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Abstract

Purpose Radioiodine I-131 (RAI) is the therapy of choice for differentiated thyroid cancer (DTC). Between 5% and 15% of
DTC patients become RAI refractory, due to the loss of expression/function of iodide metabolism components, especially the
Na/I symporter (NIS). We searched for a miRNA profile associated with RAI-refractory DTC to identify novel biomarkers
that could be potential targets for redifferentiation therapy.

Methods We analyzed the expression of 754 miRNAs in 26 DTC tissues: 12 responsive (R) and 14 non-responsive (NR) to
RATI therapy. We identified 15 dysregulated miRNAs: 14 were upregulated, while only one (miR-139-5p) was downregulated
in NR vs. R tumors. We investigated the role of miR-139-5p in iodine uptake metabolism. We overexpressed miR-139-5p
in two primary and five immortalized thyroid cancer cell lines, and we analyzed the transcript and protein levels of NIS and
its activation through iodine uptake assay and subcellular protein localization.

Results The finding of higher intracellular iodine levels and increased cell membrane protein localization in miR-139-5p
overexpressing cells supports the role of this miRNA in the regulation of NIS function.

Conclusions Our study provides evidence of miR-139-5p involvement in iodine uptake metabolism and suggests its possible

role as a therapeutic target in restoring iodine uptake in RAI-refractory DTC.
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Introduction

Radioiodine I-131 (RAI) is the therapy of choice for radi-
oiodine-avid differentiated thyroid cancer (DTC) and is the
main postoperative treatment for ablation of residual disease

V. Pecce and M. Sponziello have contributed equally to this work.

< A. Verrienti
antonella.verrienti @uniromal .it

Department of Translational and Precision Medicine,
Sapienza University of Rome, Rome, Italy

Department of Pediatric Hematology/Oncology and Cell
and Gene Therapy, IRCCS Ospedale Pediatrico Bambino
Gest, Rome, Italy

Unita di Medicina Nucleare, TracerGLab, Dipartimento
di Diagnostica per Immagini, Radioterapia Oncologica
ed Ematologia, Fondazione Policlinico Universitario

A. Gemelli, IRCCS, Rome, Italy

Department of Health Sciences, Universita Di Catanzaro
“Magna Graecia”, Catanzaro, Italy

Unitelma, Sapienza University of Rome, Rome, Italy

after surgical resection or in the case of unresectable meta-
static DTC [1]. However, two-thirds of DTC patients with
distant metastases become RAI refractory and the 10-year
survival rate for metastatic disease decreases to 10% [2].
RALI refractoriness is caused by the loss of expression or
dysfunction of iodide metabolism components, mainly due
to oncogenic pathway activation [3]. The early identification
of patients who will not benefit from radioiodine treatment
would allow them to avoid its severe adverse effects [3, 4].

Constitutive MAPK pathway activation is very common
in thyroid cancers and is involved in RAI refractoriness by
suppressing the expression of genes that regulate iodide
uptake, thyroid hormone synthesis, and differentiation, such
as NIS, TPO, TG, and PAXS [5, 6]. In particular, the BRAF
p-V600E mutation is associated with low NIS expression in
thyroid cells [7-9].

In this scenario, different approaches have been inves-
tigated to re-activate radioiodine uptake in cancer cells by
upregulating NIS expression and/or recovering its function
in RAI-resistant tumors, including the use of protein kinase
inhibitors as redifferentiation agents [10, 11]. However, a
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fully successful treatment for all patients has not yet been
obtained and the time-limiting use of these agents due to
their side effects reduces their efficacy.

MicroRNAs (miRNAs) are small noncoding RNAs
(20-25 nucleotides) that regulate gene expression at the
post-transcriptional level. Dysregulated miRNA expres-
sion has been frequently described in many pathologies,
including various neoplasia, in which it has been found to
be involved in neoplastic development and progression [12].

The expression of specific miRNA profiles has been
proposed as a predictive biomarker in thyroid cancers [13,
14] and as a novel molecular target for personalized thyroid
cancer treatment [15-17]. However, only a few studies have
reported an association between specific miRNA expression
profiles and RAI treatment response [18, 19].

In this study, we investigated the miRNA profile associ-
ated with RAI-refractory DTC to identify predictive bio-
markers of RAI refractoriness and new possible targets for
miRNA-based treatment. Among the miRNAs identified,
we particularly highlight the effects of miR-139-5p on thy-
roid cancer redifferentiation and on the restoration of iodine
uptake metabolism in primary and immortalized thyroid
cancer cell lines.

