
Journal Pre-proof

Role of tissue and circulating microRNA and DNA as biomarkers
in medullary thyroid cancer

Martina Chiacchiarini, Sofia Trocchianesi, Zein Mersini Besharat,
Agnese Po, Elisabetta Ferretti

PII: S0163-7258(20)30239-4

DOI: https://doi.org/10.1016/j.pharmthera.2020.107708

Reference: JPT 107708

To appear in: Pharmacology and Therapeutics

Please cite this article as: M. Chiacchiarini, S. Trocchianesi, Z.M. Besharat, et al., Role
of tissue and circulating microRNA and DNA as biomarkers in medullary thyroid cancer,
Pharmacology and Therapeutics (2020), https://doi.org/10.1016/
j.pharmthera.2020.107708

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2020 Published by Elsevier.

https://doi.org/10.1016/j.pharmthera.2020.107708
https://doi.org/10.1016/j.pharmthera.2020.107708
https://doi.org/10.1016/j.pharmthera.2020.107708


 1 

P&T #23708 

Role of tissue and circulating microRNA and DNA as biomarkers in medullary 

thyroid cancer 
Martina Chiacchiarini1, Sofia Trocchianesi2, Zein Mersini Besharat1, Agnese Po2, Elisabetta Ferretti1 

 
1 Department of Experimental Medicine, Sapienza University of Rome, 00161 Rome, Italy 
2 Department of Molecular Medicine, Sapienza University of Rome, 00161 Rome, Italy 

 

 

Abstract  

Medullary thyroid carcinoma (MTC) is a rare neuroendocrine tumor comprising hereditary or 
sporadic form with frequent mutations in the rearranged during transfection (RET) or RAS genes. 
Diagnosis is based on presence of thyroid tumor mass with altered levels of calcitonin (Ctn) and 
carcinoembryonal antigen (CEA) in the serum and/or in the cytological smears from fine needle 
aspiration biopsies.  
Treatment consists of total thyroidectomy, followed by tyrosine kinase inhibitors (TKi) in case of 
disease persistence. During TKi treatment, Ctn and CEA levels can fluctuate regardless of tumor 
volume, metastasis or response to therapy. 
Research for more reliable non-invasive biomarkers in MTC is still underway. In this context, 
circulating nucleic acids, namely circulating microRNAs (miRNAs) and cell free DNA (cfDNA), have 
been evaluated by different research groups. Aiming to shed light on whether miRNAs and cfDNA 
are suitable as MTC biomarkers we searched three different databases, PubMed, Scopus, WOS 
and reviewed literature. We classified 83 publications fulfilling our search criteria and summarized 
the results. We report data on miRNA and cfDNA that can be evaluated for validation in 
independent studies and clinical application.  
 

 

Abbreviations 

MTC: Medullary Thyroid Carcinoma 

hMTC: hereditary Medullary Thyroid Carcinoma 
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1. Introduction 

Medullary thyroid cancer (MTC) is a rare malignant thyroid tumor arising from the neuroendocrine 

parafollicular cells or C cells, accounting for 2-3% of thyroid cancers (Kim, Gosnell, & Roman, 

2019). 

MTC is hereditary (hMTC) in approximately 20-25% of cases and sporadic (sMTC) for the remaining 

75-80%.  

HMTC occurs in the context of multiple endocrine neoplasia (MEN) syndromes type 2 (MEN2A and 

MEN2B) or as a familial form (fMTC) due to germline mutations of REarranged During Transfection 

(RET) proto-oncogene, located on chromosome 10q11.2 (Eng, et al., 1996; R. Hofstra, et al., 1996). 

To date 76 pathogenic variations including mutations, duplications, insertions, or deletions have 

been identified in the RET oncogene, as reported in ClinVar ("ClinVar MTC RET," ; Landrum, et al., 

2018). Strong genotype–phenotype associations, affecting the age of onset and tumor 

aggressiveness, have been reported for specific germline RET mutations (Wells Jr, et al., 2015). 

RET codon M918T, codon C634F and codon A883F mutations are genotypes of highest or high risk 

patients while other RET mutations are genotypes of moderate risk patients (Wells Jr, et al., 2015). 
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Around half of sMTC present RET somatic mutations that associate with more aggressive disease, 

sMTCs with distant metastases in most cases (around 90%) harbor RET M918T mutation (Filetti, et 

al., 2019). Sequencing studies reported also RAS mutations (HRAS, KRAS or rarely NRAS) that are 

recurrent events in about 80% of cases (Agrawal, et al., 2013). sMTC patients are often diagnosed 

at a later stage with respect to hMTC (Wells Jr, et al., 2015).  

Generally, patients with cancer limited to the thyroid gland have a 10-year survival rate of over 

95%, while patients with local nodes metastases have a 75% decrease in survival rate that can 

diminish to 20-40% if distant metastases are found (Roman, Lin, & Sosa, 2006). Almost half of the 

patients are already in stage III or IV at diagnosis and approximately 30% of patients without 

detectable metastases at diagnosis will not be cured by surgery and will present progressive 

disease with appearance of metastases during the follow-up (Hadoux, Pacini, Tuttle, & 

Schlumberger, 2016). In summary, considering all MTC patients about 50% recur with still poor 

outcome (Hadoux, et al., 2016). 

Currently, MTC diagnosis is performed with thyroid ultrasound screening, followed by fine needle 

aspiration (FNA), the standard procedure for differential diagnosis of thyroid nodules. The 

diagnostic accuracy of FNA in patients with MTC nodules is less than 50%, due to inadequate 

sampling and invasiveness of the procedure, that can hinder diagnosis and cause patient 

discomfort (Mon & Hodak, 2014). The main diagnostic biomarker is serum calcitonin (Ctn), 

accompanied by serum carcinoembryonic antigen (CEA), whose levels can correlate to tumor 

volume (Filetti, et al., 2019). Additionally, diagnosis includes immunohistochemical (IHC) 

assessment of Ctn, CEA and chromogranin markers and measurement of Ctn levels in the FNA 

washout fluid. The Union for International Cancer Control (UICC) TNM staging system is 

recommended for staging MTC patients and provides an estimated mortality risk (Brierley, 

Gospodarowicz, & Wittekind, 2017). 

