.mrfmmm.2011.10.014. 
[PubMed] 

 4. Costinean S, Zanesi N, Pekarsky Y, Tili E, Volinia S, Heerema 
N, Croce CM. Pre-B cell proliferation and lymphoblastic 
leukemia/high-grade lymphoma in E(mu)-miR155 transgenic 
mice. Proc Natl Acad Sci U S A. 2006; 103:7024–29. https://
doi.org/10.1073/pnas.0602266103. [PubMed] 

 5. Callegari E, Elamin BK, Giannone F, Milazzo M, Altavilla 
G, Fornari F, Giacomelli L, Abundo LD, Ferracin M, Bassi 
C, Zagatti B, Corr F, Miotto E, et al. Liver Tumorigenicity 
Promoted by MicroRNA-221 in a Mouse Transgenic Model. 
Hepatology. 2012; 56:1025–33. https://doi.org/10.1002/
hep.25747. [PubMed] 

 6. Romero-Cordoba SL, Salido-Guadarrama I, Rodriguez-
Dorantes M, Hidalgo-Miranda A. miRNA biogenesis: 
biological impact in the development of cancer. Cancer Biol 
Ther. 2014; 15:1444–55. https://doi.org/10.4161/15384047.
2014.955442. [PubMed] 

 7. Lin S, Gregory RI. MicroRNA biogenesis pathways in 
cancer. Nat Rev Cancer. 2015; 6:356–72. https://doi.
org/10.1038/nrc3932. [PubMed] 

 8. Sipos JA, Mazzaferri EL. Thyroid cancer epidemiology 
and prognostic variables. Clin Oncol (R Coll Radiol). 2010; 
22:395–404. https://doi.org/10.1016/j.clon.2010.05.004. 
[PubMed] 

 9. Erler P, Keutgen XM, Crowley MJ, Zetoune T, Kundel 
A, Kleiman D, Beninato T, Scognamiglio T, Elemento O, 
Zarnegar R, Fahey TJ 3rd. Dicer expression and microRNA 
dysregulation associate with aggressive features in 
thyroid cancer. Surgery. 2014; 156:1342–50. https://doi.
org/10.1016/j.surg.2014.08.007. [PubMed] 

10. Pacini F, Unit T. Chapter 18b. thyroid cancer. Endotext. 
2013; 1:1–68. https://doi.org/10.1088/1741-2560/4/2/R03.

11. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck 
D, Sweet-Cordero A, Ebert BL, Mak RH, Ferrando AA, 
Downing JR, Jacks T, Horvitz HR, Golub TR. MicroRNA 
expression profiles classify human cancers. Nature. 
2005; 435:834–38. https://doi.org/10.1038/nature03702. 
[PubMed] 

12. Nikiforova MN, Tseng GC, Steward D, Diorio D, 
Nikiforov YE. MicroRNA expression profiling of thyroid 
tumors: biological significance and diagnostic utility. J 
Clin Endocrinol Metab. 2008; 93:1600–08. https://doi.
org/10.1210/jc.2007-2696. [PubMed] 

13. Tetzlaff MT, Liu A, Xu X, Master SR, Baldwin DA, Tobias 
JW, Livolsi VA, Baloch ZW. Differential expression of 
miRNAs in papillary thyroid carcinoma compared to 
multinodular goiter using formalin fixed paraffin embedded 
tissues. Endocr Pathol. 2007; 18:163–73. https://doi.
org/10.1007/s12022-007-0023-7. [PubMed] 