Materials and methods
Study population and tissue collection

This retrospective study was conducted with local ethics
committee approval (Sapienza Ethics Committee; project
code 1184). Twenty-six tissue samples of metastatic DTC
were collected from patients who underwent surgical resec-
tion between 2002 and 2014 at Agostino Gemelli Hospital
in Rome or at Sapienza University of Rome. Formalin-fixed
and paraffin embedded (FFPE) tissue samples were reviewed
separately by two pathologists who confirmed the diagnosis.
FFPE samples were then subjected to molecular analysis
after macrodissection of tumor tissues.

Patients were classified according to their radioio-
dine uptake ability and/or their response to RAI therapy
and divided into two cohorts: cohort I included 14 non-
responder (NR) patients, while cohort Il was composed of
12 responder (R) patients (Table 1). Patients were included
in cohort I if they met at least one of the following criteria:
i) the metastatic tissue did not concentrate radioiodine at
the time of the first I'3! treatment; ii) the tumor tissue lost
the ability to uptake radioiodine after previous evidence of
uptake; iii) radioiodine was concentrated in some lesions
but not in others; and/or iv) metastatic disease progressed
despite significant RAI uptake [20]. Patients were included
in cohort II if they were successfully treated with RAI
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therapy (i.e., lesions concentrated radioiodine and disap-
peared or did not progress over time).

Nucleic acid isolation from tissues

DNA and total RNA (containing miRNAs) were simultane-
ously extracted from primary DTC tissues using the Recov-
erAll™ Total Nucleic Acid Isolation Kit (Thermo Fisher Sci-
entific) and quantified with Qubit fluorescence-based assays
for dsDNA and RNA (Qubit®, Thermo Fisher Scientific), as
previously described [21].

Next-generation sequencing (NGS)-based mutation
analysis

NGS analysis was performed on the Ion Gene Studio S5 sys-
tem (Thermo Fisher Scientific) using two thyroid-specific cus-
tom panels, a DNA panel and an RNA panel, as previously
described [21, 22].

Briefly, two libraries were prepared from 15 ng of DNA
and 10 ng of RNA with the Ion AmpliSeq™ Library Kit Plus
using the IonXpress™ Barcode Adapter 1-96 Kit (Thermo
Fisher Scientific). The purified libraries were quantified with
Ion Library TagMan® Quantitation Kit on the 7900HT Fast
Real Time PCR system (Thermo Fisher Scientific). DNA
and RNA pooled libraries were clonally amplified on the Ion
One Touch2 System and sequenced on Ion Gene Studio S5
(Thermo Fisher Scientific) according to the manufacturer’s
instructions and as previously described [23].

Data analysis was performed using Torrent Suite v.5.10
with Coverage Analysis and Variant Caller plugins and anno-
tated with Ion Reporter 5.12 and the wANNOVAR web server.
Gene fusion analysis was performed with Ion Reporter 5.12
software (Thermo Fisher Scientific) using the workflow for
gene fusion detection [22].

Analysis of tissue miRNAs

MicroRNA profiling of 754 miRNAs was performed on RNA
isolated from FFPE primary thyroid cancer tissues (cohort I
and II patients) using TagMan Array Human MicroRNA A +B
Cards v3.0 (Thermo Fisher Scientific). TagMan arrays were
processed as previously reported [24, 25].

Expression Suite software v1.0.3 (Thermo Fisher Scien-
tific) was employed to evaluate cycle threshold (Ct) values for
each miRNA and relative miRNA expression using the com-
parative 2-AACt method. Data were normalized using U6 as
an endogenous control. MicroRNAs with Ct values > 35 were
excluded [26]. Row data are available upon request.
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Table 1 B.as.eline Clinicopathological features n (%) Cohort I (NR) n=14 Cohort II (R) n=12 P
Characteristics of Cohorts I
and IT Female, 1 (%) 6 (43%) 9 (69%) 0.2519
Age at diagnosis, median (range), y 58.5 (26-74) 47 (24-67) 0.1410
Tumor size, median (range), mm 23 (10-70) 22 (5-75) 0.2413
Tumor Foci, n (%)
Unifocal 7 (50%) 2 (17%) 0.1976
Multifocal, unilateral 1 (7%) 1 (8%)
Multifocal, bilateral 6 (43%) 9 (75%)
Extrathyroidal extension
None 7 (50%) 6 (50%) 0.4867
Microscopic invasion of perithyroidal 3 (21.5%) 5 (42%)
soft tissue
Microscopic invasion of muscle 3(21.5%) 1 (8%)
Macroscopic invasion 1 (7%) 0 (0%)
T
Tl 3(21.5%) 2 (17%) 0.2540
T2 1 (7%) 3 (25%)
T3 7 (50%) 7 (58%)
T4 3(21.5%) 0 (0%)
Lymph node metastases, n (%)
Nx 7 (50%) 5 (42%) 0.5081
NO 4 (29%) 2 (16%)
N1 3(21%) 5 (42%)
Thyroid cancer subtype
PTC-CT 5 (36%) 4 (33%) 0.7112
PTC-FV 7* (50%) 6 (50%)
PTC—other 1#* (7%) 2%%% (17%)
OCA 1(7%) 0 (0%)
Mutational Status
BRAF 4 (29%) 0 (0%) 0.0749
RAS 2 (14%) 3 (25%)
NTRK fusions® 0(0%) 3(25%)
RET fusions® 0 (0%) 2 (17%)
BRAF +pTERT 2 (14%) 0 (0%)
NRAS+pTERT 1 (7%) 0 (0%)
TSHR+pTERT 1 (7%) 0(0%)
pTERT 1 (7%) 0 (0%)
None 3(21%) 4 (33%)

