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Abstract

Papillary thyroid carcinoma is the most frequent histologic type of thyroid tumor. Few studies

investigated the role of c-KIT expression in thyroid tumors, suggesting a role for this receptor

and its ligand in differentiation and growth control of thyroid epithelium and a receptor loss

following malignant transformation. We investigated and correlated c-KIT expression levels

and two known markers of thyrocytes differentiation, PAX8 and TTF-1, in malignant and

benign cytological thyroid samples. Moreover, we performed functional studies on human

papillary thyroid carcinoma cell line to associated c-KIT expression to thyrocytes differentia-

tion and tumor proliferation. c-KIT and PAX8 expression resulted higher in benign samples

compared to the malignant ones, and the expression levels of these two genes were signifi-

cantly correlated to each other. We also observed that c-KIT overexpression led to an

increase of PAX8 expression level together with a decrease of proliferation. Furthermore, c-

KIT overexpressing cells showed a regression of typical morphological features of malig-

nancy. Taken together these results suggest that c-KIT could be involved in the differentia-

tion of thyroid cells and in tumor progression.

Introduction

Papillary thyroid carcinomas (PTC), the most common form of thyroid cancers, represents

the majority of thyroid carcinomas (~ 80–90%) [1]. Until now, a large amount of information

has been collected on the molecular pathogenesis of PTC, in particular, it is well known the

importance of the activation of the mitogen-activated protein kinase (MAPK) pathway, due to

point mutations of the BRAF and RAS genes and RET/PTC rearrangements [2–4].

The proto-oncogene c-KIT encodes for the tyrosine kinase receptor (CD117) and is

involved in cell signal transduction with different downstream pathways: MAPK, phosphatidy-

linositol 3-kinases (PI3K), Janus kinase (JAK)/signal transducers and activators of transcrip-

tion (STAT), SRC family kinases (SFK) and phospholipase Cγ [5]. Furthermore, c-KIT is a

mutagenic effective proto-oncogene with a stem-cell factor (SCF) as a ligand, and it leads to

tumor growth through impairment of cellular growth regulation [6].
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However, the precise role of c-KIT in human tumors remains largely unknown and data

from the literature present discrepancies depending on the tumor type. There are papers show-

ing that c-KIT is highly expressed or mutated in small cell lung cancer [7], leukemia cells [8],

colon cancer [9] and neuroblastoma [10]. On the other hand, c-KIT expression is lost in breast

cancer [11] and melanoma [12]. Some studies investigated c-KIT expression in thyroid gland

and in thyroid malignancies [13–16], suggesting a role for this receptor and its ligand in differ-

entiation and growth control of thyroid epithelium and that this function may be lost follow-

ing malignant transformation. In particular, in our previous paper [17] we evaluated c-KIT

expression in a group of thyroid fine-needle aspiration cytology (FNAC) smears, showing that

c-KIT analysis improves the cytological diagnostic accuracy, and we confirmed the down regu-

lation of c-KIT in PTC comparing to benign nodules (BN). Nowadays, FNAC remains the

most reliable, cost-effective, and safe diagnostic method for the evaluation of thyroid nodules

and the cytological examination of the obtained material is the best single test for differentiat-

ing malignant from benign thyroid nodules reducing the need for thyroid surgery [18–20].

In the present study, we decided to explore the role of c-KIT in thyroid tumor proliferation

and differentiation by analyzing two known markers of thyrocytes differentiation: PAX8

(Paired-box gene 8) and TTF-1 (Thyroid transcription factor-1) [21, 22]. Starting from 69

FNAC smears with known c-KIT expression levels, previously described in our paper [17], we

here investigated PAX8 and TTF-1 mRNA expression levels. Moreover, we overexpressed c-

KIT in a PTC cell line to perform functional studies.

Materials and methods

FNAC specimens

69 Preoperative FNAC slides of thyroid nodules, collected from as many patients from 2003 to

2010, were selected from the archives of the Division of Surgical, Molecular and Ultrastructural

Pathology, Santa Chiara University Hospital, Pisa.

Ethical board

The study was approved by the Ethics Committee of University Hospital of Pisa and signed

informed consent was obtained from each of the subjects. All methods were performed in

accordance with approved guidelines.

Diagnosis

The histological diagnosis of the 69 samples collected was of BN in 39 cases and PTC in 30

cases. In all cases, FNAC was done under ultrasonographic guidance and the cytological diag-

nosis was carried out as previously described [17]. Smears were independently reviewed by

senior cytopathologists to assure adequate thyroid cell representation of the slides in which

molecular analysis was performed.

RNA extraction from FNAC

Archival FNAC slides stained with Papanicolaou technique were kept in xylene to detach slide

coverslips. The slides were then hydrated in a graded series of ethanol followed by a wash in

distilled H2O and finally air-dried. RNA extraction was performed using the High Pure RNA

Paraffin kit (Roche, Basel, Switzerland) scraping off the cytological stained sample with the

lysis buffer. The quantity/quality of RNA was estimated with Nanodrop 1000 spectrophotome-

ter (Thermo Fisher Scientific, Waltham, MA, USA) using 1 μl of undiluted RNA solution.