https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.cell.2009.01.002
https://pubmed.ncbi.nlm.nih.gov/19167326
https://doi.org/10.1038/nrendo.2013.223
https://doi.org/10.1038/nrendo.2013.223
https://pubmed.ncbi.nlm.nih.gov/24247220
https://doi.org/10.1016/j.mrfmmm.2011.10.014
https://pubmed.ncbi.nlm.nih.gov/22085809
https://doi.org/10.1073/pnas.0602266103
https://doi.org/10.1073/pnas.0602266103
https://pubmed.ncbi.nlm.nih.gov/16641092
https://doi.org/10.1002/hep.25747
https://doi.org/10.1002/hep.25747
https://pubmed.ncbi.nlm.nih.gov/22473819
https://doi.org/10.4161/15384047.2014.955442
https://doi.org/10.4161/15384047.2014.955442
https://pubmed.ncbi.nlm.nih.gov/25482951
https://doi.org/10.1038/nrc3932
https://doi.org/10.1038/nrc3932
https://pubmed.ncbi.nlm.nih.gov/25998712
https://doi.org/10.1016/j.clon.2010.05.004
https://pubmed.ncbi.nlm.nih.gov/20627675
https://doi.org/10.1016/j.surg.2014.08.007
https://doi.org/10.1016/j.surg.2014.08.007
https://pubmed.ncbi.nlm.nih.gov/25456905
https://doi.org/10.1088/1741-2560/4/2/R03
https://doi.org/10.1038/nature03702
https://pubmed.ncbi.nlm.nih.gov/15944708
https://doi.org/10.1210/jc.2007-2696
https://doi.org/10.1210/jc.2007-2696
https://pubmed.ncbi.nlm.nih.gov/18270258
https://doi.org/10.1007/s12022-007-0023-7
https://doi.org/10.1007/s12022-007-0023-7
https://pubmed.ncbi.nlm.nih.gov/18058265


Oncotarget1597www.oncotarget.com

14. Iorio MV, Croce CM. microRNA involvement in human 
cancer. Carcinogenesis. 2012; 33:1126–33. https://doi.
org/10.1093/carcin/bgs140. [PubMed] 

15. Saiselet M, Pita JM, Augenlicht A, Dom G, Tarabichi 
M, Fimereli D, Dumont JE, Detours V, Maenhaut C. 
miRNA expression and function in thyroid carcinomas: 
a comparative and critical analysis and a model for other 
cancers. Oncotarget. 2015; 7:52475–92. https://doi.
org/10.18632/oncotarget.9655. [PubMed] 

16. Swierniak M, Wojcicka A, Czetwertynska M, Stachlewska 
E, Maciag M, Wiechno W, Gornicka B, Bogdanska M, 
Koperski L, de la Chapelle A, Jazdzewski K. In-depth 
characterization of the microRNA transcriptome in normal 
thyroid and papillary thyroid carcinoma. J Clin Endocrinol 
Metab. 2013; 98:E1401–09. https://doi.org/10.1210/
jc.2013-1214. [PubMed] 

17. Saiselet M, Gacquer D, Spinette A, Craciun L, Decaussin-
Petrucci M, Andry G, Detours V, 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. https://doi.org/10.1186/
s12864-015-2082-3. [PubMed] 

18. Mancikova V, Castelblanco E, Pineiro-Yanez E, Perales-
Paton J, de Cubas AA, 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. Mod Pathol. 2015; 28:748–57. 
https://doi.org/10.1038/modpathol.2015.44. [PubMed] 

19. Kefas B, Godlewski J, Comeau L, Li Y, Abounader R, 
Hawkinson M, Lee J, Fine H, Chiocca EA, Lawler S, 
Purow B. microRNA-7 inhibits the epidermal growth 
factor receptor and the Akt pathway and is down-regulated 
in glioblastoma. Cancer Res. 2008; 68:3566–72. https://doi.
org/10.1158/0008-5472.CAN-07-6639. [PubMed] 

20. Webster RJ, Giles KM, Price KJ, Zhang PM, Mattick 
JS, Leedman PJ. Regulation of epidermal growth factor 
receptor signaling in human cancer cells by microRNA-7. 
J Biol Chem. 2009; 284:5731–41. https://doi.org/10.1074/
jbc.M804280200. [PubMed] 

21. Giles KM, Brown RAM, Epis MR, Kalinowski FC, Leedman 
PJ. miRNA-7-5p inhibits melanoma cell migration and 
invasion. Biochem Biophys Res Commun. 2013; 430:706–
10. https://doi.org/10.1016/j.bbrc.2012.11.086. [PubMed] 