*4 mixed-DTC (1 PTC-FV +FTC; 3 PTC-FV +insular)

#*PTC—trabecular variant
***¥PTC—columnar variant

2] TPM3-NTRK1, 2 TPR-NTRK1
] RET-PTC1, 1 RET-PTC3

PTC-CT, classical variant; PTC-FV, follicular variant; OCA, oncocytic carcinoma

Cell cultures

Primary normal and tumor cell cultures were established
from the normal and tumoral areas of patients with papil-
lary thyroid cancer who underwent surgical resection, as
previously described [27]. They were maintained in culture

for 25 passages at 37 °C with 5% CO,. The presence of the
p-V600E point mutation of the BRAF gene was verified by
Sanger sequencing analysis of DNA isolated using Nucle-
oSpin Tissue Mini Kit for DNA from cells and tissue (Mach-
erey Nagel), as previously described [28]. PCR conditions
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and sequencing primers are available upon request. Muta-
tional status is reported in Supplementary Table 1.

Commercial immortalized thyroid cancer cell lines
(TPC1, BCPAP, K1, 8505¢c, SW1736) were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) or Roswell Park
Memorial Institute (RPMI) media (Gibco-BRL Division,
Thermo Fisher Scientific, Waltham, MA, USA), according
to ATCC® instructions, containing 10% fetal bovine serum
(FBS) (Gibco-BRL Division, Thermo Fisher Scientific)
and antibiotic—antimycotic solution (Gibco-BRL Division,
Thermo Fisher Scientific). The mutational status and histo-
logical origin of the cell lines used in this study are reported
in Supplementary Table 1. Mutational status of each con-
tinuous cell line was verified by Sanger sequencing analysis
[8, 28, 29].

Fisher rat thyroid low-serum 5 (FRTLS) cells were cul-
tured in Coon’s modified F12 medium containing 5% FBS
(Gibco-BRL Division, Thermo Fisher Scientific, Waltham,
MA, USA), 2 mM L-glutamine, antibiotic—antimycotic
solution (Gibco-BRL Division, Thermo Fisher Scientific),
and the SH mix (20 ug/ml Gly-His-Lys acetate, 3.62 pg/ml
hydrocortisone, 1 pg/ml insulin, and 5 pg/ml transferrin).
Every 2 days, the 6H mix containing 1 mUI/ml thyroid-
stimulating hormone (TSH) was added to the medium. All
cells were incubated at 37 °C in an atmosphere of 5% CO,.

Overexpression of miR-139-5p

Synthetic miR-139-5p (MISSION® microRNA Mimic
hsa-miR-139-5p HMI10212) or a negative control (MIS-
SION® miRNA, Negative Control 1, HMC0002) was trans-
fected into primary and immortalized thyroid cancer cell
lines at 30 nM of final concentration using Lipofectamine
RNAiIMAX Transfection Reagent (Thermo Fisher Scien-
tific). Treatments, performed according to the manufactur-
er’s instructions, were started after 2 h of cell starvation, and
maintained for 48 h.

RNA isolation from cells and real-time PCR

RNA was isolated from cells using RNeasy Mini Kit (Qia-
gen, Hilden, Germany) and quantified with Nanodrop 2000
(Thermo Fisher Scientific). The High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific) was
used to synthesize cDNA from RNA according to the man-
ufacturer’s instructions (Thermo Fisher Scientific). The
expression levels of miR-139-5p and thyroid-specific genes
(SLC5AS, TPO, TG, PAXS, TSHR) were analyzed on cDNAs
from treated and control cells using TagMan Gene Expres-
sion assays [SLC5A5 (Hs00166567_m1), TG (Hs00174974_
ml), PAX8 (Hs00247586_m1), TPO (Hs00892519_m]1),
TSHR (Hs01053846_m1), and miR-139-5p (005364 _mat)]
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and TagMan Universal Master Mix according to the manu-
facturer’s instructions (Thermo Fisher Scientific).

Results were calculated using the 2742 method and
normalized to the corresponding endogenous controls,
U6 snRNA (TagMan® Gene Expression Assays Code:
001,093) or GAPDH (TagMan® Gene Expression Assays
Hs02786624_g1). Data were expressed as the mean + stand-
ard deviation (SD) of three replicates.