RNA was treated with DNase I recombinant, RNase-free (Roche, Basel, Switzerland).
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RNA extraction from cells

Total RNA was extracted from K1 cultured cells with the automated system Maxwell 16 (Pro-

mega, Madison, WI, USA) after 48 h from transfection following the Maxwell 16 LEV sim-

plyRNA Cells Kit manufacture’s protocol. The quantity and quality of extracted RNA was

estimated with Qubit 2.0 Fluorometer (Life Technologies, Foster City CA, USA) by using 2 μl

of undiluted RNA solution.

c-KIT, PAX8 and TTF-1 mRNA expression analysis

RNA was reverse transcribed using the AMV Reverse Transcriptase, cloned kit (Invitrogen,

Carlsbad, CA, USA) in a final volume of 20 μl, containing 5X RT buffer, 10 mM dNTPs, 50 ng/

μl Random Primers, 0.1 M DTT, 40 U/μl RNaseOUT, 50 μ M oligo(dT), DEPC-Treated Water,

15 U/μl Cloned AMV reverse transcriptase.

The level of c-KIT, PAX8 and TTF-1 mRNA was analyzed by quantitative Real Time PCR

(qPCR) on the Rotor Gene 6000 real time rotary analyzer (Corbett Life Science, Sidney, Aus-

tralia) following the manufacturer’s instructions. Endogenous reference gene (B2M, beta 2

microglobulin) was used to normalize each gene expression level. PCR was performed in 25 μl

final volume, containing 5 μl of cDNA, 12.5 μl of MESA GREEN qPCR MasterMix Plus (Euro-

gentec, San Diego, CA, USA), 300 nM of each primer (Invitrogen, Carlsbad, CA, USA) with

the following cycling conditions: initial denaturation 95˚C for 5 min; 40 cycles at 95˚C for 15

sec and 58˚C for 40 sec and 72˚C for 40 sec; final step 25˚C for 1 min. Each samples was per-

formed in triplicate. The following primers were used: c-KIT, 5’-GCACCTGCTGCTGAAATG
TATGACATAAT-3’,5’-TTTGCTAAGTTGGAGTAAATATGATTGG-3’, PAX8, 5’-GCCCAG
TGTCAGCTCCATTA-3’,5’-GAGGTTGAATGGTTGCTGCA-3’, TTF-1, 5’-GATGTCCTCG
GAAAGTCAGC-3’,5’-CTCCAGGGGACTCAAGATGT-3’.

Cell culture and transfection

Human thyroid carcinoma K1 cell line, not expressing c-KIT, was obtained from Sigma

Aldrich (Sigma Aldrich Cat# 92030501, RRID:CVCL_2537) (Sigma Aldrich, Saint Louis, MO,

USA). Cells were cultured in DMEM:Ham0s F12:MCDB 105 (2:1:1) (Thermo Fisher Scientific,

Waltham, MA, USA) + 2mM Glutamine (Thermo Fisher Scientific, Waltham, MA, USA) +

10% Fetal Bovine Serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA). The cells were

grown under a humidified condition at 37˚C in 5% CO2.

A plasmid pBluescriptR containing c-KIT gene was obtained by Source BioScience (Source

BioScience, Nottingham, UK), then c-KIT gene was isolated and inserted by restriction diges-

tion in a pIRES2-AcGFP vector (Clontech Laboratories, Mountain View, CA, USA) to gener-

ate pIRES2-AcGFP-c-KIT. c-KIT sequence was confirmed by Sanger sequencing.

A total of 90,000 K1 cells per well were seeded in a 6-well plate and transfected with pIRE-

S2-AcGFP-c-KIT (c-KIT+ cells), with the empty vector (c-KIT- cells) and with only Lipofecta-

mine (control) using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA)

according to manufacturer’s protocol.

Flow cytometry analysis

Flow cytometry was used to detect cells transfected with p-IRES-AcGFP and p-IRES-AcGFP-

c-KIT plasmids using CyFlow1 Cube 8 Sorter Flow Cytometer (Sysmex Partec, Gorlitz, Ger-

many) and evaluate transfection efficiency.
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2x107 cells per sample were washed with PBS and incubated with PE conjugated monoclo-

nal mouse antibody anti-CD117 (Miltenyi Biotec Cat# 130-091-734, RRID:AB_615058) (Mil-

tenyi Biotec, Calderara di Reno, BO, Italy) following the manufacturer’s instructions.

Each sample was analyzed in the same run, with identical settings equipped with a blue

diode pumped solid-state Laser (20mV) at 488 nm. At least 10,000 events per samples were

collected and the gating strategy was based on Forward Scatter (FSC) and Side Scatter (SSC)

characteristics. Data analysis was performed using FCS express 4 software (De Novo

Software™).