Standard treatment for MTC consists of total thyroidectomy and dissection of cervical lymph node 

compartments. In case of progression or recurrence, currently available treatments include the 

use of multi-tyrosine kinase inhibitors (TKI), which are not specific for RET inhibition (Filetti, et al., 

2019). The two approved multi-TKI are vandetanib that targets RET, VEGFR, and cKIT, and 

cabozantinib, which targets RET, VEGFR, and EGFR (Kurzrock, et al., 2013; Priya, Dravid, Digumarti, 

& Dandekar, 2017). Both drugs are effective in delaying disease progression, but may not prolong 

survival and are associated with severe side effects for their wide spectrum of action (Romeo, et 

al., 2018).  

Patient follow-up is carried out by assessing serum Ctn and CEA levels. If the doubling time of Ctn 

and CEA levels is less than 6 months, the disease is considered to be progressing. However, in 

patients treated with TKI, the levels of the two markers fluctuate significantly independent of 

response to treatment (Kurzrock, et al., 2013). Moreover, repeated measurements are required 

for a period of at least 2 years to obtain reliable estimates of the disease trend (Wells Jr, et al., 

2015).  

Since MTC progression is not always accompanied by the increase of serum biomarkers, the 

detection of recurrence during patients’ follow up could be delayed until the appearance of 
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symptoms or a new lesion. This leads to clinicians missing an important window of opportunity 

where patients could be treated before recurrence is established. 

In this context, reliable detection of progressive disease (PD) with novel non-invasive biomarkers is 

crucial in order to obtain prognosis stratification, differentiation of aggressive MTCs from indolent 

ones and evaluate TKI therapy effectiveness (Romeo, et al., 2018). 

MicroRNAs (miRNAs) are 18–25 nucleotide long non-coding RNAs that act as post-transcriptional 

regulators of gene expression. MiRNA “signatures/profiles” have been reported as specific in 

several cellular contexts (Besharat, et al., 2018) and diseases (Catanzaro, et al., 2018; Catanzaro, et 

al., 2017; Esquela-Kerscher & Slack, 2006; Iorio & Croce, 2012; Miele, et al., 2013) as well as in 

response to therapy (Chan, Prado, & Weidhaas, 2011; Gasparri, et al., 2017; Gasparri, et al., 2018; 

Skinner, et al., 2014). Previous studies reported the aberrant expression of specific miRNAs in MTC 

tissues, suggesting these miRNAs as candidate biomarkers. Interestingly, miRNAs that can be 

released from cells and found in the blood stream are referred to as circulating microRNAs. In this 

setting, the use of circulating nucleic acids as biomarkers is referred to as “liquid biopsy” (De 

Smaele, Ferretti, & Gulino, 2010; Macías, et al., 2018), including the detection of miRNA as well as 

cfDNA released from cancer cells, which can be measured through the detection of cancer specific 

mutations or measurement of specific tumor features in plasma or serum samples. The first study 

reporting the possible use of circulating miRNAs as biomarkers in tumors was conducted by Sozzi 

et al. in lung cancer (Sozzi, et al., 2014).  

An increasing number of studies have demonstrated the diagnostic and prognostic value of cfDNA 

in tumors (Polivka Jr, Pesta, & Janku, 2015), including MTC (Cote, et al., 2017). 

The aim of this review is to give the reader a detailed overview of up to date knowledge of miRNA 

and DNA, including mutational status and methylation, as potential biomarkers in MTC, reporting 

their investigation in tissue and liquid biopsy samples (Figure 1).  

 

  

2. Search strategy/characteristics of included studies 

A systematic review of the literature was conducted using the following key words for the miRNAs 

section: [(MTC OR Medullary Thyroid Carcinoma) AND (MicroRNA OR MicroRNAs)]; for the cfDNA 

section, we performed multiple search strategies: [(MTC OR Medullary Thyroid Carcinoma) AND 

(DNA) AND (Biomarker OR Biomarkers)], [(MTC OR Medullary Thyroid Carcinoma) AND (DNA) AND 

(Methylation)], [(MTC OR Medullary Thyroid Carcinoma) AND (Next Generation Sequencing)] on 

the search engines of the databases “Pubmed”, “Scopus”, and “WOS”.  

Exclusion criteria were: 

i) commentaries/seminars/reviews/consensus statements; ii) case report/book/editorial; iii) 

articles not available; iv) non-English language articles; v) studies reporting non-quantitative data 

or not focused on MTC; vi) articles containing data from less than five patients. Duplicate 

publications were eliminated through the JabRef software. The last search was performed on 4 

June 2020. 

Two researchers, evaluating independently the titles and abstracts of the identified articles, 

performed the initial screening. A third evaluator was consulted when agreement between the 

two researchers could not be reached.  
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The initial literature search identified a total of 1366 articles and a manual search of bibliographies 

yielded a further 17 articles resulting in a total of 1383. Removal of duplicates led to a final 

number of 403 papers. After reviewing titles, abstracts and full texts, 83 papers fulfilling the above 

mentioned search criteria were included (all studies are listed in Tables 1-9 and Supplementary 

Table 1). Figure 2 depicts the PRISMA flow diagram and the number of studies included in the 

different phases of the review.  

The 83 studies included in the review were published between 1992 and 2020 and p<0.05 was 

considered to identify statistically significant results.  

Several aspects need to be taken into consideration before the review of the included studies. 

There are a number of challenges that are a direct product of the nature of MTC and others that 

are due to the analyses performed in these studies.  

The biological variability of MTC includes factors, similar to other types of cancer, such as age, 

gender and ethnicity. However, specific features of MTC such as the lack of control tissue, the 

rarity of this type of cancer and the fact that it is frequently analyzed and compared to other types 

of thyroid cancer render more difficult the establishment of a reference point and result in the 

lack of a true control.  

The variability caused by the different analyses performed in these studies results from the 

different techniques used by each group and the different experimental designs that were applied, 

a problem that is also present in other types of cancer.  