A commercial pool of total RNA isolated from normal
thyroids (Human Thyroid Total RNA, THYN, Takara) has
been used as calibrator sample. The pool includes RNA from
3 male Asians, African American, ages 21, 29, 76, respec-
tively, with unknown cause of death [30].

Immunofluorescence

Immunofluorescence experiments were performed using
Lab-Tek chamber slides as support (Nunc cell culture divi-
sion, Thermo Fisher Scientific). Cells were fixed with 4%
paraformaldehyde for 20 min at room temperature, permea-
bilized with Triton X-100 (0.1%), diluted in phosphate-buff-
ered saline (PBS), and incubated in blocking solution (BSA
3% in PBS). Cells were incubated overnight with primary
antibodies diluted in PBS and for 1 h with secondary anti-
bodies. Primary antibodies were rabbit anti-NIS polyclonal
(Genetek). Secondary antibodies were 488-conjugated anti-
rabbit (Thermo Fisher Scientific). Nuclei were Hoechst-
counterstained. Images were acquired with an optical micro-
scope, Leica DM IL LED Fluo, using a GFP filter cube.

lodide uptake assay

Iodide uptake assay was performed as previously described
[31]. Briefly, cells were seeded in a 96-well plate at 70%
confluence and were treated the next day as described in
the cell treatments section. After 48 h of treatment, iodide
uptake assay was performed.

We used FRTLS and BCPAP cell lines as positive and
negative controls, respectively. As described in the cell
cultures section, the FRTLS cell line was treated with the
medium added with SH and 6H mixes. BCPAP cell line was
treated with suberoylanilide hydroxamic acid (SAHA) and
valproic acid (VPA), as previously described [32].

The culture medium was replaced twice by the uptake
buffer (containing 10 mM of HEPES diluted in Hank’s
balanced salt solution [HBSS]). At the end of the washing
cycle, 80 ul of fresh uptake buffer remained in each well of
the 96-well plate. Immediately, 10 pl of 100 uM Nal solution
was added to each well. For each experimental condition, a
competitive inhibitor of NIS (KCI1O, 10 uM) was also added
in half of the wells as a control to determine non-specific
iodide uptake. The assay plate was left at 20 °C for 60 min
in the dark.
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At the end of incubation, the buffer was discarded, and
cells were washed once with ice-cold HBSS (Thermo Fisher
Scientific). Then, cells were lysed with 100 ul of 0.1 M
NaOH solution. All lysate was used for the Nonradioactive
Iodide Assay Kit (Bertin pharma) according to the manufac-
turer’s instructions. Absorbances obtained from the experi-
ment (at 420 nm) were normalized for the absorbances of
the cell in each well (at 630 nm).

Iodide concentration in unknown samples was determined
using linear regression of the standard curve provided by the
kit. Results were expressed as specific units (uM) of iodide
accumulation relative to controls.

Western blot analysis

Cells were lysed using the lysis buffer described by Pecce
et al. [29]. Thirty pg of total protein extract were loaded
on 12% polyacrylamide gel, transferred to.polyvinylidene
difluoride (PVDF) membranes, blocked with 5% non-fat
dry milk for 1 h and then incubated overnight with primary
antibodies.

For analysis of the nucleus, cytoplasm, and membrane
fractions, cells were lysed using Buffer A (containing
HEPES pH 7.4 20 mM, glycerol 20%, KCI 50 mM, EDTA
1 mM, and protease inhibitors [Thermo Fisher]). Buffer B
(containing 10% NP-40) was added after 15 min. The sam-
ples were centrifuged at 5000 rpm for 5 min and the super-
natant and pellet were recovered as cytoplasmatic extracts
and isolated nuclei, respectively. Nuclear pellets were lysed
with Buffer C (containing HEPES pH 7.4 20 mM, glycerol
25%, NaCl 400 mM, EDTA 2 mM, and protease inhibitors
[Thermo Fisher Scientific]) and centrifuged at 13,000 rpm
for 10 min. The membrane fraction was isolated after incu-
bating the samples for 10 min on ice for cell lysis. After
centrifugation (13,000 rpm for 15 min), the pellets were
processed with a buffer containing Tris HCI pH 7.4 50 mM,
NaCl 150 mM, SDS 1%, TRITON-X 1%, and protease inhib-
itors (Thermo Fisher Scientific).

The primary antibodies were anti-NIS (Genetek) diluted
1:1000, anti-B-actin (Sigma Aldrich) diluted 1:3000, H3
(Abcam) diluted 1:3000, LDLR (Abcam) diluted 1:1000,
which were used as a loading controls. The membranes were
then incubated with horseradish peroxidase-conjugated sec-
ondary antibodies: anti-rabbit (diluted 1:5000) or anti-mouse
(diluted 1:5000) (Transduction Laboratories, Lexington, KY,
USA). The blots were developed with Western Blot ECL
Plus detection system (Perkin Elmer, Milan, Italy) and the
results were acquired with the ChemiDoc MP system (Bio-
Rad). Densitometric analyses were performed using Image
Lab software (Bio-Rad).

