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Background: In previous studies, we demonstrated the downregulation of several miRNAs from the DLK1-DIO3
genomic region in papillary thyroid carcinoma (PTC). Due to the large number of miRNAs within this region,
the individual contribution of these molecules to PTC development and progression remains unclear.

Objective: In this study, we aimed to clarify the contribution of DLK1-DIO3-derived miRNAs to PTC.

Methods: We used different computational approaches and in vitro resources to assess the biological processes
and signaling pathways potentially modulated by these miRNAs.

Results: Our analysis suggests that, out of more than 100 mature miRNAs originated from the DLK1-DIO3 region,
a set of 12 miRNAs accounts for most of the impact on PTC development and progression, cooperating to
modulate distinct cancer-relevant biological processes, such as cell migration, extracellular matrix remodeling,
and signal transduction. The restoration of the expression of one of these miRNAs (miR-485-5p) in a BRAFT199A-
positive PTC cell line impaired proliferation and migration, suppressing the expression of GAB2 and RACI,
validated miR-485-5p targets.

Conclusions: Overall, our results shed light on the role of the DLK1-DIO3 region, which harbors promising tumor
suppressor miRNAs in thyroid cancer, and open prospects for the functional exploration of these miRNAs as
therapeutic targets for PTC.

Introduction

In the United States, 43,720 new cases of thyroid cancer are esti-
mated in 2023. Of these, 2120 deaths are anticipated [1]. The genetic
landscape of papillary thyroid carcinoma has been well characterized
[2-5]. Most of the genetic abnormalities observed in PTC are aligned in
the MAPK signaling cascade, with the prevalence of RET fusions, BRAF,
and RAS point mutations [5]. The BRAFT1799A oncogene is currently
known to be associated with invasion of extrathyroidal tissues and
increased risk of lymph node and distant metastases [6].

MiRNAs are small non-coding RNA molecules involved in the post-
transcriptional regulation of gene expression in plants and animals
[7]. The relevance of these molecules to the thyroid development and
function has been extensively explored [8], as miRNAs participate in the
regulation  of  thyroid-specific ~ transcription  factors  and
iodine-metabolism genes [8-10]. Importantly, the aberrant expression

of miRNAs has been widely described in thyroid cancer [11] and these
molecules are currently being explored as promising molecular markers
for diagnosis and recurrence [12].

A previous study by our group described the global deregulation of
the expression of miRNAs located in the genomic region DLK1-DIO3'3,
This region, located on human chromosome 14, is present in placental
mammals and originated due to a tandem amplification of the locus
[14]. It is controlled by genomic imprinting, with the protein-coding
genes DLK1, RTL1 and DIO3 being expressed from the paternal allele
and the noncoding genes MEG3, MEG8 and several miRNAs being
expressed from the maternal allele [15]. DLK1 is involved in Notch
signaling in different tissues and DIO3 is a type 3 deiodinase, involved in
the metabolism of thyroid hormone in different organs [16]. MEG3 has
been described as a regulator of physiological and pathological pro-
cesses such as cell proliferation, differentiation, and survival [17,18].
Regarding the miRNAs, the DLK1-DIO3 region hosts the largest known
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miRNA cluster in the human genome [15]. Although miRNAs derived
from the DLK1-DIO3 region have been described as tumor suppressors in
several types of cancer, their role in thyroid cancer remains to be
explored [19-21]. Moreover, in Temple Syndrome patients, in which
partial or total deletions of the DLK1-DIO3 region are observed, an
increased risk of developing thyroid cancer prematurely has been
detected [22]. This suggests a close relationship between the DLK1-DIO3
locus and the biology of the thyroid follicular cell. Due to the large
number of mature miRNAs derived from the cluster, the functional
investigation of the individual contribution of each miRNA to the
oncogenic process becomes challenging. Thus, we have developed a
computational approach based on the target prediction, filtering against
thyroid cancer gene expression datasets and gene set enrichment anal-
ysis to better understand how these miRNAs might act as tumor sup-
pressors in PTC. In this study we aimed to shed light on the potential of
the DLK1-DIO3 region as a source of miRNAs that could act as tumor
suppressors in PTC.