In order to address these points, technical details including extraction and evaluation methods are 

reported in the Supplementary section.  

 

3. miRNAs in MTC tissues and FNA samples 

Studies on miRNAs from tissue and FNA samples are summarized in Tables 1 and 2 respectively. 

 

3.1 miRNAs in MTC formalin-fixed paraffin-embedded (FFPE) and fresh-frozen (FF) samples 

We report here an overview of the studies that investigated the miRNA expression profile of MTC 

tissue samples in comparison to healthy thyroid or respect to metastatic spread. We also report, 

where available, the comparison with other diagnostic and prognostic biomarkers. The cohorts 

that were investigated consisted of formalin-fixed paraffin-embedded (FFPE) and fresh-frozen (FF) 

samples, depending on the types of samples that were available for each research group. Since 

each sample type necessitates different processing to obtain the miRNA expression profile this 

information has been reported throughout this section.  

Abraham et al. were the first to investigate miRNAs in MTC: they observed high levels of miR-9*, 

miR-183 and miR-375 in sMTC and hMTC FF samples and validated their expression in a separate 

cohort of FFPE samples. MiR-183 and miR-375 were up-regulated and miR-9* was down-regulated 

in sMTC versus hMTC. High levels of miR-183 and miR-375 predicted lateral lymph node 

metastasis and were associated with residual disease, distant metastases, and mortality (D. 

Abraham, et al., 2011). In another study, miR-9*, miR-183 and miR-375 expression levels were 

correlated in primary tumors and matched lymph node metastasis (Gundara, et al., 2014) 

One of the most studied oncomiRs is miR-21, described in different types of tumors (Bautista-

Sánchez, et al., 2020). MiR-21 was found up-regulated in MTC with respect to normal thyroid 
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tissues, showing an inverse correlation with the tumor suppressor Programmed Cell Death 4 

(PCD4) (Mian, et al., 2012; Pennelli, et al., 2015). The expression of miR-21 positively correlated 

with Ctn levels, lymph node metastases, advanced stage and biochemically persistent disease 

(Pennelli, et al., 2015).  

The correlation between miR-21 and metastatic spread was confirmed, as miR-21 and miR-183 

levels were higher in MTC with lymph node involvement (LNI) with respect to those without LNI. 

Therefore, miR-21 levels were proposed as a marker for the extent of surgery to cervical nodes, 

along with the abundance of desmoplastic stroma. (Aubert, et al., 2018). 

Interestingly, miR-21 showed no differential expression in metastatic versus primary tumors (Chu, 

Hardin, Schneider, Chen, & Lloyd, 2017).MiR-375 is another oncomiR whose high expression 

correlated with poor prognosis in a variety of tumors (Huang, et al., 2015; Zhengyan Wang, Hong, 

Gao, & Feng, 2013; X. Zhang, et al., 2011). High levels of miR-375 were reported in MTC (Hudson, 

et al., 2013) and correlated with tumor size, frequency of thyroid capsule infiltration, risk of lymph 

node metastases and mortality (D. Abraham, et al., 2011; Galuppini, et al., 2017; Gundara, et al., 

2014). YAP1 (yes-associated protein 1) was identified as a potential target of miR-375 (Galuppini, 

et al., 2017; Hudson, et al., 2013) . 

MiR-224 has been proposed as biomarker since its low levels correlate with high levels of Ctn and 

worse prognosis (Cavedon, et al., 2017; Mian, et al., 2012). 

Several reports identified miRNAs as features of MTC, using normal thyroid as the control tissue 

that however includes several other different types of cells apart from C cells. 

Mian et al. reported the high expression of miR-127, miR-224, miR-154, miR-323, miR-370, miR-9* 

and miR-183 in both hMTC and sMTC tissues compared to normal thyroid (Mian, et al., 2012). 

Chen et al. reported that miR-9-3p was up-regulated in MTC compared to normal tissues, and that 

high expression of miR-9-3p in TT cells was correlated with decreased growth and enhanced 

apoptosis via targeting Bladder Cancer-associated protein (BLCAP) (Y. Chen, Zhang, Zhao, Zhao, & 

Zhang, 2017). 

Recently, miR-34a and miR-144 were evaluated and compared to the normal adjacent tissue 

specimens. Through the receiver operating characteristic curve (ROC curve) analysis, it was 

demonstrated that high levels of two miRNAs had significant diagnostic value (p=0.001) (Shabani, 

et al., 2018).  

Jiang et al. re-analyzed two miRNA profiles from GEO database and used 22 pairs of MTC and para-

carcinoma tissues as a validation cohort. MiR-31-3p resulted to be the most significantly 

dysregulated. Functional analysis showed that overexpression of miR-31-3p inhibited MTC cell 

proliferation in vitro and in vivo and negatively regulated RASA2 (RAS P21 Protein Activator 2) 

(Jiang, Shi, Zhu, Wei, & Li, 2019). 

Santarpia et al. identified a 10-miRNA signature associated with sMTC metastases, using matched 

primary and metastatic samples. A strong point of this study is that the evaluation was performed 

using two different methods and the validation was performed on an independent cohort of MTC. 

Bioinformatics approaches revealed potential miRNA targets and molecular signaling involved in 

metastatic MTC pathways, e.g., TGFb signaling pathway (Santarpia, et al., 2013). 

The following reports investigated the link between miRNAs and the known driver genes RET and 

RAS. On multivariate analysis, miR-224 positively correlated with RAS mutation status in sMTC 
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(Cavedon, et al., 2017). MiR-127 expression was lower in sMTC carrying the somatic RET 

mutation compared to wild-type RET(Mian, et al., 2012). 