Statistical analysis

Statistical analyses of the clinicopathological and mutational
characteristics of DTC patients and of thyroid cancer cell
lines were performed with GraphPad Prism 6.01. Continu-
ous variables were expressed as medians and ranges, and
nominal variables as numbers and percentages. Differences
between categorical variables were evaluated with the chi-
square test. Differences between continuous variables were
assessed with the Mann—Whitney test for patient samples
and the unpaired ¢ zest for cell lines.

Differential miRNA expression levels between NR and
R patients were assessed with the Mann—Whitney U test
followed by Benjamini—-Hochberg correction using the R
stats package (R software version 3.1.1). Dendrograms and
heat maps were generated with GENE-E software version
3.0.215 (http://www.broadinstitute.org/cancer/software/
GENE-E) with Spearman correlation and complete link-
age. A p value <0.05 was considered statistically significant.

Results

Clinicopathological features and mutational status
of the DTC cohorts

The study population included 26 DTC patients divided into
cohorts I and II according to RAI treatment response. Cohort
I included 14 non-responder patients (NR, 14/26, 58%),
while cohort II included 12 responder patients (R, 12/26,
42%). The clinicopathological characteristics and mutational
status of DTC patients are summarized in Table 1.

Half of the patients were histologically diagnosed with
a follicular variant of papillary thyroid cancer (n=13
patients). The NR group also included 5 classical and 1
trabecular variant of PTC, and one oncocytic thyroid car-
cinoma. The R cohort included 4 classical and 2 columnar
variants of PTC. NR patients did not significantly differ from
R patients in terms of sex, age, tumor size, tumor foci, pres-
ence of extrathyroidal extension, or lymph node metastasis.

The mutational status of primary tumor tissues was
determined by targeted NGS of 23 genes involved in thy-
roid cancer [22]. NR patients harbored BRAF p.V600E
mutations (42.8% vs. 0%) and TERT promoter mutations
(28.6% vs. 0%). A TSHR p.M453T mutation was observed
in the one patient with oncocytic carcinoma. RAS mutations
were found in both cohorts (21.4% vs. 25%). R patients were
enriched with gene fusions, specifically RET fusions (0% vs.
17%) and NTRK 1 fusions (0% vs. 25%).
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MicroRNA profiling in DTC cohorts

To identify new putative biomarkers associated with RAI
refractoriness in DTC patients, we performed miRNA pro-
filing on the tumor tissues of the 26 patients enrolled in this
study.

The TagMan Low-Density Array approach used for this
analysis revealed a subset of miRNAs that were differentially
expressed between NR and R cohorts. The heat map and
the hierarchical clustering of the 24 differentially expressed
miRNAs (p <0.05) are reported in Fig. 1 A and Supplemen-
tary Table 2. In particular, 15 of them were dysregulated at
a higher fold change (more than 2 or less than 0.5): 14 miR-
NAs displayed higher expression levels in NR vs. R patients,
whereas only one miRNA (hsa-miR-139-5p) showed a lower
expression level in NR vs. R patients (Fig. 1B). Dysregula-
tion of miR-139-5p and miR-21-5p was further confirmed
by real-time PCR (Fig. 1C).

A

Fig. 1 miRNA expression levels
in non-responder and responder
patients. A Study design and
heat map and hierarchical clus-
tering of 24 miRNAs differen-
tially expressed in DTC tissue
biopsies from non-responder
(NR) and responder (R)
patients. The expression levels
of each miRNA were expressed
as ACt value normalized using
U6 as endogenous control. The
expression level of each miRNA
is indicated by a color scale (red
for high expression, green for
low expression). B 15 miRNAs
most significantly dysregulated
in DTC tumor tissues from NR
and R subsets. Relative expres-
sion levels of each miRNA are
reported as mean + SD normal-
ized to the endogenous control.
C Validation of miR-139-5p and

miRNA Profiling

(754 miRNAs)

26 DTC:

-14 Non-responder
-12 Responder

Notably, miRNA expression levels were not affected
by mutational status. Indeed, hsa-miR-139-5p expres-
sion levels in NR patients were not statistically different
between BRAF-mut and BRAF-wt tissues (P =0.7546) or
in R patients between fusion-positive and fusion-negative
patients (p=0.8763).

Downregulation of miRNA-139-5p in thyroid cancer
cell lines

The previous results led us to focus our attention on miR-
139-5p, the only miRNA found to be downregulated in
NR vs. R patients. To understand the role of this miRNA
in iodine metabolism, we conducted an in vitro study. We
selected seven cell lines based on miR-139-5p expression
levels.

