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Abstract
The expression and function of miR-145 in thyroid cancer is unknown. We evaluated the

expression and function of miR-145 in thyroid cancer and its potential clinical application as

a biomarker. We found that the expression of miR-145 is significantly downregulated in

thyroid cancer as compared with normal. Overexpression of miR-145 in thyroid cancer cell

lines resulted in: decreased cell proliferation, migration, invasion, VEGF secretion, and

E-cadherin expression. miR-145 overexpression also inhibited the PI3K/Akt pathway and

directly targeted AKT3. In vivo, miR-145 overexpression decreased tumor growth and

metastasis in a xenograft mouse model, and VEGF secretion. miR-145 inhibition in normal

primary follicular thyroid cells decreased the expression of thyroid cell differentiation

markers. Analysis of indeterminate fine-needle aspiration samples showed miR-145 had a

92% negative predictive value for distinguishing benign from malignant thyroid nodules.

Circulating miR-145 levels were significantly higher in patients with thyroid cancer and

showed a venous gradient. Serum exosome extractions revealed that miR-145 is secreted.

Our findings suggest that miR-145 is a master regulator of thyroid cancer growth, mediates

its effect through the PI3K/Akt pathway, is secreted by the thyroid cancer cells, andmay serve

as an adjunct biomarker for thyroid cancer diagnosis.
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Introduction
The most common types of thyroid cancer are of follicular

cell origin and can be classified as well-differentiated

thyroid cancer (WDTC), poorly differentiated thyroid

cancer (PDTC), and anaplastic thyroid cancer (ATC).

Although WDTC represents the majority of thyroid

cancers, PDTC and ATC account for most thyroid cancer-

related mortality. Their pathogenesis is poorly understood,

and a significant subset of WDTC progresses to PDTC and

ATC (Schlumberger 2007). Several activating somatic

mutations, involving the MAPK pathway, are common in
WDTC (papillary thyroid cancer (PTC) and follicular

thyroid cancer (FTC)). RET/PTC (TAS2R38) rearrangements

and BRAF or RAS mutations are present in approximately

two-thirds of PTC cases (Theoharis et al. 2012) whereas

in FTC, mutations in RAS and PTEN, or PAX8/PPARg

rearrangements, are more common (Theoharis et al.

2012). In addition to these mutations, mutations in TP53

or b-catenin are frequent in ATC. Many of these mutations

occur as mutually exclusive genetic events and can result

in microRNA (miRNA) and epigenetic changes.
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miRNAs are short (w19–22 nucleotides), highly

conserved noncoding RNA sequences that bind to the

3 0-UTR of multiple transcripts. Several studies have

demonstrated the role of miRNAs in physiologic and

pathologic conditions, including evidence suggesting

miRNA dysregulation in tumorigenesis (Solomides et al.

2012). Among the many miRNAs dysregulated in cancer,

miR-145 has been proposed to be a tumor suppressor

in several cancers. miR-145 is downregulated in breast,

prostate, and colon cancers and is involved in cell

differentiation and proliferation (Akao et al. 2006, Volinia

et al. 2006, Sachdeva et al. 2009). Several investigators

have reported that dysregulated miRNA expression in

WDTC, PDTC, and ATC. Distinct miRNA expression

profiles have been associated with mutational status and

disease-aggressiveness (Pallante et al. 2006, 2014, de la

Chapelle & Jazdzewski 2011, Kitano et al. 2012). However,

the biological role of miR-145 in thyroid cancer has not

been studied. The aim of this study was to characterize

the expression of miR-145 in thyroid cancer, identify its

function in thyroid cancer cells in vitro and in vivo, and

to determine its utility in thyroid cancer diagnosis.
Materials and methods

Tissue samples

Thyroid tissue was obtained at the time of surgical

resection, snap-frozen, and stored atK80 8C. Serial sections

of tissue samples were stained with hematoxylin–eosin and

reviewed by a pathologist to confirm the diagnosis and

to ensure that the tumor tissue content was O80%.

Thyroid fine-needle aspiration (FNA) biopsy samples were

obtained on a clinical protocol. The cytologic diagnoses

were classified according to The Bethesda System for

Reporting Thyroid Cytopathology (Cibas & Ali 2009).

To determine the accuracy of miR-145 expression levels

in distinguishing between benign and malignant thyroid

nodules, a training and validation set of samples with

inconclusive FNA diagnosis was used. The validation

was performed blinded to the histologic diagnosis and

clinical data. The clinical protocol for tissue and thyroid

FNA biopsy procurement was approved by the National

Cancer Institute central institutional review board and

written informed consent was obtained from all subjects.
Cell culture and reagents

The TPC-1 cell line (originated from PTC) was provided by

Dr Nabuo Satoh (Japan), the FTC-133 cell line was provided
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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byDrPeter Goretzki (Germany), and the ATC cell line8505C

was purchased from European Collection of Cell Cultures

(ECACC, Salisbury, UK). The cell lines were maintained in

DMEM supplemented with 10% serum, penicillin, strepto-

mycin, and fungizone (250 mg/ml). The cell lines were

authenticated by short-tandem repeat profiling.