Immunocytochemistry

c-KIT+ and c-KIT- cells suspensions were dropped and spread over the glass-slide. Then the

slides were fixed with 3.7% formaldehyde for 10 minutes and washed three times in PBS. Cells

were permeabilized with 0.1% Triton X-100 in and washed three times in PBS. Immunocyto-

chemistry was performed using the Mouse specific HRP/DAB (ABC) Detection IHC Kit

(Abcam, Cambridge, UK) according to manufacturer’s protocol. The antigen unmasking was

achieved with MS-unmasker solution (DIAPATH, Martinengo, BG, Italy) in microwave. Pri-

mary antibody, mouse monoclonal c-KIT (Santa Cruz Biotechnology Cat# sc-13508, RRID:

AB_626874) (Santa Cruz Biotechnology, Dallas, TX, USA), was used at 1:200 dilution for 1 h

at room temperature. Slides were developed with diaminobenzidine chromogen (DAB)

(DAKO, Glostrup, DK) and counterstained with hematoxylin. Negative controls included the

omission of the primary antibody. Slides were analyzed using the inverted microscope CARL

ZEISS Axio Observer Z1FLMot, and images were taken with CARL ZEISS AXIOCAM Icc1

camera.

WST1 proliferation assay

A total of 7,000 cells per well of each type (c-KIT+, c-KIT- and control cells) were seeded in a

96-well plate format, after 48 h from transfection. After 24 h, 48h and 72 h, the WST1 reagent

(Clontech Laboratories, Mountain View, CA, USA) was added and incubated for a further 2 h

before reading the plate. Each assay was conducted in sets of eight. The quantity of formazan

dye is directly related to the number of metabolically active cells, and was quantified by mea-

suring the absorbance at 450 nm in a multiwell plate reader (Tecan, Mannedorf, Switzerland).

Morphological analysis

To observe the morphological aspect of c-KIT+ and c-KIT- cells, we spread a drop from each

cell suspensions over the glass-slide. Then the slides were allowed to air dry for 30 minutes and

fixed for 10 minutes with 4% formaldehyde. At the end the slides were stained with Papanico-

laou stain and reviewed by a senior cytopathologist under the inverted microscope CARL

ZEISS Axio Observer Z1FLMot, who evaluated the main characteristics of malignancy: nuclear

pleomorphism and hyperchromasia, ratio nucleus/cytoplasm, coarse chromatin pattern, mul-

tinucleation, pleomorphism of nucleoli and presence of multiple nucleoli. Images were taken

with CARL ZEISS AXIOCAM Icc1 camera.

Statistical analysis

The expression levels of PAX8, TTF-1 in FNAC samples and K1 cells were statistically analysed

by unpaired Student’s t-test. Regression analysis was used to assess the relationship between

two gene expression levels and to predict their correlation. These analyses were all performed

by using MedCalc for Windows, version 12 (MedCalc Software, Mariakerke, Belgium). Data
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sets derived from WST1 analysis were screened by one-way analysis of variance analysis

(ANOVA).

Results

PAX8 and TTF-1 expression levels in patients

PAX8 expression level was significantly higher in the benign group (BN; n = 30) compared to

the malignant group (PTC; n = 39) (p< 0.01) (Fig 1 and S1 Table).

The TTF-1 gene had a significantly lower expression in the benign group (BN; n = 30) com-

pared to the malignant group (PTC; n = 39) (p< 0.01) (Fig 2 and S1 Table).

PAX8 and TTF-1 correlation with c-KIT expression

c-KIT mRNA expression was evaluated on the same case series of our previous paper [17],

finding that c-KIT was more expressed in benign patients than in malignant ones.

Fig 1. PAX8 overexpression in benign thyroid nodules. PAX8 mRNA expression in PTC (n = 39) and BN (n = 30) (FNAC) samples.

https://doi.org/10.1371/journal.pone.0173913.g001
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Fig 2. TTF-1 downregulation in benign thyroid nodules. TTF-1 mRNA expression in PTC (n = 39) and BN

(n = 30) (FNAC) samples.

https://doi.org/10.1371/journal.pone.0173913.g002

Fig 3. Regression analysis between and gene expression in 69 thyroid nodules including 30 BN and

39 PTC. Data are expressed in relative normalized expression levels after normalization by B2M gene

expression. High c-KIT mRNA levels were associated with a clear increase of PAX8 mRNA level.

https://doi.org/10.1371/journal.pone.0173913.g003
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Regression analysis showed a statistically significant (p = 0.003) correlation between c-KIT

and PAX8 with a correlation coefficient of r = 0.4 and a coefficient of determination r2 = 0.13

(Fig 3). No statistically significant correlation was found between c-KIT and TTF-1 expression

levels (data not shown).

Cellular proliferation and morphological analysis in c-KIT overexpressing

cells

c-KIT overexpression in K1 thyroid cancer cells was confirmed by real time PCR, flow cyto-

metric analysis and immunocytochemistry (Figs 4–6 and S1 Table).

Then, we investigated cell proliferation following c-KIT overexpression for three days by

WST-1 assay. The proliferative index of c-KIT+ cells was 1.43-fold lower than c-KIT- cells at

24h (p = 0.0170), 1.42-fold lower at 48h (p = 0.0164) and 1.18 fold lower at 72h (not signifi-

cant) (Fig 7 and S1 Table).