Two primary thyroid cancer cell lines (primary cell lines
1 and 2) showed significantly lower levels of miR-139-5p
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expression when compared with normal thyroid cells from
the same patient (Fig. 2A). Sanger sequencing analysis per-
formed on these two cell lines revealed that both harbored
the BRAF p.V600E mutation (Supplementary Table 1). We
then selected five thyroid cancer cell lines (TPC1, BCPAP,
K1, 8505¢c, SW1736) with significantly lower levels of miR-
139-5p when compared with a commercial pool of RNA
from normal thyroid tissues (THYN) (Fig. 2B) or with a
non-tumoral thyroid cell line (NTHY-ORI) (data not shown).
As reported in Supplementary Table 1, Sanger sequencing
performed on DNA from immortalized cell lines confirmed
CCDC6-RET fusion for the TPC1 cell line and the BRAF
p-V600E mutation for BCPAP, K1, 8505c, and SW1736
cell lines. The seven cell lines were used for the following
experiments.

Effect of miR-139-5p overexpression
on thyroid-specific genes in cancer cell lines

To better understand the involvement of the loss of miR-

139-5p expression in the dedifferentiation processes of
thyroid cancer cells, we analyzed the expression levels of

Primary cell lines

m Normal cells W Tumor cells

miR139-5p/U6 expression levels

*k

Line1 Line 2

Immortalized cell lines

miR-139-5p/U6 expression levels
o o ° o = e
$ & &% -~ 5 5 5

o

*
*he
*k
*k
- -

THYN TPC1 BCPAP K1 8505¢ SW1736

Fig.2 miR-139-5p relative expression levels in thyroid cancer
cell lines. Expression levels of miR-139-5p in A primary cell lines,
and B immortalized cell lines. Data are expressed as 2-AACt value
(mean + SD), normalized to the endogenous control (snRNA U6), and
compared with primary normal cell lines A or a commercial pool of
normal thyroid tissues (B) (grey bars), p value <0.05, *; 0.005 **;
0.0005 *** (¢ test data)

thyroid-specific genes in primary and immortalized cell lines
after the restoration of miR-139-5p expression.

After 48 h of miR-139-5p transfection, cells were har-
vested and subjected to gene expression analysis using real-
time PCR. We first verified the restoration of miR-139-5p by
analyzing its expression level. As shown in Supplementary
Fig. 1, statistically significant miR-139-5p overexpression
was observed in all transfected cell lines.

We then analyzed the expression of NIS, TPO, TSHR, TG,
and PAXS genes after miR-139-5p overexpression. As shown
in Fig. 3, both primary tumor cell lines 1 and 2 showed an
increase in NIS at the transcriptional level. The changes were
statistically significant in primary tumor cell line 1.

Moreover, significantly higher levels of TSHR and TPO
were observed for normal cells of primary cell lines 1 and 2.

As shown in Fig. 4, miR-139-5p overexpression induced
a peculiar thyroid-specific gene expression pattern for each
immortalized cell line. TPC1, the only cell line without a
BRAF mutation (CCDC6-RET fusion), showed a reduction
in all thyroid-specific genes analyzed, with a significant
reduction in 7SHR gene expression. BCPAP and 8505c cell
lines showed significantly higher VIS expression levels after
mir-139-5p overexpression. The 8505c¢ cell line also showed
higher levels of 7G and PAX8 expression. K1 and SW1736
cell lines showed increased TPO, TG, PAXS, and TSHR
expression, while no significant changes were observed for
NIS expression.

Overall, primary and immortalized cell lines showed a
similar trend after the overexpression of miR-139-5p, by
inducing an appreciable (but not always statistically signifi-
cant) increase in at least one thyroid-specific gene.

Effects of miR-139-5p overexpression on NIS protein
localization and activity

To further characterize the effects of miR-139-5p on the
functional activity of thyroid cells, we analyzed the capac-
ity to concentrate iodine and the subcellular localization of
the NIS protein in the cells transfected with miR-139-5p.

To verify NIS capacity to concentrate iodine, we analyzed
the amount of intracellular iodine after 48 h of miR-139-5p
overexpression in all seven cell lines. We used a colorimet-
ric assay, and the setting data are reported in Supplemen-
tary Fig. 2. The cell lines used during the setting are: the
FRLTS cell line (a thyroid normal cell line used as positive
control), stimulated and unstimulated with TSH [31], and
the BCPAP cell line (a cancer cell line used as the negative
control), treated and untreated with SAHA and VPA, two
histone deacetylase inhibitors which are known to stimulate
the transcription of NIS gene [32].