The culture of primary thyroid follicular cells was

prepared by mincing fresh normal thyroid tissue into small

fragments. The fragments were digested with collagenase

(100 U/ml) (Invitrogen, Life Technologies) and protease

dispase II (2.4 U/ml) (Roche Applied Science). The cells were

maintained in Ham’s F-12 culture medium supplemented

with 5% (w/v) fetal calf serum (FCS) (GE Healthcare,

Buckinghamshire, UK), 2 mM L-glutamine (Invitrogen),

1% NEAA (Invitrogen), 1 U/l bovine thyroid-stimulating

hormone (TSH) (Sigma–Aldrich), 10 mg/l human insulin

(Roche Applied Science), 10 mg/l somatostatin (Sigma–

Aldrich), 6 mg/l human transferrin (Roche Applied Science),

and 10K8 M hydrocortisone (Roche Applied Science).

For the evaluation of the PI3K/Akt pathway, cells

were treated with 50 mM of LY294002 (Invitrogen) for

48 h, and protein and RNA were harvested. To evaluate

exosomes secretion, cells were treated with inhibitors

of protein transport and secretion: i) brefeldin A (BFA),

a fungal metabolite demonstrated to inhibit anterograde

transport from the endoplasmic reticulum to the Golgi

apparatus (Affymetrix, eBiosciences, San Diego, CA, USA)

for 14–16 h, or ii) GW4869 (Sigma–Aldrich), a ceramide

inhibitor for 24 h. The cells and the culture medium were

harvested for miRNA and exosome extraction.
Cell transfection

miR-145 mimic or inhibitor and negative control miRNA

(mirVana miRNA mimic/inhibitor, Life Technologies)

were transiently transfected into thyroid cell lines in six-

well plates using RNAiMax (Life Technologies) according

to the manufacturer’s protocol.
Cell proliferation

The cells were transfected in 96-well plate and the

CyQUANT assay kit (Life Technologies) was used to

evaluate cell proliferation according to the manufacturer’s

instructions.
RNA extraction and real-time RT-PCR

Total RNA was extracted from snap-frozen tissues and cell

lines using TRIZol reagent (Life Technologies), according to

the manufacturer’s protocol. RNA yield was determined
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using the NanoDrop 2000 (Thermo Scientific, Wilmington,

DE, USA).

For miRNA detection, 5 ng of total RNA were reverse

transcribed using the microRNA Reverse Transcription

Kit (Life Technologies), followed by RT-PCR. U6 snRNA

was used as an endogenous control. For gene expression,

500–1000 ng of total RNA was reverse-transcribed using

a High Capacity Reverse Transcription cDNA Kit (Life

Technologies), and cDNA was diluted and amplified

according to the manufacturer’s instructions (Life Tech-

nologies). GAPDH was used as endogenous control.

miRNA and gene expression levels were calculated using

SDS 2.3 software (Life Technologies).

The relative expression of each gene was normalized

to that of the housekeeping gene and calculated using

the 2KDCt method for in vitro studies and the KDCt

method for human samples.
Wound-healing assay

At w90% confluence, the monolayer of cells was scratched

with a sterile plastic tip. The cells were then cultured for up

to 20 h and imaged by an inverted microscope to measure

woundassaywidth (CarlZeiss, Inc.,Oberkochen,Germany).
Cellular invasion and migration assay

Cellular invasion and migration were determined using

the Transwell chamber assay (BD Biosciences, San Jose,

CA, USA), according to the manufacturer’s protocol, with

and without matrigel respectively. After 22 h of incu-

bation at 37 8C, the cells invading through the bottom

surface of the inserts were fixed, stained with Diff-Quik

(Dade Behring, Newark, NJ, USA), and photographed and

counted using Image J software (National Institutes of

Health, Bethesda, MD, USA).
Immunohistochemistry

Deparaffinized and rehydrated sections were incubated

with the primary antibodies for VEGF (AbCam,

Cambridge, England, Supplementary Table 1, see section

on supplementary data given at the end of this article) and

proliferating cell nuclear antigen (PCNA) (Santa Cruz

Biotechnology, Supplementary Table 1) at 1:100 dilution

for 2 h at room temperature (RT), followed by incubation

with a secondary antibody for 1 h at RT. The whole slides

were scanned at 20! magnification using a ScanScope

XT digital slide scanner and viewed using ImageScope

software (Aperio Technologies, Inc., Vista, CA, USA).
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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Cell cycle assay