Cells were seeded in 96-well plate after 48 h from transfection and cell proliferation was

measured by WST-1 assay at time 0 and every 24 h thereafter, up to 72 h. Data are expressed as

means ± SD; N = 8; �p< 0.05.

Fig 4. c-KIT overexpression in c-KIT+ transfected cells. c-KIT mRNA expression in control, empty vector transfected cells and c-KIT overexpressing

cells.

https://doi.org/10.1371/journal.pone.0173913.g004
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Fig 5. c-KIT overexpression in c-KIT+ transfected cells. Flow cytometric analysis of c-KIT expression in control,

empty vector transfected cells and c-KIT overexpressing cells. Data are represented in dot plots of GFP (FL1) vs.

SSC and CD117-PE (FL2) vs. SSC. Non-transfected cells (A1-2), empty vector transfected cells (B1-2) and c-KIT

overexpressing cells (C1-2). Blue regions in A1, B1 and C1 plots represent the percentage of GFP fluorescent cells

Loss of c-KIT in PTC
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An assessment of the morphological characteristics was performed by observing c-KIT-

and c-KIT+ cell slides under the microscope after the Papanicolaou staining. Comparing c-

KIT- and c-KIT+ cells we found four principal cell features, peculiar characteristics typical of

malignancy, more represented in c-KIT- cells compared to c-KIT+ cells (Fig 8): high nuclear-

cytoplasmic ratio; presence of powdery chromatin pattern, sometimes with clumps; presence

of macro and multiple nucleoli; cells presenting more nuclei (2 or 3).

Moreover, we observed the presence of highly atypical cells (Fig 9A) in both c-KIT+ and

c-KIT- cells slides. Those abnormal cells were counted for the entire surface of c-KIT- and c-

KIT+ slides (performed in triplicate) by three different operators finding a 2.07-fold greater

percentage of atypical cells in c-KIT- cells compared to c-KIT+ cells (p = 0.0003; Fig 9B and S1

Table).

PAX8 expression levels in c-KIT- and c-KIT+ cells

PAX8 expression in c-KIT overexpressing cells was 1.8-fold higher than empty vector trans-

fected cells and 1.7-fold higher than control cells (p = 0.0236) (Fig 10 and S1 Table).

(transfection efficiency). Green gates in A2, B2 and C2 plots show red fluorescent cells labeled with PE antibody (c-KIT

expression).

https://doi.org/10.1371/journal.pone.0173913.g005

Fig 6. c-KIT overexpression in c-KIT+ transfected cells. Immunocytochemistry staining for c-KIT in in

empty vector transfected cells (A) and c-KIT overexpressing cells (B).

https://doi.org/10.1371/journal.pone.0173913.g006
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Discussion

This work aims to investigate the role of c-KIT expression in thyroid cancer, especially in PTC,

which is still unknown. KIT receptor is involved in the development of hematopoietic stem

cells, melanocytes, germ cells, mast cells, and interstitial cells of Cajal [23, 24], but its role in

malignant transformation and tumor growth remains largely unexplored. c-KIT mutations

can activate the signal transduction cascades that regulate cell proliferation, apoptosis, chemo-

taxis and adhesion [25]. In GIST tumors, activating mutations of c-KIT were detected, but also

the loss or down-regulation of the c-KIT can be observed linked to neoplastic transformation

as for example in breast carcinoma and melanoma [11, 12]. Few and dated studies have ana-

lyzed c-KIT expression profiles in thyroid tumors [13–16], finding a correlation with differen-

tiation and growth control of thyroid epithelium and also suggesting a c-KIT loss of function

in malignant transformation.

In 2004 Mazzanti et al. [26] by microarray assay detected c-KIT out of thousands of genes

as one of the most significantly down-regulated genes in PTC compared to BN, moreover,

in 2012 our previous paper [17] confirmed the down-expression of c-KIT mRNA in PTC

highlighting its importance as a diagnostic marker in thyroid FNAC. More recently, other

studies have been published showing a decreased c-KIT expression in PTC compared to nor-

mal thyroid tissues [27, 28]. Several mechanisms have been described that can mediate the

downregulation of c-KIT, including dysregulated expression of specific microRNAs [29]

(miR-146b, miR-221, and miR-222) and promoter hypermethylation [12]; however, there are

no studies that investigate this events in thyroid tumors.

Based on these previous studies, we decided to investigate the role of c-KIT expression

in PCT carcinogenesis and thyroid cell differentiation. Two known markers of thyrocytes dif-

ferentiation [21, 22], PAX8 and TTF-1, were analyzed in PCT and BN and correlated with c-

KIT expression. PAX8 mRNA expression resulted to be significantly overexpressed in benign

samples compared to the malignant group and its expression correlated with c-KIT, with a

coefficient of determination that indicates that c-KIT expression is responsible for 13% of

Fig 7. Effect of c-KIT overexpression on cell proliferation. WST-1 based proliferation assays were

performed for control, empty vector transfected cells and c-KIT overexpressing cells.

https://doi.org/10.1371/journal.pone.0173913.g007
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PAX8 expression variability. The functions of the nuclear protein PAX8 are linked to the

development of the thyroid follicular cells and the expression of thyroid-specific genes [30]

and this result promotes the hypothesis that c-KIT may be involved in thyrocytes differentia-

tion. Not significant correlation was found between c-KIT and TTF-1 expression levels, even

though we observed a statistically significant downregulation of TTF-1 in benign samples

compared to the malignant group.