Ehyaei et al. investigated the relationship between Ctn and miR-323 levels in patients with or 

without RET mutation, reporting no significant difference between the two (Ehyaei, et al., 2017). It 

has been demonstrated that RET can be targeted by miRNAs and this finding might help in 

developing a therapeutic approach for the treatment of RET-activated MTC. Specifically, Duan et 

al. showed that high levels of RET mRNA and protein were accompanied by remarkably low levels 

of miR-129-5p in MTC tissues compared to the matched normal tissue. The biological role of miR-

129-5p was investigated in TT and MZ-CRC-1 cells, that both carry RET mutations (Duan, Hao, Liu, 

Zhang, & Zhang, 2014), where miR-129-5p was able to bind directly to the 3’UTR of RET mRNA, 

repressing RET expression, inhibiting cell growth, inducing cell apoptosis, and reducing cell 

invasion in vitro (Duan, et al., 2014). 

Integration of methylation and miRNA expression data from MTC samples carrying RET M918T 

mutation, showed that miR-10a, miR-30a, and-200c expression levels were negatively correlated 

with their promoters’ methylation. Pathway enrichment analyses of these miRNAs uncovered 

JAK/Stat pathway involvement in RET M918T MTCs (Mancikova, et al., 2017). 

 

3.2 miRNAs in MTC fine needle aspiration (FNA) samples  

FNA samples can provide information similar to those of MTC tissue, however it is a “difficult” type 

of sample due to the limitations in collecting a sufficient amount and quality of cells, which raises 

challenges in the miRNA expression profile analysis.  

Since FNA is already in use for thyroid cancer diagnosis, the development of a reliable microRNAs 

signature would improve the diagnostic path. 

Titov et al. analyzed thyroid cancer FNA samples of different histotypes and proposed high levels 

of miR-151a as a potential biomarker able to distinguish MTC from benign neoplasms and papillary 

thyroid carcinoma (Titov, et al., 2016). 

MiR-375 high levels were reported in MTC FNA samples confirming data from tumor tissue 

(Lithwick-Yanai, et al., 2017). Recently, an algorithm was developed for the differential diagnosis 

of FNA samples on the basis of a small set of molecular markers: indeed, low levels of miR-146b, 

−155, −31, and -551b and high levels of miR-375 characterize MTC in comparison to PTC (Titov, et 

al., 2019).  

 

4. Circulating miRNAs as biomarkers in MTC  

MiRNAs detectable in the blood are referred to as “circulating miRNAs” and have been proposed 

as biomarkers for diagnosis, prognosis and prediction of therapeutic response (De Smaele, et al., 

2010; Mitchell, et al., 2008; Schwarzenbach, Nishida, Calin, & Pantel, 2014). Circulating miRNAs 

can be obtained with minimally invasive approaches (e.g. liquid biopsy), are easily quantified and 

their expression is stable in the blood (Mitchell, et al., 2008). 

Although the origin of circulating miRNAs is still controversial, previous reports have 

demonstrated that miRNAs up-regulated in tumor tissues may be detected in plasma and can 

correlate with clinicopathological features and patients’ prognosis (Schwarzenbach, et al., 2014). 
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To date, there are only 3 studies investigating miRNA expression levels from MTC patients-derived 

plasma or serum samples, summarized in Table 3. 

Romeo et al. identified high levels of circulating miR-375 in MTC respect to sex- and age-matched 

healthy controls and reported its correlation with distant metastases and reduced overall survival 

(OS) (Romeo, et al., 2018). Of note, plasma miR-375 levels failed to distinguish patients with 

partial response or stable disease respect to those with disease progression. Interestingly, they 

also reported this miRNA as the most significantly upregulated in both primary and metastatic 

tissue samples compared to non-neoplastic thyroid.  

Shabani et al. investigated plasma levels of miR-144 and miR-34a, identified previously in tissue 

studies, in RET-mutant and RET-wild type MTC patients and in healthy controls. Both were 

expressed at higher levels in patients with MTC than in controls and in RET mutant versus RET wild 

type patients. However, ROC curve analysis reported no significant value for miR-144 and miR-34a 

as circulating MTC biomarkers (Shabani, et al., 2020).  

Zhang et al. proposed miR-222-3p and miR-17-5p as potential diagnostic biomarkers in MTC. 

These miRNAs were identified as highly expressed in serum of MTC patients compared to patients 

bearing benign nodules and healthy controls and ROC curves analyses confirmed their high 

diagnostic accuracy (A. Zhang, et al., 2019). 

 

5. Bioinformatics studies identifying miRNAs in MTC 

In silico bioinformatics miRNAs analyses were included in this review, since an integrate 

bioinformatics approach could help in the understanding of MTC multifactorial aspects. Up to 

date, there are 4 microarray Gene Expression Omnibus (GEO) (GSE40807, GSE97070, GSE27155, 

GSE67742] datasets that were re-interrogated in the following studies, listed in Table 4.  

MiR-375 was the focus of few studies, given its high levels in MTC -as observed in (D. Abraham, et 

al., 2011; Galuppini, et al., 2017; Gundara, et al., 2014; Huang, et al., 2015; Hudson, et al., 2013; 

Lithwick-Yanai, et al., 2017; X. Zhang, et al., 2011) -and its potential functional role in the disease.  

Shi and colleagues showed that the PPI (protein-protein interaction) network revealed potential 

miR-375 gene targets involved in several crucial pathways, such as PI3K/Akt signaling pathway, 

pathways in cancer and MAPK signaling pathway (Shi, et al., 2017). Functional enrichment analysis 

of target genes in pan-cancer (including MTC) showed specific biological function of miR-375: 

amino acid biosynthetic, metabolic process and Cysteine and methionine metabolism. In 

particular, VASN, MAT2B, HERPUD1, TPAPPC6B and TAT were listed as probable gene targets of 

miR-375 (Zeng, Liang, Lan, Zhu, & Liang, 2018).  

Other studies identified different subsets of deregulated miRNAs. MiR-1, miR-9-5p, miR-96-5p and 

miR-590-5p were identified as up-regulated in MTC compared to healthy controls; enriched 

pathways related to these miRNAs included the mitogen activated protein kinase (MAPK) signaling 

and k light polypeptide gene enhancer in B-cells 1 (NF-KB1) pathway (Fu, et al., 2017). 