22. Hong CF, Lin SY, Chou YT, Wu CW. MicroRNA-7 
Compromises p53 Protein-dependent Apoptosis by 
Controlling the Expression of the Chromatin Remodeling 
Factor SMARCD1. J Biol Chem. 2016; 291:1877–89. 
https://doi.org/10.1074/jbc.M115.667568. [PubMed] 

23. Yuan B, Sun GJ, Zhang GL, Wu J, Xu C, Dai LS, Chen 
J, Yu XF, Zhao ZH, Zhang JB. Identification of target 
genes for adenohypophysis-prefer miR-7 and miR-375 
in cattle. Genet Mol Res. 2015; 14:9753–63. https://doi.
org/10.4238/2015.August.19.8. [PubMed] 

24. Wang F, Qiang Y, Zhu L, Jiang Y, Wang Y, Shao X, Yin L, 
Chen J, Chen Z. MicroRNA-7 downregulates the oncogene 
VDAC1 to influence hepatocellular carcinoma proliferation 
and metastasis. Tumour Biol. 2016; 37:10235–46. https://
doi.org/10.1007/s13277-016-4836-1. [PubMed] 

25. Dong YF, Chen ZZ, Zhao Z, Yang DD, Yan H, Ji J, Sun XL. 
Potential role of microRNA-7 in the anti-neuroinflammation 
effects of nicorandil in astrocytes induced by oxygen-
glucose deprivation. J Neuroinflammation. 2016; 13:60. 
https://doi.org/10.1186/s12974-016-0527-5. [PubMed] 

26. Stevanato L, Sinden JD. The effects of microRNAs on 
human neural stem cell differentiation in two- and three-
dimensional cultures. Stem Cell Res Ther. 2014; 5:49. 
https://doi.org/10.1186/scrt437. [PubMed] 

27. Banaei-Esfahani A, Moazzeni H, Nosar PN, Amin S, Arefian 
E, Soleimani M, Yazdani S, Elahi E. MicroRNAs that target 
RGS5. Iran J Basic Med Sci. 2015; 18:108–14. [PubMed] 

28. Zhang J, Sun XY, Zhang LY. MicroRNA-7/Shank3 
axis involved in schizophrenia pathogenesis. J Clin 
Neurosci. 2015; 22:1254–57. https://doi.org/10.1016/j.
jocn.2015.01.031. [PubMed] 

29. Meza-Sosa KF, Pérez-García EI, Camacho-Concha N, 
López-Gutiérrez O, Pedraza-Alva G, Pérez-Martínez L. 
MiR-7 promotes epithelial cell transformation by targeting 
the tumor suppressor KLF4. PLoS One. 2014; 9:e103987. 
https://doi.org/10.1371/journal.pone.0103987. [PubMed] 

30. Kalinowski FC, Brown RAM, Ganda C, Giles KM, Epis 
MR, Horsham J, Leedman PJ. microRNA-7: a tumor 
suppressor miRNA with therapeutic potential. Int J Biochem 
Cell Biol. 2014; 54:312–17. https://doi.org/10.1016/j.
biocel.2014.05.040. [PubMed] 

31. Horsham JL, Kalinowski FC, Epis MR, Ganda C, Brown 
RA, Leedman PJ. Clinical Potential of microRNA-7 
in Cancer. J Clin Med. 2015; 4:1668–87. https://doi.
org/10.3390/jcm4091668. [PubMed] 

32. Horsham JL, Ganda C, Kalinowski FC, Brown RA, 
Epis MR, Leedman PJ. MicroRNA-7: A miRNA with 
expanding roles in development and disease. Int J Biochem 
Cell Biol. 2015; 69:215–24. https://doi.org/10.1016/j.
biocel.2015.11.001. [PubMed] 

33. Zhao J, Tao Y, Zhou Y, Qin N, Chen C, Tian D, Xu L. 
MicroRNA-7: a promising new target in cancer therapy. 
Cancer Cell Int. 2015; 15:103. https://doi.org/10.1186/
s12935-015-0259-0. [PubMed] 