The transfected cells were harvested, fixed with cold 70%

ethanol for 30 min at 4 8C, and incubated in the dark with

RNase (100 mg/ml) and propidium iodide (50 mg/ml) for

30 min at 37 8C. A total of 20 000 nuclei were examined by

flow cytometry using a Calibur flow cytometer (Becton-

Dickinson, Franklin Lakes, NJ, USA), and data were analyzed

using ModFit software (Verity Software House, Topsham,

ME, USA).
Apoptosis assay

Apoptosis was analyzed using Apo-BrdU staining. DNA

strand breaks were stained with FITC-conjugated anti-

BrdU MAB according to the manufacturer’s protocol (BD

Pharmingen, San Diego, CA, USA). Caspase-Glo 3/7 assay

(Promega) was used to measure caspase activity after 72 h

of transfection according to the manufacturer’s protocol.
Western blot analysis

The total protein lysate was analyzed by SDS–PAGE,

transferred to a nitrocellulose membrane, and immunos-

tained with the following antibodies overnight at 4 8C: anti-

vimentin (1:1000, AbCam Supplementary Table 1); anti-

CD44 (1:1000, Cell Signaling Technology, Beverly, MA,

USA, Supplementary Table 1); anti-p-AktSer473 (1:1000, Cell

Signaling Technology, Supplementary Table 1); anti-

CDC25C (1:1000, Cell Signaling Technology); anti-cyclin

D1 (1:1000, Cell Signaling Technology, Supplementary

Table 1); anti-N-cadherin (1:1000, EMD Millipore, Billerica,

MA, USA Supplementary Table 1); anti-GAPDH (1:5000,

Santa Cruz Biotechnology, Supplementary Table 1); and

anti-p21 (1:250, Santa Cruz Biotechnology, Supplementary

Table 1). Anti-human GAPDH (1:5000, Santa Cruz Bio-

technology, Supplementary Table 1) was used as a loading

control. The membranes were incubated with the appro-

priate HRP-conjugated IgG (anti-rabbit 1:3000, Cell Signal-

ing Technology, or anti-mouse 1:10 000, Santa Cruz

Biotechnology, Supplementary Table 1), and proteins were

detected by ECL (Thermo Scientific, Rockford, IL, USA,

Supplementary Table 1).
ELISA test

Culture media were collected and the VEGF ELISA was

carried out using Quantikine Human VEGF Immunoassay,

according to the manufacturer’s instruction (R&D

Systems, Minneapolis, MN, USA). The amount of VEGF
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protein was compared with total protein as determined

with the BCA reagent (Thermo Scientific).

Luciferase assay

The cells were seeded in triplicate in 96-well plate and

cultured for 24 h. The pLightSwitch 3 0-UTR Reporter gene

plasmid, pLightSwitch-Akt3-3 0-UTR, was co-transfected

with miR-C mimic or miR-145 mimic (miRVana, Applied

Biosystems) into cells using Lipofectamine 2000 Reagent

(Life Technologies). Luciferase activity was measured 24 h

after transfection using the LightSwitch Luciferase Assay

Kits (Switchgear Genomics, Carlsbad, CA, USA) according

to the manufacturer’s instructions.
Xenografts studies in mice

Animal studies were approved by the National Cancer

Institute’s Institutional Animal Care and Use Committee.

The mice were maintained according to the guidelines of

the National Cancer Institute’s Animal Research Advisory

Committee. Briefly, 8505C cells were stably transfected

with linearized pGL4.51[luc2/CMV/Neo] vector luciferase

reporter (8505C-Luc cells) and transiently transfected with

miR-C or miR-145. Into the flanks of nude mice, 1.6!106

cells of 8505C-Lucin in 100 ml DMEM were injected

subcutaneously. Tumors were measured every week and

recorded in mm3. For evaluating lung metastasis, 90 000

8505C-Luc cells were injected into the tail vein of

Cg-PrkdcscidIl2rgtm1Wjl/SzJ mice. The mice were intraperi-

toneally injected with 30 mg/ml of luciferin and imaged.

The images were analyzed using IVIS Living Image software

(Caliper Life Sciences, Inc., Hopkinton, MA, USA).
RNA extraction from serum and culture medium

The culture media and serum samples were centrifuged at

3166 g for 30 min, miRNAs were extracted from 200 ml of

the supernatant using the miRNeasy Extraction Kit

(Qiagen). The exosomes were extracted from cell culture

media and serum using the Total Exosomes Isolation Kit

(Life Technologies) according to the manufacturer’s proto-

col. About 2 ml of isolated miRNA were reverse transcribed

using the microRNA Reverse Transcription Kit followed by

RT-PCR. miR-16 was used as an endogenous control.
Statistical analyses

Statistical analyses were performed using the GraphPad

Prism 5 software (GraphPad Software, La Jolla, CA, USA).
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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Parametric and nonparametric data were analyzed using

a two-tailed t-test and the Mann–Whitney U test respec-

tively. P!0.05 was considered statistically significant.

Data are presented as meanGS.D. or meanGS.E.M.
Results

miR-145 is downregulated in thyroid cancer

We found miR-145 expression was downregulated in WDTC

and PDTC/ATC (P!0.0001 and PZ0.0013 respectively)

compared with normal thyroid tissue (Fig. 1A). In vitro studies

showed that levels of miR-145 were low in TPC1 and 8505C

cells, whereas FTC-133 demonstrated relatively high levels of

miR-145 compared with the other cell lines (Table 1).
miR-145 decreases cell proliferation and induces

cell cycle arrest

Because miR-145 was downregulated in thyroid cancer cell

lines, we induced the overexpression of miR-145 mimic or

miR-C. Successful transfection was validated by RT-PCR

(Supplementary Figure 1, see section on supplementary data

given at the end of this article). Overexpression of miR-145

inhibited cellular proliferation compared with negative

control (miR-C) (Fig. 1B). Cell cycle analysis by flow

cytometry showed that miR-145 induced G2/M cell cycle

arrest (Fig. 1C, Supplementary Figure 2). Because phos-

phorylation of p21 by p-Akt modulates cell cycle and

apoptosis by decreasing the binding of cyclin-dependent

kinases,CDK2and CDK4, top21,wehypothesized thatmiR-

145 may regulate cell cycle by altering p21 expression.