To the best of our knowledge, this is the first work that investigates the role of c-KIT by

overexpressing it in a PTC cell line. Even if the efficiency of transfection was around 10%

(evaluated through flow cytometric analysis), c-KIT mRNA and protein expressions levels in

Fig 8. Effect of c-KIT overexpression on cell morphological characteristics. Four principal malignancy

features were more represented in empty vector transfected cells (A) than c-KIT overexpressing cells (B):

high nuclear-cytoplasmic ratio (black thick arrows); presence of powdery chromatin pattern, sometimes with

clumps (black thin arrows) presence of macro and multiple nucleoli (white thick arrows) cells presenting more

nuclei (2 or 3).

https://doi.org/10.1371/journal.pone.0173913.g008
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Fig 9. Presence of atypical cells in c-KIT- and c-KIT+ cells. Abnormal cells (A) in empty vector transfected cells and c-KIT overexpressing cells (B).

https://doi.org/10.1371/journal.pone.0173913.g009

Fig 10. PAX8 overexpression in c-KIT+ transfected cells. PAX8 mRNA expression in empty vector

transfected cells and c-KIT overexpressing cells.

https://doi.org/10.1371/journal.pone.0173913.g010
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c-KIT+ cells were clearly higher than c-KIT- cells. Through the WST1 analysis, we showed

that c-KIT overexpression leads to a significant inhibition of cellular proliferation. Moreover,

c-KIT- cells showed a greater number of cells with particular morphological characteristics,

typical of malignancy, such as high nuclear-cytoplasmic ratio, presence of powdery chromatin

pattern, macro and multiple nucleoli, multinucleated cells and presence of abnormal cells than

c-KIT+ cells. Furthermore, c-KIT+ cells, demonstrated a significantly higher PAX8 expression

level comparing to c-KIT- cells. Taken together these results suggest that c-KIT overexpression

may led to thyroid cancer cells regression of malignant features and tumor proliferation. In

addition, the positive significant correlation between c-KIT and the thyrocyte differentiation

marker PAX8 mRNA levels highlights even more c-KIT possible involvement in cellular

differentiation.

Additional studies are needed, however, to further explore the implications of these find-

ings; in particular, to determine the possible mechanisms inducing c-KIT downregulation

and to identify other components of the cascade molecular pathway controlled by KIT recep-

tor in order to better understand thyroid cancer development. Furthermore, these findings

strengthen the importance of c-KIT expression as a marker of thyroid malignancy. Fine-needle

aspiration cytology (FNAC) is an easy, cost-effective test for cancer diagnosis, and its use has

strikingly reduced the number of unnecessary thyroidectomy [31]. Unfortunately, about 30%

of FNAC results indeterminate and thyroid surgery is required to establish the diagnosis [32].

Therefore, because of this obvious limitation of FNA cytology in the preoperative diagnosis,

there is a clinical need for reliable preoperative molecular markers to distinguish benign from

malignant thyroid nodules. In this line, this study confirms the diagnostic potential of c-KIT

expression as an adjunctive marker in the preoperative management of thyroid nodules.

Supporting information

S1 Table. Individual data points.

(XLSX)

Author Contributions

Conceptualization: SF FL FP CMM.

Data curation: PA.

Formal analysis: PA.

Investigation: SF FL FP ET MLF AA MM.

Methodology: CMM.

Project administration: AGN.

Resources: IM.

Supervision: AGN CMM.

Validation: IM.

Visualization: SF FL.

Writing – original draft: SF.

Writing – review & editing: CMM.

Loss of c-KIT in PTC

PLOS ONE | https://doi.org/10.1371/journal.pone.0173913 March 16, 2017 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173913.s001
https://doi.org/10.1371/journal.pone.0173913


References
1. Czarniecka A, Oczko-Wojciechowska M, Barczynski M. BRAF V600E mutation in prognostication of

papillary thyroid cancer (PTC) recurrence. Gland Surg. 2016; 5(5):495–505. https://doi.org/10.21037/

gs.2016.09.09 PMID: 27867864

2. Guerra A, Zeppa P, Bifulco M, Vitale M. Concomitant BRAF(V600E) mutation and RET/PTC rearrange-

ment is a frequent occurrence in papillary thyroid carcinoma. Thyroid. 2014; 24(2):254–9. https://doi.

org/10.1089/thy.2013.0235 PMID: 23806056

3. Yamashita AS, Geraldo MV, Fuziwara CS, Kulcsar MA, Friguglietti CU, da Costa RB, et al. Notch path-

way is activated by MAPK signaling and influences papillary thyroid cancer proliferation. Transl Oncol.