34. Roger P, Taton M, Van Sande J, Dumont JE. Mitogenic 
effects of thyrotropin and adenosine 3',5'-monophosphate 
in differentiated normal human thyroid cells in vitro. J 
Clin Endocrinol Metab. 1988; 66:1158–65. https://doi.
org/10.1210/jcem-66-6-1158. [PubMed] 

35. Lujambio A, Lowe SW. The microcosmos of cancer. Nature. 
2012; 482:347–55. https://doi.org/10.1038/nature10888. 
[PubMed] 

36. Jiang L, Liu X, Chen Z, Jin Y, Heidbreder CE, Kolokythas 
A, Wang A, Dai Y, Zhou X. MicroRNA-7 targets IGF1R 

https://doi.org/10.1093/carcin/bgs140
https://doi.org/10.1093/carcin/bgs140
https://pubmed.ncbi.nlm.nih.gov/22491715
https://doi.org/10.18632/oncotarget.9655
https://doi.org/10.18632/oncotarget.9655
https://pubmed.ncbi.nlm.nih.gov/27248468
https://doi.org/10.1210/jc.2013-1214
https://doi.org/10.1210/jc.2013-1214
https://pubmed.ncbi.nlm.nih.gov/23783103
https://doi.org/10.1186/s12864-015-2082-3
https://doi.org/10.1186/s12864-015-2082-3
https://pubmed.ncbi.nlm.nih.gov/26487287
https://doi.org/10.1038/modpathol.2015.44
https://pubmed.ncbi.nlm.nih.gov/25720323
https://doi.org/10.1158/0008-5472.CAN-07-6639
https://doi.org/10.1158/0008-5472.CAN-07-6639
https://pubmed.ncbi.nlm.nih.gov/18483236
https://doi.org/10.1074/jbc.M804280200
https://doi.org/10.1074/jbc.M804280200
https://pubmed.ncbi.nlm.nih.gov/19073608
https://doi.org/10.1016/j.bbrc.2012.11.086
https://pubmed.ncbi.nlm.nih.gov/23206698
https://doi.org/10.1074/jbc.M115.667568
https://pubmed.ncbi.nlm.nih.gov/26542803
https://doi.org/10.4238/2015.August.19.8
https://doi.org/10.4238/2015.August.19.8
https://pubmed.ncbi.nlm.nih.gov/26345908
https://doi.org/10.1007/s13277-016-4836-1
https://doi.org/10.1007/s13277-016-4836-1
https://pubmed.ncbi.nlm.nih.gov/26831666
https://doi.org/10.1186/s12974-016-0527-5
https://pubmed.ncbi.nlm.nih.gov/26961366
https://doi.org/10.1186/scrt437
https://pubmed.ncbi.nlm.nih.gov/24725992
https://pubmed.ncbi.nlm.nih.gov/25810883
https://doi.org/10.1016/j.jocn.2015.01.031
https://doi.org/10.1016/j.jocn.2015.01.031
https://pubmed.ncbi.nlm.nih.gov/25882257
https://doi.org/10.1371/journal.pone.0103987
https://pubmed.ncbi.nlm.nih.gov/25181544
https://doi.org/10.1016/j.biocel.2014.05.040
https://doi.org/10.1016/j.biocel.2014.05.040
https://pubmed.ncbi.nlm.nih.gov/24907395
https://doi.org/10.3390/jcm4091668
https://doi.org/10.3390/jcm4091668
https://pubmed.ncbi.nlm.nih.gov/26308064
https://doi.org/10.1016/j.biocel.2015.11.001
https://doi.org/10.1016/j.biocel.2015.11.001
https://pubmed.ncbi.nlm.nih.gov/26546742
https://doi.org/10.1186/s12935-015-0259-0
https://doi.org/10.1186/s12935-015-0259-0
https://pubmed.ncbi.nlm.nih.gov/26516313
https://doi.org/10.1210/jcem-66-6-1158
https://doi.org/10.1210/jcem-66-6-1158
https://pubmed.ncbi.nlm.nih.gov/2836470
https://doi.org/10.1038/nature10888
https://pubmed.ncbi.nlm.nih.gov/22337054