Indeed, we found p21 was higher with overexpression of

miR-145 (Fig. 1D). miR-145 overexpression also decreased

cyclin D1 expression (Fig. 1D). CDC25C plays a critical role

in the G2/M checkpoint by dephosphorylating CDC2.

Expression of CDC25 was decreased with miR-145 over-

expression as compared with miR-C overexpression

(Fig. 1D). Thus, miR-145 regulates cell cycle progression

by modulating the expression of multiple key proteins

regulating cell cycle and cell proliferation.
miR-145 induces caspase-dependent apoptosis

Although miR-145 overexpression resulted in G2/M

arrest, this effect did not fully account for the effect on

cellular proliferation we observed in the thyroid cancer

cell lines. Thus, we postulated that miR-145 may also have

an effect on apoptosis. We assessed the activation of

apoptosis by Apo-BrdU labeling and found increased DNA
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Figure 1

Expression of miR-145 in thyroid tissue samples and thyroid cancer cell lines

and the effect of miR-145 overexpression in the thyroid cancer cell lines.

(A) Normalized relative expression of miR-145 by tissue type is shown in

the scatter plot. 16 normal, 21 PTC, and 15 ATC/PDTC tissue samples

were analyzed. miR-145 expression was significantly decreased in PTC

(PZ0.0001) and PDTC/ATC (PZ0.0013). N, normal; PTC, papillary thyroid

cancer; PDTC, poorly differentiated thyroid cancer; ATC, anaplastic thyroid

cancer. ***P!0.001. (B) Cell proliferation was determined in the TPC1,

FTC-133, and 8505C cell lines using Cyquant assay every 24 h after

transfection with 35 nM miR-145 or miR-C. miR-145 transfection signi-

ficantly inhibited cell proliferation, as compared with miR-C transfection.

*P!0.05; **P!0.001. (C) Cell cycle analysis with miR-145 and miR-C

transfection. G2/M arrest was increased by miR-145 overexpression. The

results represent three independent experiments. (D) miR-145 modulates

cell cycle regulatory proteins. Western blot analysis showed changes in

cyclin D1, p21, p27, and CDC25C, consistent with G2/M arrest.
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fragmentation with overexpression of miR-145 (Fig. 2A).

Furthermore, the activity of CASP3/CASP7, which plays

central roles in apoptosis, was also significantly higher

with overexpression of miR-145, suggesting that the effect

of miR-145 on apoptosis is caspase dependent (Fig. 2B).
miR-145 regulates cellular invasion and migration,

and EMT marker expression

Previous studies have shown that WDTC progresses to

ATC and PDTC as a result of epithelial–mesenchymal
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-14-0077 Printed in Great Britain
transition (EMT) (Zhong et al. 2005, Patel & Shaha 2006),

which is accompanied by altered cellular morphology

and increased cell spreading (De Craene & Berx 2013).

Given the findings of low levels of miR-145 in PDTC and

ATC, we postulated that miR-145 may mediate EMT and

carried out in vitro studies investigating cellular invasion

and migration. miR-145 overexpression resulted in a

significant inhibition of invasion and migration in all

three thyroid cancer cell lines (Fig. 3A). In addition,

inhibition of miR-145 expression in the FTC-133 cell line,

which expresses a higher level of miR-145, increased
Published by Bioscientifica Ltd.
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Table 1 Basal expression of miR-145 in thyroid cancer cell lines

TPC1, FTC-133, 8505C, and primary thyroid culture

Cell line Ct (miR-145)

TPC1 35.9
FTC-133 22.9
8505C 35
Primary culture 20.1
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invasion (Fig. 3B). miR-145 overexpression also signi-

ficantly decreased the wound closure rate (Fig. 3C) and

resulted in the downregulation of EMT marker N-cadherin

in 8505C and TPC1 cell lines. However, miR-145 over-

expression did not affect N-cadherin expression levels

in the PTEN-deficient FTC-133 cell line (Fig. 3D), and

had no effect on E-cadherin and vimentin levels (data

not shown).
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Figure 2

Effects of miR-145 on apoptosis. (A) miR-145 increases apoptosis. 72 h after

transfection with miR-145 or miR-C, DNA fragmentation in cells was

measured using Apo-BrdU labeling as described in Materials and methods.

These data represent three independent experiments. (B) miR-145 increases
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Restoration of miR-145 expression downregulates stem

cell markers and induces expression of follicular thyroid

cell differentiation markers

Dedifferentiation of thyroid cancer results in the loss of

thyroid-specific gene expression and reduces the efficacy

of adjuvant therapies, such as radioiodine ablation, which

requires the expression of the sodium iodide symporter

(NIS). The transcription factor, PAX8, located in the

regulatory region of the NIS promoter/enhancer, is

frequently dysregulated in advanced cancers and is a

marker of follicular thyroid differentiation status (Lacroix

et al. 2006). Given the loss of miR-145 expression in

PDTC and ATC, and the effect of miR-145 on EMT marker

expression, cellular invasion, and migration, we reasoned

that miR-145 may modulate follicular thyroid cell
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Ectopic expression of miR-145 inhibited migration and invasion in thyroid
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on cell migration. The migratory and invasive cells from three independent

experiments were counted and are presentedGS.D. (right panel) (*P!0.05;

***P!0.001). (C) Representative images of scratch wound–healing

migration assay in thyroid cancer cell lines transfected with miR-145 or

miR-C. (D) N-cadherin (antibody ref) expression decreases with miR-145

transfection, as compared with miR-C.