2013; 6(2):197–205. PubMed Central PMCID: PMCPMC3610552. PMID: 23544172

4. Zou M, Baitei EY, Alzahrani AS, BinHumaid FS, Alkhafaji D, Al-Rijjal RA, et al. Concomitant RAS, RET/

PTC, or BRAF mutations in advanced stage of papillary thyroid carcinoma. Thyroid. 2014; 24(8):1256–

66. PubMed Central PMCID: PMCPMC4106383. https://doi.org/10.1089/thy.2013.0610 PMID:

24798740

5. Sanlorenzo M, Vujic I, Posch C, Ma J, Lin K, Lai K, et al. Oncogenic KIT mutations in different exons

lead to specific changes in melanocyte phospho-proteome. J Proteomics. 2016; 144:140–7. PubMed

Central PMCID: PMCPMC5026456. https://doi.org/10.1016/j.jprot.2016.05.019 PMID: 27216642

6. Sehitoglu I, Bedir R, Cure E, Cure MC, Yuce S, Dilek N. Evaluation of the relationship between c-Kit

expression and mean platelet volume in classic Kaposi’s sarcoma. An Bras Dermatol. 2016; 91(4):430–

5. PubMed Central PMCID: PMCPMC4999099. https://doi.org/10.1590/abd1806-4841.20164331

PMID: 27579736

7. Matsumura Y, Umemura S, Ishii G, Tsuta K, Matsumoto S, Aokage K, et al. Expression profiling of

receptor tyrosine kinases in high-grade neuroendocrine carcinoma of the lung: a comparative analysis

with adenocarcinoma and squamous cell carcinoma. J Cancer Res Clin Oncol. 2015; 141(12):2159–70.

PubMed Central PMCID: PMCPMC4630254. https://doi.org/10.1007/s00432-015-1989-z PMID:

25989941

8. Yu G, Yin C, Jiang L, Zheng Z, Wang Z, Wang C, et al. Amyloid precursor protein cooperates with c-KIT

mutation/overexpression to regulate cell apoptosis in AML1-ETO-positive leukemia via the PI3K/AKT

signaling pathway. Oncol Rep. 2016; 36(3):1626–32. https://doi.org/10.3892/or.2016.4963 PMID:

27460334

9. Chen EC, Karl TA, Kalisky T, Gupta SK, O’Brien CA, Longacre TA, et al. KIT Signaling Promotes

Growth of Colon Xenograft Tumors in Mice and Is Up-Regulated in a Subset of Human Colon Cancers.

Gastroenterology. 2015; 149(3):705–17 e2. PubMed Central PMCID: PMCPMC4550533. https://doi.

org/10.1053/j.gastro.2015.05.042 PMID: 26026391

10. Lau ST, Hansford LM, Chan WK, Chan GC, Wan TS, Wong KK, et al. Prokineticin signaling is required

for the maintenance of a de novo population of c-KIT(+) cells to sustain neuroblastoma progression.

Oncogene. 2015; 34(8):1019–34. https://doi.org/10.1038/onc.2014.24 PMID: 24632619

11. Tramm T, Kim JY, Leibl S, Moinfar F, Tavassoli FA. Expression of C-KIT, CD24, CD44s, and COX2 in

benign and non-invasive apocrine lesions of the breast. Virchows Arch. 2016; 469(3):285–95. https://

doi.org/10.1007/s00428-016-1966-1 PMID: 27287269

12. Dahl C, Abildgaard C, Riber-Hansen R, Steiniche T, Lade-Keller J, Guldberg P. KIT is a frequent target

for epigenetic silencing in cutaneous melanoma. J Invest Dermatol. 2015; 135(2):516–24. https://doi.

org/10.1038/jid.2014.372 PMID: 25178104

13. Broecker-Preuss M, Sheu SY, Worm K, Feldkamp J, Witte J, Scherbaum WA, et al. Expression and

mutation analysis of the tyrosine kinase c-kit in poorly differentiated and anaplastic thyroid carcinoma.

Horm Metab Res. 2008; 40(10):685–91. https://doi.org/10.1055/s-2008-1080895 PMID: 18622894

14. Murakawa T, Tsuda H, Tanimoto T, Tanabe T, Kitahara S, Matsubara O. Expression of KIT, EGFR,

HER-2 and tyrosine phosphorylation in undifferentiated thyroid carcinoma: implication for a new thera-

peutic approach. Pathol Int. 2005; 55(12):757–65. https://doi.org/10.1111/j.1440-1827.2005.01902.x

PMID: 16287490

15. Tanaka T, Umeki K, Yamamoto I, Kotani T, Sakamoto F, Noguchi S, et al. c-Kit proto-oncogene is more

likely to lose expression in differentiated thyroid carcinoma than three thyroid-specific genes: thyroid

peroxidase, thyroglobulin, and thyroid stimulating hormone receptor. Endocr J. 1995; 42(5):723–8.