Oncotarget1598www.oncotarget.com

(insulin-like growth factor 1 receptor) in tongue squamous 
cell carcinoma cells. Biochem J. 2010; 432:199–205. https://
doi.org/10.1042/BJ20100859. [PubMed] 

37. Hua K, Jin J, Zhang H, Zhao B, Wu C, Xu H, Fang L. 
MicroRNA-7 inhibits proliferation, migration and invasion 
of thyroid papillary cancer cells via targeting CKS2. 
Int J Oncol. 2016; 49:1531–40. https://doi.org/10.3892/
ijo.2016.3660. [PubMed] 

38. Yue K, Wang X, Wu Y, Zhou X, He Q, Duan Y. microRNA-7 
regulates cell growth, migration and invasion via direct targeting 
of PAK1 in thyroid cancer. Mol Med Rep. 2016; 14:2127–34. 
https://doi.org/10.3892/mmr.2016.5477. [PubMed] 

39. Li X, Liu R, Wang Z, Wu M, Chang L, Yuan H, Zhuang F, 
Song Y, Liu Z. MicroRNA-7 regulates the proliferation and 
metastasis of human papillary carcinoma cells by targeting 
Bcl-2. Am J Transl Res. 2020; 12:5772–80. [PubMed] 

40. Jin HY, Gonzalez-Martin A, Miletic AV, Lai M, Knight S, 
Sabouri-Ghomi M, Head SR, Macauley MS, Rickert RC, 
Xiao C. Transfection of microRNA Mimics Should Be 
Used with Caution. Front Genet. 2015; 6:340. https://doi.
org/10.3389/fgene.2015.00340. [PubMed] 

41. Saydam O, Senol O, Würdinger T, Mizrak A, Ozdener 
GB, Stemmer-Rachamimov AO, Yi M, Stephens RM, 
Krichevsky AM, Saydam N, Brenner GJ, Breakefield XO. 
miRNA-7 attenuation in schwannoma tumors stimulates 
growth by upregulating three oncogenic signaling pathways. 
Cancer Res. 2012; 71:852–61. https://doi.org/10.1158/0008-
5472.CAN-10-1219. [PubMed] 

42. Reddy SD, Ohshiro K, Rayala SK, Kumar R. MicroRNA-7, 
a homeobox D10 target, inhibits p21-activated kinase 1 and 
regulates its functions. Cancer Res. 2008; 68:8195–200. 
https://doi.org/10.1158/0008-5472.CAN-08-2103. [PubMed] 

43. Fang Y, Xue JL, Shen Q, Chen J, Tian L. MicroRNA-7 
inhibits tumor growth and metastasis by targeting the 
phosphoinositide 3-kinase/Akt pathway in hepatocellular 
carcinoma. Hepatology. 2012; 55:1852–62. https://doi.
org/10.1002/hep.25576. [PubMed] 

44. Wang Y, Liu J, Liu C, Naji A, Stoffers DA. MicroRNA-7 
regulates the mTOR pathway and proliferation in adult 
pancreatic β-cells. Diabetes. 2013; 62:887–95. https://doi.
org/10.2337/db12-0451. [PubMed] 

45. Han JY, Guo S, Wei N, Xue R, Li W, Dong G, Li J, 
Tian X, Chen C, Qiu S, Wang T, Xiao Q, Liu C, et al. 
ciRS-7 Promotes the Proliferation and Migration of 
Papillary Thyroid Cancer by Negatively Regulating 
the miR-7/Epidermal Growth Factor Receptor Axis. 
Biomed Res Int. 2020; 2020:9875636. https://doi.
org/10.1155/2020/9875636. [PubMed] 

46. Deleu S, Pirson I, Coulonval K, Drouin A, Taton M, 
Clermont F, Roger PP, Nakamura T, Dumont JE, Maenhaut 
C. IGF-1 or insulin, and the TSH cyclic AMP cascade 
separately control dog and human thyroid cell growth and 
DNA synthesis, and complement each other in inducing 
mitogenesis. Mol Cell Endocrinol. 1999; 149:41–51. https://
doi.org/10.1016/s0303-7207(99)00005-2. [PubMed] 