E
n
d
o
cr
in
e
-R
e
la
te
d
C
a
n
ce
r

Research M Boufraqech et al. miR-145 in thyroid cancer 21 :4 523
differentiation. Indeed, inhibition of miR-145 in primary

cultures of normal thyroid tissue samples was accom-

panied by a decrease in NIS and PAX8 and TPO expression

(Fig. 4A). Thus, we examined the association between

miR-145 expression, and NIS, PAX8, and thyroglobulin
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-14-0077 Printed in Great Britain
(TG) expression. In thyroid cancer samples with low

miR-145 expression, we found low NIS and TG expression

(Fig. 4B). However, PAX8 expression levels did not have

a significant correlation with miR-145 expression (data

not shown).
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Since cellular dedifferentiation is often accompanied

by overexpression of cancer stem cell markers, such as

CD44, we investigated whether miR-145 affected CD44

expression levels. Overexpression of miR-145 decreased

CD44 expression in thyroid cancer cell lines (Fig. 4C). In

contrast, inhibition of miR-145 in FTC-133 in normal

primary thyroid culture increased the expression of CD44

(Fig. 4D). Taken together, these data suggest that loss of

miR-145 expression is involved in follicular thyroid cell

differentiation.
miR-145 expression inhibits Akt signaling in

thyroid cancer cells

As overexpression and inhibition of miR-145 in thyroid

cancer cell lines and normal primary thyroid culture had

multiple effects on the hallmarks of cancer, we postulated
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-14-0077 Printed in Great Britain
that miR-145 may mediate these effects through a central

pathway important in thyroid cancer initiation and

progression. Because the majority of thyroid cancers of

follicular cell origin have activating mutations involving

the MAPK pathway with BRAF, RET/PTC, or RAS mutation

(Theoharis et al. 2012) and the PI3K/Akt pathway, we tested

the hypothesis that the effect of miR-145 could be mediated

through these two pathways. We observed miR-145

overexpression decreased p-Akt expression (Fig. 5A) but

had no effect on the ERK/MEK pathway (Supplementary

Figure 3A, see section on supplementary data given at

the end of this article) in TPC1 and 8505C. Akt3 is a

predicted target of miR-145 through a potential binding

site within the 3 0-UTR region (Supplementary Figure 3C).

AKT3 protein expression was significantly reduced by

overexpression of miR-145 in the thyroid cancer cell lines

(Fig. 5B) whereas AKT1 and AKT2 expression was not
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Overexpression of miR-145 attenuates the PI3K/Akt pathway. (A) Transient

transfection of miR-145 decreased the phosphorylation of Akt on serine473
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vector was designed to include the region of the candidate target sequence
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affected (Supplementary Figure 3B). To determine whether

miR-145 binds to the Akt3 transcript, we performed

luciferase reporter assay. Co-transfection of miR-145 and

30-UTR-Akt3 significantly inhibited the luciferase activity

(Fig. 5B). We also tested whether p-Akt was involved in

silencing miR-145. Indeed, inhibition of PI3K-dependent

Akt phosphorylation by LY294002 increased the expression

of miR-145 in the thyroid cancer cell lines (Fig. 5C). Taken

together, these findings suggest that miR-145 blocks the

PI3K/Akt pathway, and this effect can be accentuated with

PI3K/Akt pathway inhibitors, resulting in increased miR-145

levels. Although, we found decreased cellular invasion and

migration with miR-145 overexpression in the FTC-133

cell line, there was no effect on cellular migration by the

wound assay and in EMT marker expression (Fig. 3C and D),

suggesting that EMT in the PTEN-deficient FTC-133 cell

line is not only dependent on miR-145 levels. Indeed,

overexpression of miR-145 increased p-MEK expression in

FTC-133, suggesting an alternative pathway that may

regulate EMT (Supplementary Figure 3A).
Overexpression of miRNA-145 inhibits tumor growth

and metastasis in vivo

To determine whether overexpression of miR-145 inhibits

tumor growth in vivo, 8505C cells expressing a luciferase
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-14-0077 Printed in Great Britain
reporter (Luc) were transfected with miR-145 mimic or

miR-C, and injected subcutaneously into the flanks of

nude mice. Xenografts overexpressing miR-145 resulted

in slower tumor growth as compared with miR-C (Fig. 6A).

Three weeks after injection, cells transfected with miR-145

showed luminescence intensity 75% lower than the

control group (Fig. 6B). Four weeks after injection,

xenograft tumors with miR-145 showed less immuno-

histochemical staining for PCNA than those with miR-C

(Fig. 6C).