Materials and methods
Computational analysis of DLK1-DIO3 region miRNAs

The list of miRNA genes from the DLK1-DIO3 region was down-
loaded using the Table Browser tool (https://genome.ucsc.edu/cgi-bin
/hgTables). The miRWalk v.2.0 platform was used for the computa-
tional prediction of targets of each mature miRNA from the DLK1-DIO3
region [23]. The miRWalk v2.0 allowed the prediction of miRNA targets
by 12 different algorithms, including TargetScan [24], PicTar [25], and
the miRWalk native algorithm. The lists of targets of all miRNAs from
the DLK1-DIO3 region predicted by the 12 algorithms were downloaded.
Due to the high stringency of the TargetScan algorithm, based on con-
servation between different species and canonical/non-canonical seed
pairing to predict miRNA:target interactions, only interactions predicted
by the TargetScan platform and at least 7 more of the 12 algorithms used
were included. The resulting lists were then combined and processed
into a matrix and filtered using “PTC versus Normal” gene expression
data from the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.
nih.gov/geo/) and The Cancer Genome Atlas (TCGA, http://cancerge
nome.nih.gov/). The mean fold change expression values between
normal and tumor thyroid tissue were obtained from 5 studies from the
GEO platform, comprising a total of 101 PTC samples and 69 normal
tissues using the GEO2R algorithm, as described previously [26]. Each
gene was considered differentially expressed when adjusted P-value <
0.01 and when an agreement between at least 3 of the 5 studies was
observed. Similarly, level 3 mRNA expression data from 437 human PTC
samples and 59 normal thyroid tissue samples from the TCGA project
were downloaded as described previously[13]. Since miRNAs of the
DLK1-DIO3 region are downregulated in PTC, every target with mean
fold change < 1.25 (25 %) was excluded. Importantly, the use of a higher
threshold (>1.5 or 2.0) would significantly impair the target identifi-
cation. Similarly, gene expression data and its relationship with clinical
attributes were downloaded from the cBioPortal platform (cbioportal.
org) and statistically analyzed as described below. To assess the
expression status of DLK1-DIO3 miRNAs in different types of cancer,
miRNA expression data were downloaded from the ENCORI database
[27] (Sun Yat-sen University, http://www.sysu.edu.cn), which compiles
data from the TCGA project.

We used the DAVID online tool [28] (https://david.ncifcrf.gov/) for
the identification of signaling pathways and biological processes
enriched among DLK1-DIO3-derived miRNAs. To strengthen our strat-
egy to identify miRNAs involved in PTC, we directed the search to
biological processes relevant to cancer, such as “cell cycle”, “cell adhe-
sion”, “regulation of cell migration”, “extracellular matrix”, “positive
and negative regulation of apoptosis” and “cell-cell adhesion”. In addi-
tion, the list of potential targets was compared with 98 oncogenes
characterized in the literature. Venn diagrams were generated using the
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InteractiVenn online tool [29]. A network of predicted target genes was
constructed, according to the same criteria described above, using
Cytoscape 3.7.1 with the STRING protein query (StringApp), which
annotates protein-protein interactions [30,31]. We used a confidence
score of 0.8 and no additional interactions were allowed.