47. Vandeput F, Perpete S, Coulonval K, Lamy F, Dumont 
JE. Role of the different mitogen-activated protein 
kinase subfamilies in the stimulation of dog and human 
thyroid epithelial cell proliferation by cyclic adenosine 
5'-monophosphate and growth factors. Endocrinology. 
2003; 144:1341–49. https://doi.org/10.1210/en.2001-
211316. [PubMed] 

48. Patti ME, Sun XJ, Bruening JC, Araki E, Lipes MA, White 
MF, Kahn CR. 4PS/insulin receptor substrate (IRS)-2 is 
the alternative substrate of the insulin receptor in IRS-1-
deficient mice. J Biol Chem. 1995; 270:24670–73. https://
doi.org/10.1074/jbc.270.42.24670. [PubMed] 

49. Pitombo C, Araújo EP, De Souza CT, Pareja JC, Geloneze B, 
Velloso LA. Amelioration of diet-induced diabetes mellitus 
by removal of visceral fat. J Endocrinol. 2006; 191:699–706. 
https://doi.org/10.1677/joe.1.07069. [PubMed] 

50. Rezzonico J, Rezzonico M, Pusiol E, Pitoia F, 
Niepomniszcze H. Introducing the thyroid gland as another 
victim of the insulin resistance syndrome. Thyroid. 2008; 
18:461–64. https://doi.org/10.1089/thy.2007.0223. [PubMed] 

51. Tang Y, Yan T, Wang G, Chen Y, Zhu Y, Jiang Z, Yang M, 
Li C, Li Z, Yu P, Wang S, Zhu N, Ren Q, Ni C. Correlation 
between Insulin Resistance and Thyroid Nodule in Type 2 
Diabetes Mellitus. Int J Endocrinol. 2017; 2017:1617458. 
https://doi.org/10.1155/2017/1617458. [PubMed] 

52. Frittitta L, Sciacca L, Catalfamo R, Ippolito A, Gangemi P, 
Pezzino V, Filetti S, Vigneri R. Functional insulin receptors 
are overexpressed in thyroid tumors: is this an early event 
in thyroid tumorigenesis? Cancer. 1999; 85:492–98. https://
doi.org/10.1002/(sici)1097-0142(19990115)85:2<492::aid-
cncr30>3.0.co;2-i. [PubMed] 

53. Van Keymeulen A, Dumont JE, Roger PP. TSH induces 
insulin receptors that mediate insulin costimulation of 
growth in normal human thyroid cells. Biochem Biophys 
Res Commun. 2000; 279:202–07. https://doi.org/10.1006/
bbrc.2000.3910. [PubMed] 

54. Monahan KC, Steinberg L, Cauffman E, Mulvey EP. 
Trajectories of antisocial behavior and psychosocial 
maturity from adolescence to young adulthood. Dev 
Psychol. 2009; 45:1654–68. https://doi.org/10.1037/
a0015862. [PubMed] 

55. Correa-Medina M, Bravo-Egana V, Rosero S, Ricordi 
C, Edlund H, Diez J, Pastori RL. MicroRNA miR-7 is 
preferentially expressed in endocrine cells of the developing 
and adult human pancreas. Gene Expr Patterns. 2009; 9:193–
99. https://doi.org/10.1016/j.gep.2008.12.003. [PubMed] 

56. Plaisance V, Waeber G, Regazzi R, Abderrahmani A. Role 
of microRNAs in islet beta-cell compensation and failure 
during diabetes. J Diabetes Res. 2014; 2014:618652. https://
doi.org/10.1155/2014/618652. [PubMed] 