Because of the effect of miR-145 on cellular migration

and invasion in vitro, we also evaluated if miR-145

alters tumor metastasis in vivo. 8505C cells expressing

the luciferase reporter were transfected with miR-145

mimic or miR-C and injected into the tail vein of

Cg-PrkdcscidIl2rgtm1Wjl/SzJ mice. The mice injected with

8505C-Luc miR-C had more prominent lung metastasis

than those injected with 8505-Luc miR-145 mimic

(Fig. 6D). Furthermore, the miR-C cells generated multiple

distant metastases to the liver, kidneys, bone, and spleen,

whereas miR-145-expressing cells showed fewer sites of

distant metastases (only to the bone and spleen) (Supple-

mentary Figure 4, see section on supplementary data given

at the end of this article). Histologic analysis using PCNA

as a proliferation marker and bioluminescence imaging

confirmed that miR-145 reduced tumor metastases
Published by Bioscientifica Ltd.
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Effect of miR-145 on tumor growth and metastasis in vivo. Nude mice were

injected subcutaneously with 8505C-luciferase cells expressing either miR-C

or miR-145. (A and B) Tumor volume (meanGS.E.M.) and luciferase activity

(meanGS.D.) were measured over time (*P!0.05; **P!0.001) (data from

six mice with two injection sites per mouse). (C) Immunohistochemistry

staining for PCNA expression in flank-xenografted tumor. Magnification

!20. Metastatic lesions in mice that had tail vein injection of 8505C-Luc

cells. (D) Representative bioluminescence images of lung metastasis in mice

with tail vein injection of cells overexpressing miR-145 or miR-C. Luciferase

activity of metastasis in mice is presented in relative luminescence value

(RLV). *P!0.05; **P!0.001. miR-145 decreases VEGF secretion.

(E) Immunostaining for VEGF in xenografts and lung metastasis of mice

injected with 8505C-Luc with miR-145 or miR-C transfection. (F) VEGF

secretion and HIF1a expression with miR-145 transfection. Culture medium
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(Fig. 6D, Supplementary Figure 4A). Thus, these results

suggest that miR-145 regulates metastasis.
miR-145 inhibits VEGF secretion in vitro and in vivo

Since the in vivo data indicate that miR-145 has a role in

thyroid tumor growth and metastasis, and that it inhibits

the PI3K–Akt pathway in vitro, a regulator of tumor

angiogenesis, we tested whether miR-145 may also

regulate VEGF secretion, a major mediator of angio-

genesis. A comparison of the VEGF staining in xenograft

metastatic tumors showed less staining in tumors with

miR-145 overexpression (Fig. 6E). We next used ELISA to

compare the VEGF secretion in thyroid cancer lines and

found lower VEGF secretion in cells overexpressing
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-14-0077 Printed in Great Britain
miR-145 (Fig. 6F), which was also associated with reduced

HIF1a expression (Fig. 6F).
miR-145 is a diagnostic marker in clinical thyroid

FNA biopsy samples

Because of the loss of miR-145 expression in thyroid

cancer, we explored the diagnostic utility of miR-145

expression in thyroid FNA biopsy. A predictive cutoff

for miR-145 expression was developed using a training set

of 22 FNA samples (Fig. 7A, upper panel). Quantitative

RT-PCR was carried out in a validation set of 75

independent FNA samples classified as inconclusive on

cytology. We observed a wider range of miR-145 expre-

ssion levels in benign samples. Despite a considerable
Published by Bioscientifica Ltd.
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overlap between malignant and benign samples, miR-145

was found to be significantly downregulated in malig-

nant biopsy samples, as compared with benign ones

(***P!0.0001 for PTC and *PZ0.014 for FTC) (Fig. 7A,

lower panel), with an overall sensitivity of 96%, specificity

of 27%, positive predictive value (PPV) of 44%, negative

predictive value (NPV) of 92%, and area under the ROC

curve of 0.73. This finding suggests that miR-145 could

be a helpful adjunct biomarker to FNA cytology for

predicting benign lesions.
miR-145 serum levels are elevated in patients with

thyroid cancer

Several investigators have reported elevated miRNA levels

in serum samples in patients with cancer. This suggests
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-14-0077 Printed in Great Britain
that circulating miRNAs could be used as noninvasive

diagnostic or prognostic markers (Mitchell et al. 2008, Ng

et al. 2009). We found miR-145 levels were higher in serum

samples from patients with PTC compared with individ-

uals without cancer (Fig. 7B). We also carried out in vitro

studies in the thyroid cancer cell line cultures to determine

whether miR-145 is secreted by thyroid cancer cells.

miRNAs extracted from the supernatant of thyroid cancer

cell lines had much higher levels of miR-145 than

intracellular levels in two of the three cell lines, suggesting

miRNA secretion (Fig. 7C). The cell culture supernatant

and exosome fraction had similar levels of miR-145. These

data suggested that the elevated levels of miR-145 in

serum samples from patients with PTC we observed may

be in the exosome fraction (Fig. 7C), which was vali-

dated by the presence of CD63, a marker of exosomes.
Published by Bioscientifica Ltd.

Downloaded from Bioscientifica.com at 08/25/2022 03:24:46PM
via free access

http://erc.endocrinology-journals.org
http://dx.doi.org/10.1530/ERC-14-0077


Table 2 miR-145 levels in exosomes extracted from serum

samples from the thyroid vein and peripheral blood in patients

with papillary thyroid cancer

PTC miR-145 Ct

Patient 1
Local 25.6
Peripheral 33.5
Patient 2
Local 28.4
Peripheral 30.6
Patient 3
Local 29.6
Peripheral 34
Patient 4
Local 21.5
Peripheral 22.6
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All exosomes from the cell lines showed uniform CD63

expression (Supplementary Figure 5A, see section on

supplementary data given at the end of this article).