As shown in Fig. 5, one out two primary cell lines showed
an appreciably (but not significantly) higher iodine uptake
after miR-139-5p overexpression, while all immortalized
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Fig.3 Thyroid-specific gene expression in primary cell lines. Expres-
sion levels of thyroid-specific genes (NIS, TPO, TSHR, TG, and
PAX8) in primary cell lines 48 h after miR-139-5p overexpression.
Data are expressed as 2-AACt value (mean +SD), normalized to the

cell lines with the BRAF p.V600E mutation (BCPAP, K1,
8505¢c, and SW1736) showed significantly increased levels
of intracellular iodine after miR-139-5p overexpression.
To verify that higher iodine uptake was determined by
active NIS, we repeated the quantification of intracellu-
lar iodine after miR-139-5p overexpression using an NIS
inhibitor, i.e., KC1O,. As shown in Fig. 5, KCIO, decreased
global intracellular iodine uptake in all cell lines, demon-
strating that the increased amount of iodine observed after
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miR-139-5p overexpression in cell lines was determined by
activated NIS protein.

To understand whether higher iodine levels in miR-
139-5p-overexpressed cell lines were determined by higher
NIS levels, we analyzed NIS protein levels in the five
immortalized cell lines using western blot. As reported in
Supplementary Fig. 3, we observed that total NIS protein
levels were different in each line and did not change in the
cells after miR-139-5p overexpression when compared with
controls.
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Fig.4 Thyroid-specific gene expression in immortalized cell lines.
Expression levels of thyroid-specific genes (NIS, TPO, TSHR, TG,
and PAX8) in immortalized cell lines after 48 h from miR-139-5p
overexpression. Data are expressed as 2-AACt value (mean=+SD),

Since NIS protein activation occurs after glycosylation
and the consequent transport of the protein in the mem-
brane of thyroid cells, we verified the localization of NIS
protein. We set the experiment conditions using FRLTS
cell lines stimulated or not with TSH, data are reported in
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Supplementary Fig. 4. Using immunofluorescence in miR-
139-5p-overexpressing cells, we observed NIS protein
mainly at plasma membrane and in cytoplasmic granules
surrounding the nucleus, while in control cells, NIS signal
appears as dispersed throughout the cytoplasm. Data for
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Fig.6 NIS subcellular localization in primary cell lines. NIS-stained
(green) in primary cell line 2 normal cells, and primary cell line 2
tumor cells. Immunofluorescence was performed before (CTRL)

primary cell line 2 are reported in Fig. 6, while data for the
five immortalized cell lines are reported in Fig. 7.

To confirm immunofluorescence data, we analyzed
NIS protein levels in cellular fractions of immortalized
cell lines before and after miR-139-5p transfection. As
shown in the right panel of Fig. 7, the quantity of NIS was
enriched in the membrane fraction of TPC1, BCPAP, K1,
8505c¢, and SW1736 cell lines after miR-139-5p overex-
pression. The uncropped membranes are reported as high-
resolution images in Supplementary File 1. Overall, our
results suggest that miR-139-5p overexpression in thyroid
cancer cell lines influences NIS localization and activation
rather than expression.

and after miR-139-5p overexpression (o0.e. miR-139-5p). Images
are reported at 20X magnification, and nuclei were Hoechst-stained
(blue)

Discussion

To search for novel biomarkers of RAI resistance, we per-
formed an extended miRNA profile analysis in a cohort of
26 DTC patients (12 R and 14 NR). Our analysis identified
a miRNA subset associated with RAI resistance in thyroid
cancer patients.

In particular, we found 15 miRNAs that were signifi-
cantly dysregulated between R and NR patients. Among
them, 14 were upregulated and one was downregulated.
Literature data report that all of the upregulated miRNAs
were associated with a more aggressive cancer phenotype.
Five miRNAs, miR-124-5p, -571, -1244, -604, and -661,
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Fig.7 NIS subcellular localization in immortalized cell lines. Left
panel: NIS-stained (green) TPC1 A, BCPAP B, K1 C, 8505c D, and
SW1736 E cells before (CTRL) and after miR-139-5p overexpression
(0.e. miR-139-5p). Images are reported at 40X magnification. Nuclei
were Hoechst-stained (blue). White arrows indicate the membrane of
the cells. Central panel: representative western blot (one out of the
three biological replicates) of NIS (90 KDa) levels in nuclear, cyto-
plasmic, and membrane fractions from each line in CTRL and o.e.
miR-139-5p samples. The fraction loading controls are represented by

are known to be involved in the progression and metastatic
processes of several types of cancer, but this is the first
time they have been found in thyroid cancer [33-38], while
miR-663, -639, -22, -340, -551b, -509-5p, and -203 were
already found to be associated with DTC in several stud-
ies [39—46]. One of the upregulated miRNAs, miR-21, is
a well-known biomarker of thyroid cancer [24] and was
also found to be associated with RAI resistance in thyroid
cancer [18].