57. Blandino-Rosano M, Chen AY, Scheys JO, Alejandro 
EU, Gould AP, Taranukha T, Elghazi L, Cras-Méneur C, 
Bernal-Mizrachi E. mTORC1 signaling and regulation of 
pancreatic β-cell mass. Cell Cycle. 2012; 11:1892–902. 
https://doi.org/10.4161/cc.20036. [PubMed] 

https://doi.org/10.1042/BJ20100859
https://doi.org/10.1042/BJ20100859
https://pubmed.ncbi.nlm.nih.gov/20819078
https://doi.org/10.3892/ijo.2016.3660
https://doi.org/10.3892/ijo.2016.3660
https://pubmed.ncbi.nlm.nih.gov/27633373
https://doi.org/10.3892/mmr.2016.5477
https://pubmed.ncbi.nlm.nih.gov/27430434
https://pubmed.ncbi.nlm.nih.gov/33042456
https://doi.org/10.3389/fgene.2015.00340
https://doi.org/10.3389/fgene.2015.00340
https://pubmed.ncbi.nlm.nih.gov/26697058
https://doi.org/10.1158/0008-5472.CAN-10-1219
https://doi.org/10.1158/0008-5472.CAN-10-1219
https://pubmed.ncbi.nlm.nih.gov/21156648
https://doi.org/10.1158/0008-5472.CAN-08-2103
https://pubmed.ncbi.nlm.nih.gov/18922890
https://doi.org/10.1002/hep.25576
https://doi.org/10.1002/hep.25576
https://pubmed.ncbi.nlm.nih.gov/22234835
https://doi.org/10.2337/db12-0451
https://doi.org/10.2337/db12-0451
https://pubmed.ncbi.nlm.nih.gov/23223022
https://doi.org/10.1155/2020/9875636
https://doi.org/10.1155/2020/9875636
https://pubmed.ncbi.nlm.nih.gov/32685551
https://doi.org/10.1016/s0303-7207(99)00005-2
https://doi.org/10.1016/s0303-7207(99)00005-2
https://pubmed.ncbi.nlm.nih.gov/10375016
https://doi.org/10.1210/en.2001-211316
https://doi.org/10.1210/en.2001-211316
https://pubmed.ncbi.nlm.nih.gov/12639917
https://doi.org/10.1074/jbc.270.42.24670
https://doi.org/10.1074/jbc.270.42.24670
https://pubmed.ncbi.nlm.nih.gov/7559579
https://doi.org/10.1677/joe.1.07069
https://pubmed.ncbi.nlm.nih.gov/17170226
https://doi.org/10.1089/thy.2007.0223
https://pubmed.ncbi.nlm.nih.gov/18346005
https://doi.org/10.1155/2017/1617458
https://pubmed.ncbi.nlm.nih.gov/29158735
https://doi.org/10.1002/(sici)1097-0142(19990115)85:2%3C492::aid-cncr30%3E3.0.co;2-i
https://doi.org/10.1002/(sici)1097-0142(19990115)85:2%3C492::aid-cncr30%3E3.0.co;2-i
https://doi.org/10.1002/(sici)1097-0142(19990115)85:2%3C492::aid-cncr30%3E3.0.co;2-i
https://pubmed.ncbi.nlm.nih.gov/10023720
https://doi.org/10.1006/bbrc.2000.3910
https://doi.org/10.1006/bbrc.2000.3910
https://pubmed.ncbi.nlm.nih.gov/11112439
https://doi.org/10.1037/a0015862
https://doi.org/10.1037/a0015862
https://pubmed.ncbi.nlm.nih.gov/19899922
https://doi.org/10.1016/j.gep.2008.12.003
https://pubmed.ncbi.nlm.nih.gov/19135553
https://doi.org/10.1155/2014/618652
https://doi.org/10.1155/2014/618652
https://pubmed.ncbi.nlm.nih.gov/24734255
https://doi.org/10.4161/cc.20036
https://pubmed.ncbi.nlm.nih.gov/22544327


Oncotarget1599www.oncotarget.com

58. Saji M, Ringel MD. The PI3K-Akt-mTOR pathway in 
initiation and progression of thyroid tumors. Mol Cell 
Endocrinol. 2010; 321:20–28. https://doi.org/10.1016/j.
mce.2009.10.016. [PubMed] 

59. Tavares C, Eloy C, Melo M, Gaspar da Rocha A, Pestana 
A, Batista R, Bueno Ferreira L, Rios E, Sobrinho Simões 
M, Soares P. mTOR Pathway in Papillary Thyroid 
Carcinoma: Different Contributions of mTORC1 and 
mTORC2 Complexes for Tumor Behavior and SLC5A5 
mRNA expression. Int J Mol Sci. 2018; 19:1448. https://
doi.org/10.3390/ijms19051448. [PubMed] 