Cell culture

A panel of three thyroid cancer cell lines was used to evaluate the
tumor suppressor potential of miR-485-5p in thyroid cancer. N-Thy-ORI
is a normal follicular immortalized cell line [32], TPC-1 [33] and BCPAP
[34] cell lines are derived from human papillary carcinoma and harbor
the RET/PTC1 chromosomal rearrangements and the BRAFT1799A
mutation, respectively. N-Thy-ORI was kindly donated by Dr. Edna
Kimura, from the University of Sao Paulo, Brazil. The TPC-1 cell line was
kindly provided by Dr. James A Fagin (Human Oncology and Patho-
genesis Program, Memorial Sloan-Kettering Cancer Center, New York,
NY, USA). The BCPAP cells were gently donated by Dr. Massimo Santoro
(Medical School, University ‘Federico II' of Naples, Naples, Italy).
N-Thy-ORI cells were maintained in RPMI medium supplemented with
10 % fetal bovine serum (SFB, Thermo Fisher, Waltham, MA, USA).
TPC-1 and BCPAP were maintained in DMEM medium supplemented
with 5 % and 10 % fetal bovine serum, respectively. Importantly, the
restoration of miR-485-5p in the thyroid cancer cells did not cause
apparent morphological changes in the cancer cell lines.

Overexpression of miR-485-5p in thyroid cancer cell lines

Primers flanking the genomic region of the MIR485 gene were used
for amplification and cloning of the miR-485-5p genomic region in the
PGEM-T Easy Vector System (Promega) (Supplementary Table 1). The
insert was removed by double digestion with Xhol and EcoRI restriction
enzymes and cloned in the MSCV-puro vector, generating a pMSCV-485
vector. Sanger sequencing confirmed the identity of the miR-485-5p
genomic region in the construct. Transfection of the plasmid constructs
(pMSCV-485 or the empty vector) was performed using Lipofectamine
2000 (Thermo Fisher) according to the manufacturer’s instructions.
Puromycin-resistant (5 pg/mL) clones were selected for further experi-
ments. Overexpression of miR-485-5p was confirmed by RT-qPCR.

Quantitative real-time PCR

One hundred thousand cells were seeded in 60 mm plates and
collected after 72 h in TRIzol reagent. Total RNA was extracted based on
Chomczynski and Sacchi [35]. Specific complementary DNA of
miR-485-5p and RNU6B was synthesized using TagMan MicroRNA
Reverse Transcription Kit (ThermoFisher) and qPCR reactions were
performed using Tagman MicroRNA Assay (miR-485-5p: Assay ID 001,
036; RNU6B: Assay ID 001093, ThermoFisher), using the TagMan Uni-
versal Master Mix II, No UNG kit in the ABI 7300 thermal cycler. The
quantification of mRNA target genes was performed using SYBR Green
Dye reagent (Applied Biosystems). Reactions were performed in a final
volume of 20 % pL, using 5 % pL of cDNA diluted 10 times from the final
volume of cDNA synthesis (~ 5 ng), 10 pL of 2x Master Mix SYBR re-
agent Green (Applied Biosystems), and 5 pL of specific primers (Sup-
plementary Table 1). The 7300 SDS Software program was used to
analyze the data obtained. Relative expression was calculated as
described elsewhere[36].

Cell proliferation

The cell lines overexpressing miR-485-5p and those carrying the
empty vector were seeded in a density of 2.5 x 10 cells per well in 12-
well plates. At periods of 48 and 72 h, the cells were trypsinized, fixed at
3.7 % formaldehyde, and maintained at 4 °C until counting, which was
performed using a Neubauer chamber.
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Migration and invasion