PMID: 8574299

16. Natali PG, Berlingieri MT, Nicotra MR, Fusco A, Santoro E, Bigotti A, et al. Transformation of thyroid epi-

thelium is associated with loss of c-kit receptor. Cancer Res. 1995; 55(8):1787–91. PMID: 7536131

17. Tomei S, Mazzanti C, Marchetti I, Rossi L, Zavaglia K, Lessi F, et al. c-KIT receptor expression is strictly

associated with the biological behaviour of thyroid nodules. J Transl Med. 2012; 10:7. PubMed Central

PMCID: PMCPMC3267663. https://doi.org/10.1186/1479-5876-10-7 PMID: 22233760

Loss of c-KIT in PTC

PLOS ONE | https://doi.org/10.1371/journal.pone.0173913 March 16, 2017 14 / 15

https://doi.org/10.21037/gs.2016.09.09
https://doi.org/10.21037/gs.2016.09.09
http://www.ncbi.nlm.nih.gov/pubmed/27867864
https://doi.org/10.1089/thy.2013.0235
https://doi.org/10.1089/thy.2013.0235
http://www.ncbi.nlm.nih.gov/pubmed/23806056
http://www.ncbi.nlm.nih.gov/pubmed/23544172
https://doi.org/10.1089/thy.2013.0610
http://www.ncbi.nlm.nih.gov/pubmed/24798740
https://doi.org/10.1016/j.jprot.2016.05.019
http://www.ncbi.nlm.nih.gov/pubmed/27216642
https://doi.org/10.1590/abd1806-4841.20164331
http://www.ncbi.nlm.nih.gov/pubmed/27579736
https://doi.org/10.1007/s00432-015-1989-z
http://www.ncbi.nlm.nih.gov/pubmed/25989941
https://doi.org/10.3892/or.2016.4963
http://www.ncbi.nlm.nih.gov/pubmed/27460334
https://doi.org/10.1053/j.gastro.2015.05.042
https://doi.org/10.1053/j.gastro.2015.05.042
http://www.ncbi.nlm.nih.gov/pubmed/26026391
https://doi.org/10.1038/onc.2014.24
http://www.ncbi.nlm.nih.gov/pubmed/24632619
https://doi.org/10.1007/s00428-016-1966-1
https://doi.org/10.1007/s00428-016-1966-1
http://www.ncbi.nlm.nih.gov/pubmed/27287269
https://doi.org/10.1038/jid.2014.372
https://doi.org/10.1038/jid.2014.372
http://www.ncbi.nlm.nih.gov/pubmed/25178104
https://doi.org/10.1055/s-2008-1080895
http://www.ncbi.nlm.nih.gov/pubmed/18622894
https://doi.org/10.1111/j.1440-1827.2005.01902.x
http://www.ncbi.nlm.nih.gov/pubmed/16287490
http://www.ncbi.nlm.nih.gov/pubmed/8574299
http://www.ncbi.nlm.nih.gov/pubmed/7536131
https://doi.org/10.1186/1479-5876-10-7
http://www.ncbi.nlm.nih.gov/pubmed/22233760
https://doi.org/10.1371/journal.pone.0173913


18. Panebianco F, Mazzanti C, Tomei S, Aretini P, Franceschi S, Lessi F, et al. The combination of four

molecular markers improves thyroid cancer cytologic diagnosis and patient management. BMC Cancer.

2015; 15:918. PubMed Central PMCID: PMCPMC4652365. https://doi.org/10.1186/s12885-015-1917-

2 PMID: 26581891

19. Rago T, Scutari M, Latrofa F, Loiacono V, Piaggi P, Marchetti I, et al. The large majority of 1520 patients

with indeterminate thyroid nodule at cytology have a favorable outcome, and a clinical risk score has a

high negative predictive value for a more cumbersome cancer disease. J Clin Endocrinol Metab. 2014;

99(10):3700–7. https://doi.org/10.1210/jc.2013-4401 PMID: 24708101

20. Kwon H, Kim WG, Eszlinger M, Paschke R, Song DE, Kim M, et al. Molecular Diagnosis Using Residual

Liquid-Based Cytology Materials for Patients with Nondiagnostic or Indeterminate Thyroid Nodules.

Endocrinol Metab (Seoul). 2016; 31(4):586–91. PubMed Central PMCID: PMCPMC5195836.

21. Pasca di Magliano M, Di Lauro R, Zannini M. Pax8 has a key role in thyroid cell differentiation. Proc Natl

Acad Sci U S A. 2000; 97(24):13144–9. PubMed Central PMCID: PMCPMC27192. https://doi.org/10.

1073/pnas.240336397 PMID: 11069301

22. Nonaka D, Tang Y, Chiriboga L, Rivera M, Ghossein R. Diagnostic utility of thyroid transcription factors

Pax8 and TTF-2 (FoxE1) in thyroid epithelial neoplasms. Mod Pathol. 2008; 21(2):192–200. https://doi.

org/10.1038/modpathol.3801002 PMID: 18084247

23. Miettinen M, Sarlomo-Rikala M, Lasota J. KIT expression in angiosarcomas and fetal endothelial cells:

lack of mutations of exon 11 and exon 17 of C-kit. Mod Pathol. 2000; 13(5):536–41. https://doi.org/10.