60. Chou YT, Lin HH, Lien YC, Wang YH, Hong CF, Kao YR, 
Lin SC, Chang YC, Lin SY, Chen SJ, Chen HC, Yeh SD, 
Wu CW. EGFR promotes lung tumorigenesis by activating 
miR-7 through a Ras/ERK/Myc pathway that targets the 
Ets2 transcriptional repressor ERF. Cancer Res. 2010; 
70:8822–31. https://doi.org/10.1158/0008-5472.CAN-10-
0638. [PubMed] 

61. The Cancer Genome Atlas program. Available at https://
www.cancer.gov/. Accessed September 14, 2020. 

62. Garcia-Rendueles AR, Rodrigues JS, Garcia-Rendueles 
ME, Suarez-Fariña M, Perez-Romero S, Barreiro F, 
Bernabeu I, Rodriguez-Garcia J, Fugazzola L, Sakai 
T, Liu F, Cameselle-Teijeiro J, Bravo SB, Alvarez CV. 

Rewiring of the apoptotic TGF-β-SMAD/NFκB pathway 
through an oncogenic function of p27 in human papillary 
thyroid cancer. Oncogene. 2017; 36:652–66. https://doi.
org/10.1038/onc.2016.233. [PubMed] 

63. Zhang Y, Wang Z, Gemeinhart RA. Progress in MicroRNA 
Delivery. J Control Release. 2014; 172:962–74. https://doi.
org/10.1016/j.jconrel.2013.09.015. [PubMed] 

64. Ahmadzada T, Reid G, McKenzie DR. Fundamentals of 
siRNA and miRNA therapeutics and a review of targeted 
nanoparticle delivery systems in breast cancer. Biophys 
Rev. 2018; 10:69–86. https://doi.org/10.1007/s12551-017-
0392-1. [PubMed] 

65. Strickaert A, Corbet C, Spinette SA, Craciun L, Dom G, 
Andry G, Larsimont D, Wattiez R, Dumont JE, Feron O, 
Maenhaut C. Reprogramming of Energy Metabolism: 
Increased Expression and Roles of Pyruvate Carboxylase 
in Papillary Thyroid Cancer. Thyroid. 2019; 29:845–57. 
https://doi.org/10.1089/thy.2018.0435. [PubMed] 

66. Pfaffl MW. A new mathematical model for relative 
quantification in real-time RT-PCR. Nucleic Acids Res. 
2001; 29:e45. https://doi.org/10.1093/nar/29.9.e45. 
[PubMed] 

https://doi.org/10.1016/j.mce.2009.10.016
https://doi.org/10.1016/j.mce.2009.10.016
https://pubmed.ncbi.nlm.nih.gov/19897009
https://doi.org/10.3390/ijms19051448
https://doi.org/10.3390/ijms19051448
https://pubmed.ncbi.nlm.nih.gov/29757257
https://doi.org/10.1158/0008-5472.CAN-10-0638
https://doi.org/10.1158/0008-5472.CAN-10-0638
https://pubmed.ncbi.nlm.nih.gov/20978205
https://www.cancer.gov/
https://www.cancer.gov/
https://doi.org/10.1038/onc.2016.233
https://doi.org/10.1038/onc.2016.233
https://pubmed.ncbi.nlm.nih.gov/27452523
https://doi.org/10.1016/j.jconrel.2013.09.015
https://doi.org/10.1016/j.jconrel.2013.09.015
https://pubmed.ncbi.nlm.nih.gov/24075926
https://doi.org/10.1007/s12551-017-0392-1
https://doi.org/10.1007/s12551-017-0392-1
https://pubmed.ncbi.nlm.nih.gov/29327101
https://doi.org/10.1089/thy.2018.0435
https://pubmed.ncbi.nlm.nih.gov/30990120
https://doi.org/10.1093/nar/29.9.e45
https://pubmed.ncbi.nlm.nih.gov/11328886