The miR-485-5p-overexpressing cell lines were submitted to the
wound healing assay, as previously described[37]. After total conflu-
ence, a vertical lesion line was introduced on the cell monolayer in the
center of each well using a sterile 200 pL tip. The healing process was
assessed soon after the lesion was performed (0 h) and 16 and 24 h later.
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The size of each lesion was measured at different time points using
ImageJ® software[38]. The cell migration and invasion assays were
executed in a modified Boyden chamber using 8.0 pm pore membrane
inserts (Millipore, MA). 2 X 10* cells were resuspended in medium
containing 0.5 % fetal bovine serum and plated in the upper chamber
compartment. The lower compartment was filled with a medium con-
taining 10 % fetal bovine serum. After 12 h, the culture medium was
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Fig. 1. Abnormal expression of DLK1-DIO3-derived miRNAs in cancer and target prediction in papillary thyroid carcinoma. (a) The miRNAs from the DLK1-DIO3
region are deregulated in different types of cancer. The mean fold change between tumor and non-tumor samples for each miRNA in each cancer type is represented
in the heatmap on the left. The statistical significance is represented in the heatmap on the right. The miRNA expression data were downloaded from the ENCORI
database, which compiles data from the TCGA project. (b) The DLK1-DIO3-derived miRNAs were ranked according to the total number of predicted targets involved
in cancer-related processes. (¢) Scheme of the computational strategy adopted for identification of DLK1-DIO3-derived miRNAs with tumor suppressor potential.
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removed, and the chamber was washed twice with PBS. The cells in the
upper compartment were removed and the cells in the lower compart-
ment were fixed, stained with 0.5 % Violet Crystal, and photographed
under a Nikon Eclipse E600 microscope. For cell invasion assays,
extracellular matrix (ECM Gel from Engelbreth-Holm-Swarm murine
sarcoma - liquid, BioReagent 8.42 pg), diluted in 22.5 pL of DMEM, and
30 pL of the diluted matrix were plated on top of each insert.

Statistical analysis

The results were submitted to statistical analysis using GraphPad
Prism version 9.0 for Windows (GraphPad Software, San Diego, Cali-
fornia, USA). Values were expressed as mean + standard deviation. The
Student’s t-test and the Mann-Whitney test were used for comparisons
between two data populations with Gaussian and non-Gaussian distri-
butions, respectively. The Two-Way ANOVA test was used for compar-
isons between three or more data groups and the Log-rank test was used
for Kaplan-Meier survival analysis. Statistical significance was consid-
ered when p < 0.05, unless otherwise specified.

Data access statement: The results shown here are in part based
upon public data generated by the TCGA Research Network: https://
www.cancer.gov/tcga.

Ethics statement: This study solely relied on publicly available data
and did not include any materials requiring ethical approval.

Results
In silico characterization of the DLK1-DIO3-derived miRNAs in PTC

Expression data from the TCGA project revealed that miRNAs from
the DLK1-DIO3 region were downregulated in kidney papillary and
chromophobe renal cell carcinoma, as well as breast invasive carcinoma
and head and neck squamous cell carcinoma (Fig. 1a). However, a global
upregulation was observed in other types of cancer, such as gastric and
lung carcinoma, suggesting that, depending on the tumor of origin, the
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DLK1-DIO3-derived miRNAs may act as oncogenes or tumor suppressor
genes.

Over 100 mature miRNAs are transcribed from the 53 miRNA genes
present in the DLK1-DIO3 region. Thus, the functional characterization
of individual miRNAs may be time- and labor-consuming. To improve
efficiency in identifying the most relevant DLK1-DIO3-derived miRNAs
for PTC we combined different bioinformatics resources, as shown in
Fig. 1b. Firstly, the miRWalk v.2.0 platform was used to identify the list
of predicted targets for each of the mature miRNAs from the DLK1-DIO3
region. As described in the Methods section, the miRWalk v2.0 platform
provides the list of predicted targets of any given miRNA according to 12
different algorithms. In this study, only interactions predicted by at least
8 out of the 12 algorithms were considered valid, resulting in a list of
6231 targets. Once the miRNAs from DLK1-DIO3 are downregulated in
PTC, the list of targets was compared with mRNA expression data
downloaded from GEO and TCGA to select targets whose expression was
increased by at least 25 % (fold change> 1.25; p < 0.01). The resulting
1315 targets were then submitted to Gene Set Enrichment Analysis on
the DAVID online tool. Then, the miRNAs were ranked according to the
number of targets in cancer-related ontological categories (Fig. 1c).