In a different study miR-375, miR-127-3p, miR-429 were up-regulated and miR-199b-5p and miR-

199a-3p was down-regulated in MTC. Pathways enriched by the deregulated miRNAs included 

adherent junctions, kinase, protein binding, non-canonical Wnt signaling pathway and RNA 

transport (L. Zhang, Lu, Liu, Zhang, & Peng, 2019).  
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6. Evaluation of miRNA functional role in MTC cell models and xenografts  

Although the investigation of the biological role of miRNAs in MTC is not the focus of this review, 

we report here previous studies related to the biological effects of miRNAs identified as potential 

biomarkers. The studies summarized below describe miRNAs in MTC in vitro and in vivo models 

and can be found in Table 5. Notably, this type of data may be useful to uncover new therapeutic 

targets amid active pathways in MTC. 

MTC cell lines available include human TT (RET C634W mutant) and MZ-CRC-1 (RET M918T 

mutant) cell lines, which were derived from primary and metastatic MTC respectively. Human 

normal thyroid follicular NThy-ori 3.1 cell line was also used in experiments, even though the 

follicular cells are not the cell of origin of MTC, therefore the results from the analyses using this 

cell line remain elusive.  

MiR-9-3p is dysregulated in several types of cancer (Zawistowski, et al., 2013) and its upregulation 

in TT and MZ-CRC-1 was associated to enhanced cell death in vitro due to inhibition of autophagic 

flow and apoptotic increase (Gundara, et al., 2015).  

Using an approach combining transcriptome analyses of miR-375 activation and inhibition in NThy-

ori 3.1 and TT cells together with data exploration of the Cancer Cell Line Encyclopedia (CCLE) 

transcriptome database, SEC23A was proposed as a miR-375 target. Interestingly, low levels of 

SEC23A may improve the efficacy of vandetanib (Lassalle, et al., 2016). 

Spitschak et al. identified a novel mechanism for MTC aggressiveness, reporting that miR-182 was 

activated by M918T and C634W RET mutations in an NF-κB-dependent manner in NThy.RET 

M918T and TT cells. In turn, miR-182 directly targeted HES1, hindering the tumor suppressive 

HES1/Notch1 pathway (Spitschak, Meier, Kowtharapu, Engelmann, & Pützer, 2017). 

Ye et al. identified downregulation of miR-149-5p and upregulation of GIT1 in 36 MTCs, showing 

that these features correlated with distant metastases and shorter overall survival, and that miR-

149-5p inhibited GIT1 expression in vitro in MTC cells, regulating cell proliferation and invasion (Ye 

& Chen, 2019).  

Joo et al. recently identified a RET‐regulated miRNAs profile using the inhibition of RET activity in 

MTC cells through either RET siRNA or cabozantinib. MiR-153-3p resulted as the most upregulated 

after RET inhibition and it exerts a tumor suppressive role via inhibition of mTOR signaling, and its 

low expression has already been described in other cancer types (Shan, Shen, Wang, He, & Duan, 

2015; Zhongli Wang & Liu, 2016; Xia, et al., 2015; Yuan, et al., 2015). Additionally, in vivo results 

showed that intravenous delivery of miR‐153‐3p using targeted EDV nanocells in mice bearing 

MTC xenograft reduced tumor volume and sustained tumor stabilization in combination with 

cabozantinib treatment (Joo, et al., 2019).  

 

7. Genetic landscape of germline and somatic mutations in MTC  

Mutations associated to MTC have been investigated by several studies, proposing them as 

potential biomarkers of diagnosis and prognosis and more details are reported in this paragraph. 

The studies that investigated DNA mutations in MTC tissue and peripheral blood leukocytes are 

summarized in Table 6. 

The most common mutated gene is RET, followed in frequency by RAS and mutations in the two 

genes are generally mutually exclusive. 
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RET encodes for a tyrosine kinase receptor and its mutations activate signaling pathways 
regulating tumor development and progression. These mutations are distributed within six exons 
ex 10 and 11 (in cysteine codons 609, 611, 618, and 620) and ex 13, 14, 15 and 16 (in noncystein 
codons such as 804, 883 and 918) (Gagel, Robinson, Donovan, & Alford, 1993; Santarpia, et al., 
2013; Ye & Chen, 2019). 
Romei and colleagues analyzed blood and tumor DNA of 19 sMTC and 6 parathyroid adenoma 

patients. Their results revealed that the somatic mutations found in sMTC could affect not only 

exon 16 but also exon 11 and were both associated with less favorable clinical results (Romei, et 

al., 1996). Other authors confirmed that in sMTC M918T mutation is the most frequent, ranging 

from 50 to 79% depending on the cohorts investigated, and that its conferred a worse prognosis 

(Dvorakova, et al., 2008; Elisei, et al., 2008; Schilling, et al., 2001). Moura et al reported that in 

sMTC in addition to exon 16 also exon 15 mutation was associated with worse prognosis, while 

patient carring other RET mutations had more indolent course, and those with no RET mutations 

had an intermediate risk (M. Moura, et al., 2009). 

All hereditary MTC (hMTC) carrying germline RET mutations. In MEN2A and fMTC, where first 

described mutations in exons 10 and 11 (codon 634), while in MEN2B mutation in exon 16 

(M918T) (Bergant, et al., 2006; Eng, et al., 1996; R. M. Hofstra, et al., 1994; Mulligan, et al., 1994; 

Patocs, et al., 2006). 

Codon 618 (exon 10) was the most frequent RET mutation in 79 subjects from 10 unrelated Saudi 

families with hMTC and MEN2A (Qari, 2013), while in a cohort of Iranian patients mutations in 

codons 611, 618 and 620 (exon 10) were found in fMTC and no exon 10 mutation in MEN2 was 

identified (Yeganeh, Sheikholeslami, Behbahani, Farashi, & Hedayati, 2015). 

Komminoth and colleagues analyzed RET point mutations from 16 hMTC and 16 sMTC, correlating 

their findings with clinico-pathological features and follow-up. They concluded that it was possible 

to identify subjects at risk for MEN2A, fMTC and MEN 2B, with genetic screening (Komminoth, et 

al., 1995). 