To confirm that miR-145 secretion was mediated by

exosomes, we blocked exosomes production in thyroid

cancer cell lines using BFA which inhibits the guanine

nucleotide-exchange protein BIG2 and regulates the

secretion of exosomes-like vesicles (Islam et al. 2007).

BFA treatment reduced the secretion of CD63-containing

exosomes (Supplementary Figure 5B) and miR-145 level in

the exosomes (Fig. 7D). To further confirm that miR-145

was secreted via exosomes from thyroid cancer cells, we

treated the cell lines with a ceramide inhibitor because

it has been shown that exosome release is mediated by

sphingolipid ceramide (Trajkovic et al. 2008). Treatment

of thyroid cancer cells with 1 mM of GW4869, ceramide

inhibitor, decreased miR-145 expression in exosomes

(Supplementary Figure 5C). As expected, GW4869 treat-

ment also decreased CD63 levels (Supplementary

Figure 5D). To further show that the elevated miR-145

level in serum from patients with thyroid cancer results

from secretion of miR-145 from the thyroid cancer cells,

we measured miR-145 level in blood samples from veins

adjacent to thyroid cancer and from peripheral serum

samples in patients with PTC. Indeed, miR-145 levels in

exosomes were higher in the thyroid vein draining the

tumor than that in peripheral circulation. Taken together,

these finding suggests that miR-145 is secreted from

thyroid cancer cells (Table 2).
Discussion

Our data demonstrates that the expression level of

miR-145 was significantly lower in PTC, PDTC, and ATC
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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than that in normal thyroid tissue. The expression of

miR-145 was shown to reduce the expression of differen-

tiation markers, decrease cell proliferation, and induce cell

cycle arrest and apoptosis consistent with data from other

cancers (Xu et al. 2012, Zhang et al. 2013). miR-145 also

regulated the expression of VEGF in vivo and in vitro. For

the first time, we report that miR-145 directly targets AKT3

and reduces Akt phosphorylation and signaling through

the PI3K/Akt, which is known to regulate thyroid cancer

initiation and progression. This is the first study to also

show that miR-145 may be a diagnostic biomarker in

patients with thyroid cancer, and that it is secreted by

thyroid cancer cells. Given the multiple effects of miR-145

on thyroid cancer cell phenotype in vitro and in vivo, we

propose that miR-145 is a master regulator of thyroid

cancer growth and metastasis, and likely mediates these

effects through the PI3K/Akt pathway by targeting AKT3.

Several studies have established a link between high

levels of EMT markers and the loss of cell polarity, reduced

expression of cell–cell adhesion molecules, and increased

capacity for metastasis (Yang et al. 2005, Spaderna et al.

2006). While the multistep process leading to EMT and

tumor invasion is not completely defined, aberrant

expression of cadherins and vimentin is considered one

of the main events leading to EMT. Due to their ability to

regulate and coordinate several genes/pathways, miRNAs

have been shown to regulate the expression of EMT

markers (Ceppi & Peter 2014). Our current study results

show that miR-145 reduces N-cadherin expression and

morphologic changes in cell shape due to the restoration

of miR-145. However, we did not observe a difference in

vimentin and E-cadherin expression with miR-145 over-

expression. Thus, the effects of miR-145 on EMT in thyroid

cancer cells are conclusive. Tumor neo-angiogenesis has

been associated with metastases, invasion, and lower

survival rates in many cancers, including thyroid cancer

(Soh et al. 1997). High levels of serum VEGF and increased

tissue expression of VEGF have been reported in patients

with thyroid cancer (Viglietto et al. 1995, Soh et al. 1997,

Tuttle et al. 2002), and VEGF is a target of miR-145 (Fan

et al. 2012). Our data demonstrate that miR-145 regulates

VEGF secretion in vitro and in vivo in thyroid cancer cells,

and that miR-145 overexpression reduces distant meta-

stasis. In addition to the effect of VEGF in angiogenesis,

another important regulator of this process is hypoxia-

inducible factor 1 (HIF1). Stabilized HIF1 protein is

transported into the nucleus, where it binds to hypoxia

response elements (HREs) on DNA and activates VEGF

gene transcription. High expression of HIF1a has been

reported in thyroid cancer and thyroid cancer cell lines
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(Burrows et al. 2010). Our findings indicate that miR-145

reduces HIF1a expression, thus suggesting another

indirect pathway of VEGF regulation mediated by the

effect of miR-145 on HIF1a. Furthermore, HIF1a, highly

expressed in thyroid cancers, is regulated not only by

hypoxia but also by alterations in the PI3K/Akt pathway.

Taken together, the downregulated expression of miR-145

in thyroid cancer is likely to contribute to the complex

cascade of events associated with thyroid cancer angio-

genesis via its effect on VEGF and HIF1a expression, and

Akt phosphorylation.

The reduction in stem cell markers we observed with

miR-145 overexpression was accompanied with decreased

expression of thyroid cell differentiation markers. This

observation suggests that miR-145 decreases stem-like

properties and may reverse the differentiation of thyroid

cancer cells. These data are consistent with recent studies

that have demonstrated that miR-145 inhibits cancer stem

cell characteristics (Huang et al. 2012).