Interestingly, although approximately a hundred mature miRNAs
may originate from the DLK1-DIO3 region, 22 (23 %) have no valid
interactions in our analysis. On the other hand, we observed that more
than 63 % of the genes are targeted by the 12 top-ranked miRNAs on the
list (Fig. 1c). The enrichment analysis of the list of predicted targets of all
DLK1-DIO3-derived miRNAs combined revealed similar enriched GO
categories with the list of the top-12 miRNAs combined (Fig. 2a). These
findings suggest that the top-12 miRNAs may have a larger contribution
to the regulation of biological processes in PTC than the remaining
miRNAs from the DLK1-DIO3 region. Interestingly, although the com-
bined top-12 miRNAs mimic the enrichment observed in targets of all
miRNAs from the DLK1-DIO3, each miRNA displays particular enriched
processes. The reason for that may lie in the large fraction of genes
targeted by only one miRNA in our model: 523 (39.77 %) of the total of
the 1315 genes submitted to the enrichment analysis. For example, for
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the top-12 miRNAs, 35.51 % of the genes were targeted exclusively by a
single miRNA.

As an example, the group of miRNAs miR-495-3p, miR-485-5p, and
miR-665 (named group 1 for comparison purposes) may have a major
impact on cell migration while the group containing miR-539-5p, miR-
543, miR-381-3p, miR-300, miR-544a and miR-432-5p (named group 2
for comparison purpose) may contribute to deregulate cell adhesion,
extracellular matrix remodeling and gene expression (Fig. 2a). Thus,
each small group of miRNAs could contribute to PTC development and
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progression through the deregulation of different biological processes.
Except for the miRNAs miR-665, miR-370-3p, and miR-432-5p, most of
the top-12 miRNAs genes are located at a 39.8 kb region
(chr14:101,028,292-101,068,115) upstream from MEG9 gene with no
apparent relationship regarding their genomic location, sequence con-
servation and biological function (data not shown).

As mentioned above, each of the top-12 miRNAs modulates a small
percentage of targets in our model: miR-485-5p (13.76 %), miR-495-3p
(12.47 %), miR-665 (11.40 %), miR-539-5p (10.49 %), miR-543 (8.82
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Fig. 3. miR-485-5p as a candidate tumor suppressor in PTC. (a) miR-485-5p downregulation in human thyroid cancer samples from miRNA-seq data (TCGA project).
Mean expression of miR-485-5p in 437 PTC samples versus 59 normal thyroid tissues. (b) “Waterfall-plot” graph of miR-485-5p expression in 59 PTC samples
compared to matched normal thyroid samples from miRNAseq data (TCGA project). Pink bars represent upregulation and blue bars represent downregulation.
Hatched bars represent BRAFT1799A-positive samples. (¢) Functional enrichment of miR-485-3p predicted targets. GO categories relevant to this study are shown in
colors. Dashed line marks P-value = 0.05. (d) miR-485-5p is downregulated in PTC-derived cell lines compared to a normal thyroid follicular immortalized cell line.
For each cell line 1 x 10° cells were cultivated for 72 h, total RNA was extracted and cDNA was synthesized. (e) Two PTC cell lines (TPC-1 and BCPAP) were
transfected with miR-485-5p-expressing plasmid or transfected with the empty vector. For each cell line, the transfectants with higher miR-485-5p expression were
selected for further analysis. (f) TPC-1 and BCPAP cells, transfected with pMSCV-485 plasmid or the empty vector, were collected 24, 48, and 72 h after seeding,
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%), miR-654-5p (8.75 %), miR-370-3p, miR-541-3p (7.99 %), miR-544a
(7.76 %), miR-432-5p (7.61 %), miR-300 (7.53 %) and miR-381-3p (7.53
%). Moreover, even miRNAs with similar enriched categories within
each group have few or no common targets. As an example, miRNAs
from group 1 (miR-495-3p, miR-485-5p, miR-665) have only 7 common
targets, while group 2 (miR-539-5p, miR-543, miR-381-3p, miR-300,
miR-544a) have none (Fig. 2b). This suggests that these miRNAs coop-
erate by targeting distinct members within each biological process. The
differential targeting may be explained by the differences in the seed
sequences of each miRNA (Fig. 2b), which is the sequence segment from
the second to the seventh nucleotides of each miRNA, critical for the
recognition and stabilization with the target mRNA[4]. An example is
shown in Fig. 2c, where we observed that miRNAs from group 1
(miR-495-3p, miR-485-5p, miR-665) cooperate to modulate different
cancer-related processes, such as cell cycle, signal transduction, and
extracellular matrix remodeling, where simultaneous targeting was less
frequent.