Gene expression profiles correlate with the type of genetic mutation rather than the sporadic or 

hereditary form of MTC. Ameur et al analyzed gene expression profiles in RET 634, RET 918 and 

RET wild-type MTCs and results showed that, independently of their inherited or sporadic status, 

MTC bearing the RET 918 mutation clustered together with RET wild-type MTC with distant 

metastases, whereas RET wild-type MTC without metastases segregated with RET 634 MTC 

(Ameur, et al., 2009). Lairmore and colleagues showed that early thyroidectomy in kindred 

members positive for RET mutations was beneficial to the lives of individuals (Lairmore, Frisella, & 

Wells, 1996). Indeed, a study of a retrospective cohort of MTC patients showed that hMTC 

patients had lower age at presentation, smaller tumor, lower local recurrence rate, lower 

preoperative Ctn levels than in sMTC patients but no statistical difference in overall survival and 

disease-free survival (D. T. Abraham, et al., 2011). A later study on a Turkish cohort reported the 

possible limitations of late prophylactic thyroidectomy in the lifespan (Aydoğan, et al., 2016).  

Investigations were carried out to identify activating mutations in genes other than RET and the 

most commonly mutated gene was RAS. 

In a series of RET-wild type and RET-mutant sMTCs, somatic mutations of HRAS and KRAS were 

detected in 56% and 12% of cases respectively. Interestingly, only one of the 40 RET-mutant sMTC 
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had a mutation in HRAS, suggesting that the activation of the proto-oncogenes RAS and RET 

represented alternative genetic events (M. M. Moura, Cavaco, Pinto, & Leite, 2011).  

This observation was later confirmed in a large multi-centric Italian cohort that also reported a less 

aggressive behavior in patients carrying the RAS mutation (Ciampi, et al., 2013). 

Romei and colleagues examined the genetic profile of 70 advanced and metastatic MTC and 

correlated the type of mutation with the outcome. RET mutations, mainly M918T, were the most 

prevalent. K or HRAS mutations were present in 6.2% of cases and were mutually exclusive with 

RET. In RET and K/HRAS wild type tumors, authors failed to identify other mutations. Moreover, 

the correlation analysis revealed a positive correlation between an unfavorable prognosis and a 

multiple number of mutations in RET (Romei, et al., 2016). 

Grubbs and colleagues investigated in a cohort of 62 sMTCs the loss of CDKN2C, associated with 

tumorigenesis in multiple types of cancer (Chinnam & Goodrich, 2011; Di Fiore, D'Anneo, 

Tesoriere, & Vento, 2013; Knudsen & Wang, 2010; Zhu, Lu, & Zhao, 2015). The somatic loss of 

CDKN2C was associated with distant metastases and the reduction of overall survival (Grubbs, et 

al., 2016). 

Mian and colleagues reported that the combination of somatic RET analysis with Ki-67 staining 

evaluation could identify patients with aggressive tumors (Mian, et al., 2011). 

The search for more mutations in MTC yielded poor or no results. Herfarth and colleagues failed to 

find mutations in exons 4-9 of the TP53 gene (Herfarth, et al., 1997). Mutations of the MET 

oncogene were investigated and a germline point mutation, T1010I, was identified in one patient 

(Wasenius, et al., 2005). In another study, the p18 somatic inactivating mutations were identified 

together with the activation of RET mutations in MTC (van Veelen, et al., 2009) 

BRAF mutations were also evaluated and in almost studies none mutation were found (M. M. 

Moura, et al., 2011) with the exception of one patient carrying BRAF V600E mutation (Cho, et al., 

2014). 

No mutations in the TERT gene and promoter were found (Bae, et al., 2016; Romei, et al., 2016) as 

well as no rearrangement of the ALK gene (Bae, et al., 2016). 

 

7.1 DNA alterations in MTC reported by Next generation sequencing 

Next-generation Sequencing (NGS) techniques allowed concurrent analysis of the whole genome, 

exome or a subset of genes of interest with the generation of more data with respect to methods 

like Sanger sequencing, that analyze one DNA fragment at a time (Aziz, et al., 2015; Sanger, 

Nicklen, & Coulson, 1977).  

All studies concerning NGS analysis in MTC are summarized in Table 7. 

Whole genome sequencing (WES) and exome sequencing allowed the investigation of genes that 

were not previously linked specifically to MTC. 

WES was performed in a cohort of Taiwanese sMTC patients with and without RET mutations and 

new somatic mutations in BICD2 (BICD Cargo Adaptor 2), DLG1 (Discs Large MAGUK Scaffold 

Protein 1), FSD2 (Fibronectin Type III And SPRY Domain Containing 2), IL17RD (Interleukin 17 

Receptor D), KLHL25 (Kelch Like Family Member 25), PAPPA2 (Pappalysin 2), PRDM2 (PR/SET 

Domain 2), PSEN1 (Presenilin 1), SCRN1 (Secernin 1), TTC1 (Tetratricopeptide Repeat Domain 1) 

and PDE4DIP (Phosphodiesterase 4D Interacting Protein) were identified (Chang, et al., 2018).  
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Exome sequencing showed that, besides RET, HRAS and KRAS, relatively few mutations were 

described, including MDC1 (Mediator of DNA Damage Checkpoint 1) or ATM (ATM 

Serine/Threonine Kinase), suggesting a potential role for the DNA damage pathway in RET-

negative MTC (Agrawal, et al., 2013). 

Hybrid-capture-based comprehensive genomic profiling was performed on 512 consecutively 

submitted thyroid carcinomas. The majority of MTCs harbored RET M918T alterations and 3 MTCs 

had novel RET insertions/deletions in exons 6 and 11. Many of these MTC patients with novel RET 

alterations experienced clinical benefit from vandetanib treatment (Borre, et al., 2017). 

Several gene panels were used for investigations of MTC mutational status, either pan-cancer or 

thyroid cancer related.  

Most reports confirmed the prevalence of RET mutations (Kato, et al., 2017; Pitt, et al., 2016), 

followed by HRAS and KRAS mutations and that these mutations were mutually exclusive (H. Chen, 

et al., 2018; Simbolo, et al., 2014; Wei, LiVolsi, Montone, Morrissette, & Baloch, 2016).  