Our functional study results with miR-145 over-

expression and inhibition can be explained by the effect

of miR-145 on the PI3K/Akt pathway. Accumulating

evidence indicates that the PI3K/Akt pathway regulates

EMT, cell cycle, angiogenesis, and apoptosis (Chandra-

mohan et al. 2004, Onoue et al. 2006, Fang et al. 2007,

Cheng et al. 2008). Phosphorylated Akt activates mTOR, a

major regulator of protein translation. Akt stabilizes cyclin

D1, which antagonizes cyclin-dependent kinase inhibitors

p21 and p27. Akt further prevents apoptosis by increasing

the level of anti-apoptotic proteins BCL2 and BCL-xL,

while inactivating proapoptotic proteins such as BAD,

BAX, and BIM (Datta et al. 1997, Maddika et al. 2007). The

current study shows that miR-145 expression leads to the

inhibition of Akt phosphorylation, accumulation of p21,

and inhibition of HIF1a and VEGF expression. Thus, we

propose that, because mutations in the PI3K/Akt are

relatively rare in thyroid cancer, a primary event such as

the loss of miR-145 expression could mediate the multiple

effects of increased activation of p-Akt Ser473. Our data

indicate that PI3K/Akt is directly targeted by miR-145

through the post-transcriptional regulation of Akt3.

We also present evidence showing that the activation

of p-Akt downregulates miR-145 expression. This finding

indicates that miR-145 is involved in the negative feed-

back regulation of the PI3k/Akt pathway. Moreover, a few

studies describe the regulatory interactions between

miRNAs and their targets, suggesting that miRNAs can

autoregulate their expression through negative feedback

regulation (Johnston et al. 2005, Li et al. 2011). Our data

are consistent with previous studies showing that
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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PI3K/Akt inhibitor or resveratrol treatment inhibits p-Akt

and induces miR-145. Although several transcription

factors, such as Foxo and p53, have been implicated in

the regulation of miR-145, the silencing of miR-145 in

many cancers is not clearly understood (Gan et al. 2010,

Ren et al. 2013). The specific inhibition of the PI3K/Akt

pathway has been recently reported to lead to upregula-

tion of miR-145 in a p53-dependent manner (Sachdeva

et al. 2009). However, two of the cell lines used in our

study (8505C and FTC-133) have p53 mutation (C/G and

G/A respectively), and both are located in the DNA-

binding domain of the protein (Wright et al. 1991,

Yoshimoto et al. 1992). Thus, in contrast to the previous

findings, we believe the role of PI3K/Akt in miR-145

expression is not likely to be dependent on p53 in thyroid

cancer cells.

Because of the role (of miR-145 in thyroid cancer

biology) we observed, we hypothesized that miR-145

could serve as a candidate biomarker in the diagnosis of

thyroid cancer. Thyroid nodule FNA biopsy is considered

the most accurate tool for differentiating between benign

and malignant thyroid nodules. However, it is incon-

clusive in w30% of biopsies. Our data indicated that miR-

145 expression is significantly lower in malignant thyroid

nodules, with a sensitivity of 96% and low specificity

of 27%, but with a high NPV of 92%. While the low

specificity would lead to a large number of false positive

tests, screening for miR-145 expression could be an

effective test in patients with inconclusive FNA biopsies;

if the expression level is high, a thyroid cancer diagnosis

could be excluded. Further studies are warranted to

validate the clinical utility of measuring miR-145 in

thyroid FNA biopsy samples.

Beyond the utility of measuring miRNAs as markers

in thyroid FNA biopsy, studies have reported the potential

of measuring circulating miRNA as biomarkers (Brase

et al. 2010). Our data indicate that the level of miR-145

is higher in the serum of patients with PTC. In contrast,

miR-145 was downregulated in tissues samples. Our

finding is consistent with high levels of miR-145 in

serum of patients with colorectal cancer compared to

controls; however, others studies have reported down-

regulation of miR-145 in colorectal cancer tissue

compared with nontumor tissues (Bandres et al. 2006,

Wang et al. 2012, Luo et al. 2013). These findings suggest

that miR-145 is either actively secreted by the tumor

cell or released passively through the cell membranes.

Indeed, several investigators have suggested that circulat-

ing miRNAs are stabilized by AGO2 protein, protected

from RNAse degradation by encapsulation in exosomes
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(Valadi et al. 2007). The findings from our in vitro studies

using chemical Golgi inhibitor and ceramide biosynthesis

inhibitor and in vivo venous gradient samples in patients

with PTC suggest that miR-145 is secreted in exosomes

by thyroid cancer cells. Thus, we believe that the high

serum levels observed in patients with PTC are due to the

active secretion of miR-145.

In conclusion, our data demonstrate that miR-145

has a tumor-suppressor function and directly targets AKT3

to regulate the PI3K/Akt signaling pathway. miR-145

regulates multiple hallmarks of malignancy in vitro and

in vivo, suppressing the growth and metastasis of thyroid

cancer cells. Furthermore, lower expression of miR-145

in FNA biopsy samples has a high NPV, which could be

clinically useful for excluding a thyroid cancer diagnosis.

The high levels of miR-145 in serum samples of patients

with PTC provides new insights into the mechanisms

of loss of expression of tumor-suppressor miRNAs that

occur in the tumor itself as a result of cellular excretion.

Thus, miR-145 is promising both in furthering our

understanding of thyroid cancer biology and as a useful

diagnostic marker and target for thyroid cancer therapy.
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