1038/modpathol.3880093 PMID: 10824925

24. Lennartsson J, Ronnstrand L. The stem cell factor receptor/c-Kit as a drug target in cancer. Curr Cancer

Drug Targets. 2006; 6(1):65–75. PMID: 16475976

25. Rizzo FM, Palmirotta R, Marzullo A, Resta N, Cives M, Tucci M, et al. Parallelism of DOG1 expression

with recurrence risk in gastrointestinal stromal tumors bearing KIT or PDGFRA mutations. BMC Cancer.

2016; 16:87. PubMed Central PMCID: PMCPMC4750215. https://doi.org/10.1186/s12885-016-2111-x

PMID: 26867653

26. Mazzanti C, Zeiger MA, Costouros NG, Umbricht C, Westra WH, Smith D, et al. Using gene expression

profiling to differentiate benign versus malignant thyroid tumors. Cancer Res. 2004; 64(8):2898–903.

PMID: 15087409

27. Pusztaszeri MP, Sadow PM, Faquin WC. CD117: a novel ancillary marker for papillary thyroid carci-

noma in fine-needle aspiration biopsies. Cancer Cytopathol. 2014; 122(8):596–603. https://doi.org/10.

1002/cncy.21437 PMID: 24920192

28. Chitikova Z, Pusztaszeri M, Makhlouf AM, Berczy M, Delucinge-Vivier C, Triponez F, et al. Identification

of new biomarkers for human papillary thyroid carcinoma employing NanoString analysis. Oncotarget.

2015; 6(13):10978–93. PubMed Central PMCID: PMCPMC4484433. https://doi.org/10.18632/

oncotarget.3452 PMID: 25868389

29. Fabbri M, Valeri N, Calin GA. MicroRNAs and genomic variations: from Proteus tricks to Prometheus

gift. Carcinogenesis. 2009; 30(6):912–7. https://doi.org/10.1093/carcin/bgp063 PMID: 19293341

30. Fernandez LP, Lopez-Marquez A, Santisteban P. Thyroid transcription factors in development, differen-

tiation and disease. Nat Rev Endocrinol. 2015; 11(1):29–42. https://doi.org/10.1038/nrendo.2014.186

PMID: 25350068

31. Hajmanoochehri F, Rabiee E. FNAC accuracy in diagnosis of thyroid neoplasms considering all diag-

nostic categories of the Bethesda reporting system: A single-institute experience. J Cytol. 2015; 32

(4):238–43. PubMed Central PMCID: PMCPMC4707785. https://doi.org/10.4103/0970-9371.171234

PMID: 26811571

32. Doddi S, Chohda E, Maghsoudi S, Sheehan L, Sinha A, Chandak P, et al. The final outcome of indeter-

minate cytology of thyroid nodules in a District General Hospital. G Chir. 2015; 36(3):122–7. PubMed

Central PMCID: PMCPMC4511041. PMID: 26188757

Loss of c-KIT in PTC

PLOS ONE | https://doi.org/10.1371/journal.pone.0173913 March 16, 2017 15 / 15

https://doi.org/10.1186/s12885-015-1917-2
https://doi.org/10.1186/s12885-015-1917-2
http://www.ncbi.nlm.nih.gov/pubmed/26581891
https://doi.org/10.1210/jc.2013-4401
http://www.ncbi.nlm.nih.gov/pubmed/24708101
https://doi.org/10.1073/pnas.240336397
https://doi.org/10.1073/pnas.240336397
http://www.ncbi.nlm.nih.gov/pubmed/11069301
https://doi.org/10.1038/modpathol.3801002
https://doi.org/10.1038/modpathol.3801002
http://www.ncbi.nlm.nih.gov/pubmed/18084247
https://doi.org/10.1038/modpathol.3880093
https://doi.org/10.1038/modpathol.3880093
http://www.ncbi.nlm.nih.gov/pubmed/10824925
http://www.ncbi.nlm.nih.gov/pubmed/16475976
https://doi.org/10.1186/s12885-016-2111-x
http://www.ncbi.nlm.nih.gov/pubmed/26867653
http://www.ncbi.nlm.nih.gov/pubmed/15087409
https://doi.org/10.1002/cncy.21437
https://doi.org/10.1002/cncy.21437
http://www.ncbi.nlm.nih.gov/pubmed/24920192
https://doi.org/10.18632/oncotarget.3452
https://doi.org/10.18632/oncotarget.3452
http://www.ncbi.nlm.nih.gov/pubmed/25868389
https://doi.org/10.1093/carcin/bgp063
http://www.ncbi.nlm.nih.gov/pubmed/19293341
https://doi.org/10.1038/nrendo.2014.186
http://www.ncbi.nlm.nih.gov/pubmed/25350068
https://doi.org/10.4103/0970-9371.171234
http://www.ncbi.nlm.nih.gov/pubmed/26811571
http://www.ncbi.nlm.nih.gov/pubmed/26188757
https://doi.org/10.1371/journal.pone.0173913