miR-485-5p as a tumor suppressor candidate in PTC

As a proof of concept, we aimed to test whether the identified miR-
NAs within the network could act as tumor suppressors in PTC. One of
the top-ranked miRNAs in our in silico analysis, miR-485-5p, has been
described as a tumor suppressor in different types of cancer [24-28] and
is downregulated in PTC in comparison with normal thyroid tissue, ac-
cording to TCGA data (Fig. 4a,b). The enriched biological processes and
signaling pathways among miR-485-5p targets include relevant pro-
cesses for PTC, such as “regulation of cell migration”, “regulation of
MAPK cascade” and “signal transduction”, targeting several key modu-
lators of distinct signaling pathways relevant for cancer progression
(Fig. 3c, Supplementary Table 2). miR-485-5p was downregulated in
two papillary thyroid cancer cell lines (TPC-1 and BCPAP) in compari-
son with the human immortalized normal thyroid cell line N-Thy-ORI
(Fig. 3d). Interestingly the overexpression of miR-485-5p abolished cell
proliferation in the BRAF-mutated cell line BCPAP (Fig. 3e,(f). In
contrast, no significant changes were observed in the RET/PTC1-positive
TPC-1 cells.

We then evaluated the influence of miR-485-5p on the regulation of
cell migration, the main enriched GO term among miR-485-5p predicted
targets. In the wound healing assay, as observed for cell proliferation,
the restoration of miR-485-5p levels inhibited cell migration only in the
BRAF-mutated cell line BCPAP (Fig. 4a), without changes in TPC-1 cells.
The role of miR-485-5p in the suppression of migration of the BRAF-
mutated BCPAP cell line was confirmed in the modified Boyden chamber
assay (Fig. 4b). Importantly, miR-485-5p also inhibited cell invasion of
BCPAP cells seeded on the top of inserts coated with commercial
extracellular matrix.

To test our hypothesis, we further examined the ability of miR-
485-5p to regulate the expression levels of three candidate genes pre-
dicted by our bioinformatic approach, GAB2, RAC1, and ICAM1 (Sup-
plementary Table 2). GAB2 and RAC]1 are regulators of cell migration in
different types of cancers and have been experimentally validated as
direct targets of miR-485-5p[24,29]. In addition, ICAM1 is positively
correlated with aggressiveness in thyroid cancer samples and is a
promising target for advanced thyroid cancer therapy [30,31]. Ac-
cording to TCGA data, these genes are upregulated in PTC samples in
comparison with normal tissue, in PTCs with a "BRAF-like" rather than a
"RAS-like" phenotype, and in patients with extrathyroidal extension by
the time of diagnosis (Fig. 5a,b,c). Interestingly, GAB2 and ICAM1 were
downregulated by miR-485-5p overexpression in both cell lines,
whereas RAC1 levels were diminished only in the BRAF-mutated cell
line BCPAP (Fig. 5d), which could, at least in part, explain the differ-
ential migratory behavior between TPC-1 and BCPAP cell lines. Impor-
tantly, the overexpression of miR-485-5p was capable of inhibiting the
expression of key genes in Epithelial-to-Mesenchymal transition (EMT)
in the BRAF-mutated cell line BCPAP, such as TWIST1, SNAI1, SNAI2,
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ZEB1 and ZEB2 (Fig. 5e). In contrast, no significant changes were
observed in the RET/PTC-bearing cell line TPC-1. No changes were
observed in the expression levels of thyroid differentiation genes
SLC5A5, TPO, TG, and TSHR upon restoration of miR-485-5p in both cell
lines (data not shown).