No mutations within NRAS, TP53, and BRAF genes were detected (Guo, et al., 2019) and mismatch 

repair system was not affected, independently of stromal desmoplasia or RET (Ingenwerth, Goetz, 

Schmid, & Theurer, 2020). Rare mutations were identified in ATM (Simbolo, et al., 2014). 

Targeted sequencing was used to correctly diagnose apparently sporadic MTCs carrying the novel 

germline RET S409Y mutation that was demonstrated to be pathogenic and associated with a 
lower penetrance of MTC than that for the C618Y and C634Y mutations (Qi, et al., 2019). 

The first NGS thyroid cancer specific panel was ThyroSeq, which targeted 284 mutational hot spots 

in 12 cancer genes. The most common mutation was RET M918T, followed by HRAS Q61K, KRAS 

G12R and HRAS G13R (Nikiforova, Wald, Roy, Durso, & Nikiforov, 2013). No EIF1AX mutation were 

identified in MTC (Karunamurthy, et al., 2016). 

The latest updated version of ThyroSeq panel includes recently discovered thyroid tumors related 

genetic markers and enable the analysis of copy number alterations and showed that the main 

type of genetic alteration that occurred in the MTC was single nucleotide variations (SNVs) (80%) 

and copy number alterations (CNAs) (27%) (Nikiforova, et al., 2018).  

The efficacy of an NGS panel (Thyroline) in predicting the classification of benign and malignant 

thyroid nodules and lymph node metastasis status was compared to the results obtained from 

ultrasound and showed that The predictive value of NGS was higher than the ultrasound and 

that the sensitivity of NGS was consistently >70% in MTC cases (Ke, et al., 2018). 

A recent study by Ciampi and colleagues analyzed the largest series of sMTC so far, highlighting 

the bad prognostic role of RET mutations and consolidated the favorable prognostic role of RAS 

mutations. The mutations identified in sMTC samples were mostly RET and RAS-related: only 

3/148 patients harbored mutations in independent genes: CHK2 W114, EIF1AX G135A, and TSHR 

I630L. For the first time, it was shown that the variant allele frequency (VAF) represents an 

additional prognostic marker in the group of RET-mutated sMTC. Indeed, larger tumors harbored 

mutations with a higher VAF value and it was also correlated with a worse outcome (Ciampi, et al., 

2019). 

The RET M918T mutation was detected with significantly higher frequency in metastatic versus 

non-metastatic MTC (56.52% vs 10.00%). However, no significant correlation was found between 
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the presence of a RET mutation in the primary tumor and treatment response at 3 months (Tiedje, 

et al., 2016).  

 

8. DNA Methylation in MTC  

It has been demonstrated that DNA methylation plays an important role in the regulation of gene 

expression. Indeed, hypo and hypermethylation across the genome contribute to changes in gene 

expression (Moarii, Boeva, Vert, & Reyal, 2015). Variations in the global DNA methylation levels 

have been observed in different cancer types and may be a potential source of non-invasive 

cancer biomarkers (Esteller, 2008; Feinberg & Tycko, 2004; Witte, Plass, & Gerhauser, 2014). 

All the studies concerning DNA methylation in MTC are summarized above in Table 8. 

 

8.1 DNA methylation in MTC formalin-fixed paraffin-embedded (FFPE) and fresh-frozen (FF) 

samples 

Hypermethylation of cancer-related gene promoters in the MTC were thought to be a relative 

rare event, occurring less frequently compared to follicular adenomas and goiters, suggesting that 

other genetic events could be more important for MTC development (i.e. RET mutations) 

(Schagdarsurengin, Gimm, Dralle, Hoang-Vu, & Dammann, 2006). 

Recently, genome-wide DNA methylation profiling was performed to assess more than 27,000 

CpGs in the largest MTC series reported to date. Unsupervised hierarchical cluster analysis of MTC 

samples, divided the sample set into 2 main clusters: one including RET M918T mutation-related 

samples and the second including the majority of RET C634 and wild-type cases. These data are in 

line with gene expression results by Ameur et al. [paragraph 7. Genetic landscape of germline and 

somatic mutations in MTC] (Ameur, et al., 2009) and suggested that methylation profile relates to 

RET mutational status (Mancikova, et al., 2017). 

Although TERT mutations were not identified in MTC (Bae, et al., 2016; Romei, et al., 2016) , 

telomerase activation was detected in approximately 50% of sMTCs (Liu, et al., 2014). A recent 

study highlighted that the hypermethylation of the TERT promoter played an important role in the 

induction of TERT transcription and expression during MTC development, as seen in other human 

malignancies (Castelo-Branco, et al., 2013; Guilleret, et al., 2002). Furthermore, the results 

showed that a higher methylation index at TERT promoter was significantly associated with both 

shorter overall and disease-free survivals in sMTC patients (N. Wang, et al., 2016). 

Hypermethylation of promoters of tumor suppressor genes was investigated: methylation of 

RASSF1 (Ras Association Domain Family Member 1) was investigated in different thyroid cancer 

and results showed that it was higher in the aggressive forms of thyroid cancer, including MTC and 

undifferentiated thyroid cancer when compared to the more benign PTC. RASSF1A inactivation 

was detected in all stages of thyroid carcinoma (Schagdarsurengin, et al., 2002). 

Spry1 (Sprouty RTK Signaling Antagonist 1) promoter resulted frequently methylated in MTC tissue 

samples and the methylation status was inversely correlated to Spry1 expression. Functional 

studies showed that deletion of Spry1 caused precancerous lesion preceding MTC in mice (Macià, 

et al., 2012). 
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8.2 DNA methylation in MTC Peripheral blood Leukocytes (PBL)  

While the methylation status of tumor tissue can be analyzed only after surgery or an invasive 

biopsy, methylation of PBL can be considered as “liquid biopsy”. A first report found no association 

between global methylation levels and calcitonin levels, tumor size or presence of metastatic 

disease in MTC patients. Despite this, sMTC patients had a higher level of methylation when 

compared to hMTC (Ceolin, Goularte, Ferreira, Romitti, & Maia, 2018). A more recent study 

evaluated the methylation status of RET from peripheral blood leukocytes of MTC patients. It 

emerged that in RET wild type MTC patients the RET promoter was hypomethylated and RET gene 

expression was elevated. The authors concluded that the methylation status of RET promoter 

could be considered as a new potential prognostic, diagnostic and therapeutic marker in MTC 

(Shakiba, Movahedi, Majd, & Hedayati, 2019). 