The only miRNA found downregulated was miR-139-5p.
Its role as a tumor suppressor has already been described
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the levels of H3 (15 KDa) for nuclear fractions, actin for the cyto-
plasm (42 KDa) and LDLR (95 KDa) for membranes. The loading
control of the total extract from each cell line is reported in Supple-
mentary Fig. 3. Right panel: NIS relative levels from densitometric
analysis of three biological replicates; statistical analysis was per-
formed comparing the membrane fraction of o.e. miR-139-5p with
CTRL cells. p value <0.05, * (¢ test data). The uncropped membranes
are reported in Supplementary File 1 as high-resolution images

in different kinds of neoplasia [47]. Its downregulation has
been found to correlate with an aggressive cancer behavior,
including in thyroid cancer [48]. A gradual loss of miR-
139-5p expression has been described in the evolution from
normal thyroid tissue to differentiated carcinoma and dedif-
ferentiated thyroid cancer [48], suggesting its involvement in
the loss of thyroid-specific markers. However, the molecular
role of this miRNA in the context of RAl-refractory thyroid
cancer has not yet been studied.

To better investigate the molecular processes involved
in RAI resistance, we performed an in vitro study of
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miR-139-5p using primary and immortalized cell lines. We
found that the restoration of miR-139-5p expression levels,
although insufficient to reestablish all thyroid-specific gene
expression, led to an increase of NIS expression in some
cell lines and, most importantly, to NIS protein activation in
almost all the thyroid cancer cell lines studied, thus allow-
ing its maturation and correct membrane localization. The
recovery of NIS-specific iodine uptake was also observed.
The miR-139-5p can promote NIS expression and activa-
tion through a possible indirect mechanism, which is yet
unknown.

NIS transcription is activated by the NIS upstream
enhancer (NUE) region in a cAMP-dependent manner
through both PKA-dependent and independent pathways.
NUE region includes the PAX8 and the CRE-like (cAMP-
response element-like) binding sites. The activation of NIS
transcription requires a synergistic effect between PAXS8 and
other factors that bind to the CRE-like site [49].

MiR-139-5p may contribute to the NIS expression by
increasing the cellular cAMP levels through the transcrip-
tional repression of PDE4D, which encodes for a cyclic
AMP (cAMP) specific phosphodiesterase [50]. cAMP is
also involved in the NIS glycosylation, which is necessary
for its maturation and translocation to the plasma membrane
for the iodine uptake function [51, 52]. In addition, one of
the experimentally validated miR-139-5p targets (reported
in the miRTarBase database) is IGFIR [53]. It has been
reported that IGF1 can inhibit NIS transcription by impair-
ing the binding of PAXS8 to NUE, through the activation of
the PI3K/AKT/mTOR pathway [54]. Furthermore, in normal
thyroid cells, AKT phosphorylation is also responsible for
the NVIS transcriptional repression in response to high TSH
levels [55]. Moreover, Feng et al. demonstrated that PI3K/
AKT/mTOR inhibitors could increase the mature hyper-gly-
cosylated NIS and its membrane localization in thyroid cell
lines thus providing evidence of the role of such pathway
also in NIS post-translational modifications and activation
[56].

The MAPK/AKT pathway, which plays a central role in
thyroid carcinogenesis, can also downregulate NIS expres-
sion, mainly by decreasing histone acetylation in the NIS
promoter [6]. It has also been shown that the p. V600OE muta-
tion of the BRAF gene can not only inhibit NIS transcription
but also impair its trafficking in an MEK-ERK independent
way through the release of TGFp [57].

Finally, both PI3K/AKT/mTOR and MAPK/MEK path-
ways have been reported to exert an important effect also
on the expression of other iodide-metabolizing genes, such
as TSHR, TPO, TG, and SLC26A4 [58]. The miR-139-5p
might contribute to the regulation of both pathways by
directly binding PIK3CA and HRAS transcripts (miRTar-
Base database) [56].

Collectively, our findings: 1) identify a subset of miRNAs
that may be useful to identify patients who will not benefit
from RAI treatment to avoid the severe adverse effects of this
therapy; and ii) provide evidence of miR-139-5p involve-
ment in iodine uptake metabolism and identify this miRNA
as a novel potential target to re-activate radioiodine uptake in
RAI-refractory DTC patients. This knowledge could be used
in the future for the development of targeted RNA-therapy
for RAI-refractory DTCs. Once restored the iodine uptake
patients could be eligible for radioiodine therapy and could
achieve similar survival rates to patients suffering from RAI-
responder tumors.

However, our results need to be validated in an independ-
ent study cohort of DTC patients, and further experimental
studies are necessary to verify the role of miR-139-5p as a
novel target for RAI-refractory DTC patients.
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