Discussion

In a prior study, we reported the global downregulation of miRNAs
from DLK1-DIO3 region in PTC cell lines, human PTC samples, and a
murine model of BRAF-mutated PTC [13]. The Cancer Genome Atlas
project data show the abnormal expression of several
DLK1-DIO3-derived miRNAs in various cancer types (Fig. 1a), and a
number of these miRNAs have validated oncogenic or tumor suppressor
roles in a variety of neoplastic malignancies [19-21,37,39-45]. In this
study, we used computational tools and online-available gene expres-
sion data to shed light on the contribution of DLK1-DIO3-derived miR-
NAs to PTC.

Due to the large number of potential targets predicted by miRNA-
target prediction algorithms, the functional analysis of miRNAs can be
challenging. Also, the coordinated aberrant expression of a large number
of miRNAs may hinder the identification of those with higher oncogenic
impact on PTC. Therefore, bioinformatics tools may help to provide a
more detailed scenario of post-transcriptional regulation by miRNAs in
PTC [26,46]. Here we used different computational resources to
generate a rank of DLK1-DIO3-derived miRNAs according to the tar-
geting of cancer-related genes in PTC. Our analysis suggests that the
top-12 miRNAs on the rank are responsible for most of the impact of
DLK1-DIO3-derived miRNAs in PTC.

Glazov and colleagues have shown that processes related to neuro-
genesis and embryonic development are enriched among the targets of
DLK1-DIO3-derived miRNAs [14]. Interestingly, despite the use of
PTC-derived gene expression from TCGA to construct the miRNA:target
matrix, we observed enriched GO categories related to axon guidance,
nervous system development, and neuro-active ligand-receptor inter-
action, indicating that deregulation of these processes in the follicular
cell could participate in thyroid oncogenesis.

Several miRNAs derived from the DLK1-DIO3 region have been
implicated in the tumorigenesis and progression of different types of
cancer. miR-485-5p, for example, has been shown to inhibit pathways
related to cell growth and motility in colorectal cancer and to affect the
regulation of oral squamous cell carcinoma stemness and drug resistance
[40,47]. miR-495-3p is shown to be involved with tumor growth in
gastric cancer and a recent study of our group has also identified the
involvement of miR-495-3p in cell migration and invasion in PTC [37,
39]. A set of seven DLK1-DIO3 miRNAs (miR-300, —382, —494, —495,
—539, —543, and —544) have been shown to act coordinately to control
epithelial-to-mesenchymal transition in breast cancer cell lines [48].
Accordingly, our analysis suggests that five out of the above-mentioned
miRNAs (miR-494, —495, —539, —543, and —544a) modulate processes
related to extracellular matrix organization. On the other hand, it is
known that miRNAs derived from the DLK1-DIO3 region may act as
oncogenes depending on the tumor type, for example, metastatic pros-
tate cancer and hepatocellular carcinoma [49-51].

In our study, the restoration of miR-485-5p affected cell migration,
invasion and proliferation in the BCPAP cell line. The expression of miR-
485-5p in thyroid cancer cells have been investigated by others. The
downregulation of this molecule has been observed in the anaplastic
thyroid carcinoma cell lines CAL-62 and FRO in comparison with N-Thy-
ORI cells, regulating cell growth and migration in the circ.0023990-miR-
485-5p-FOXM1 axis [52]. Moreover, Li & Kong (2019) have shown the
expression of this miRNA in TPC-1 and BCPAP cell lines, however,
without comparison with normal cells [53].

Interestingly, we only observed a significant impact of miR-485-5p
overexpression on cell migration and invasion in the BRAFT1799A
positive cell line BCPAP. This incidental finding suggests that the
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Fig. 4. miR-485-5p suppresses migration and invasion of PTC cells in vitro. (a) TPC-1 and BCPAP cells, overexpressing miR-485-5p or not, were cultured until near
total confluence and a lesion was performed on the monolayer using a pipette tip. Photographs were taken at times 0, 16, and 24 h (N = 3). The BCPAP 24 h time
point on the graph has no column due to the complete wound closure. (b) For the migration assay, TPC-1 and BCPAP cells, overexpressing miR-485-5p or not, were
seeded in the upper compartment of modified Boyden chambers. For the invasion assay, the chambers were covered with a commercial reconstitutable extracellular
matrix. Migrated/invaded cells at the lower chamber compartment were fixed, stained, and photographed after 12 h. Data is presented as one representative
experiment (from three independent experiments) and bars represent the standard deviation. P < 0,01(**). 40x magnification.
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Fig. 5. GAB2, RAC1, and ICAM1 as targets of miR-485-5p in PTC. (a-c, Top) Mean expression of GAB2, RACI, or ICAM1 in 437 PTC samples versus 59 normal
thyroid samples from RNA-seq (TCGA project) and respective correlation with clinical attributes according to the TCGA project. (N = 388); (R.P.M) reads per million;
(d, e) Total RNA was extracted from TPC-1 and BCPAP cells transfected with pMSCV-485 plasmid or the empty vector and used for cDNA synthesis. Expression of
GAB2, RAC1, ICAM1, TWIST1, SNAI1, SNAI2, ZEB1 and ZEB2 was quantified by qPCR. RPL19 gene was used as endogenous control. The y-axis shows values in
arbitrary units (a.u). Data is presented as the average of three independent experiments and bars represent the standard deviation. P < 0,05 (*), P < 0,001 (***).

oncogenic background may influence the miRNA-mediated post-tran-
scriptional regulation. Although the role of BRAFT1799A mutation in
PTC is well-documented[54], its relationship with the DLK1-DIO3 re-
gion is unclear. Our bioinformatics analyses show that miR-485-5p may
target several genes involved in the transduction of MAPK and PI3K
pathways, such as EREG, EGFR, MET, INSR, and GAB2. Li and colleagues
have shown the direct targeting of GAB2 by miR-485-5p in colorectal
cancer [40]. Indeed, apart from any other mutation in PTC, BRAF-
T1799A-positive tumors present a unique transcriptional profile and are
often diagnosed as less differentiated and more aggressive carcinomas
[5]. Indeed, the BCPAP cell line, commonly described as derived from
papillary thyroid carcinoma, was derived from a PTC with local and
lymph node metastasis, characteristics of a poorly differentiated thyroid
carcinoma [34]. In this context, miR-485-5p could be participating in
the repression of crucial BRAFT1799A partners and subsequently
impacting cell migration and invasion. Given the role of GAB2 and RAC1
in the modulation of the cytoskeletal organization [55-60], their
downregulation could explain, at least in part, the suppression of the
migratory potential in miR-485-5p-transfected BCPAP and not in TPC-1
cells. Additionally, different studies have shown the relevance of ICAM1

in aggressive thyroid cancer, which highlights it as a promising thera-
peutic target [61-63]. Therefore, the restoration of miR-485-5p levels
emerges as a potential strategy for adjuvant therapy of BRAFT1799A--
positive aggressive PTC.

In conclusion, the combination of computation analysis and data
mining allowed us to shed light on the biological role of DLK1-DIO3-
derived miRNAs in PTC. The major impact of DLK1-DIO3 miRNAs on
thyroid oncogenesis and progression may derive from the top-12 miR-
NAs, which cooperate to modulate important cancer-related biological
processes. Taken together, our results provide a new strategy to identify
tumor suppressor candidates for PTC, opening prospects for a new
approach to the treatment of aggressive thyroid cancer.
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