DNA methylation was also investigated in MTC cell models with a specific focus on the 

combination of demethylating agents with drugs and the results reported in the supplementary 

section and Supplementary Table 1, suggest that novel combinatory treatments strategies could 

prove promising for MTC patients. 

 

9. Cell-free DNA (cfDNA) as biomarker in MTC 

An increasing number of studies have demonstrated the potential use of cell-free DNA (cfDNA) as 

a potential biomarker in cancer for diagnosis, prognosis, and follow-up (Bronkhorst, Ungerer, & 

Holdenrieder, 2019).  

Up to date, 3 studies investigated cfDNA in MTC and are reported in Table 9. 

The first study demonstrated that two mutations in the ALU gene, cfDNA
ALU83

 and cfDNA
ALU244, 

were detectable in different kind of Thyroid tumors including MTC, anaplastic thyroid cancer, 

synchronous medullary and follicular thyroid cancers, follicular adenomas and papillary thyroid 

cancers and that these markers had high ability to discriminate healthy individuals from cancer 

patients (Zane, et al., 2013).  

A second study demonstrated that the detection of RET M918T mutation in cfDNA in a cohort of 

sMTC strongly correlated with worse overall survival and more accurately predicted a worse 

outcome than calcitonin doubling time (Cote, et al., 2017).  

More recently, mutation variants of RET, BRAF and HRAS were identified in a cohort of mixed 

thyroid tumors including MTC and later detected as cfDNA in plasma samples of matched patients. 

ctDNA was detected in at least one plasma timepoint in 67% of patients and the detection rate was 

highest in MTC compared with other thyroid tumors. Authors demonstrated that cfDNA was an 

earlier biomarker of disease respect to Ctn (Allin, et al., 2018). 

In summary, these studies point out to cfDNA as an early biomarker for MTC progression. 

 

 

10. Conclusions 

The search for biomarkers to aid diagnosis, prognosis and response to therapy in MTC is still 

underway. Indeed, besides established markers such as Ctn and CEA, recent technological 

advances have allowed the generation of a wealth of new data regarding nucleic acids in MTC.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 15 

MiRNAs have emerged as a powerful tool in oncology. MiRNAs have been investigated in MTC in 

the last 10 years, in order to identify miRNA expression profiles and potential biomarkers of MTC 

with a specific focus on advanced stage disease. Interestingly, miR-375 and miR-21 were the most 

frequently up-regulated miRNAs in MTC tumor samples. 

Starting from 1992, many studies investigated DNA mutations characterizing MTC, leading to a 

mutational panorama focused mainly on RET protooncogene, which was mutated in about 40% of 

sMTC and about 95% of hMTC. Further investigations identified RAS mutations in about 35% of 

sMTC patients Specific RET mutations (M918T, C634F and A883F) conferred worse prognosis. 

Recent studies with NGS allowed the examination of gene panels, however few and very rare 

novel mutations were reported. 

Methylation studies have also been carried out to obtain a better understanding of MTC, however 

the lack of uniformity in methylation analysis techniques is one of the reasons that still hinders the 

use these tools in the clinical setting yet (Draht, et al., 2016; Shakiba, et al., 2019).  

The relatively recent identification of circulating tumor cell-free DNA (cfDNA) and miRNA, set the 

basis for the use of liquid biopsy in MTC. CfDNA offers a very specific tool for detection of the 

residual disease or the early identification of metastases. Limitations include the limited fraction 

of circulating tumor-derived DNA among DNA derived from non-transformed cells, that depends 

on the tumor mass, the intrinsic DNA shedding of the tumor, clearance of circulating DNA and the 

possibility that the identified mutation could be sub-clonal (Schilling, et al., 2001). In addition, 

current detection techniques have a limit of detection of 0.01% (Chin, et al., 2019).  

Circulating miRNAs have been recently identified as a potential tool for diagnosis and prognosis. 

As opposed to cfDNA, circulating miRNAs analyses do not rely on the identification of mutations, 
but on the differential expression of miRNAs in patients with respect to healthy control or among 

clinically distinct patient groups, therefore some tumor cell-free DNA limitations are not 

applicable.  

Precision medicine is an innovative branch still at its infancy, aiming at the identification of robust 

biomarkers and, in the case of MTC, at improving patient care and management that includes the 

identification of biomarkers for diagnosis, prognosis, differentiating aggressive MTCs from 

indolent ones, and response to therapy.  

As reported in this review, only few data on cfDNA and miRNAs in MTC are reported but they are 

promising; therefore more studies are necessary to shed light on these issues and identify novel 

and robust biomarkers that can enter the clinical setting. 
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Figure legends 

 

Figure 1. Overview of medullary thyroid carcinoma  

Medullary thyroid carcinoma (MTC) is a rare tumor of the thyroid gland, arising from C cells. 75% 

of MTC are sporadic and 25% are hereditary, including those developed in the context of MEN2A 

and MEN2B symdromes. 

Diagnosis of MTC is currently based on clinico-pathological data shown on the left, in blue boxes. 

The ultrasound is the primary and non invasive screening, followed by a Fine Needle Aspiration 

(FNA) biopsy that allows to perform a cytological investigation of cells of the nodule, providing a 

differential diagnosis among the different types of thyroid tumors. Serum levels of calcitonin and 

carcinoembryonal antigen are well established biomarkers for MTC diagnosis and follow up. 

Therapy includes total thyroidectomy, followed by kinase inhibitors treatment in case of 

metastatic disease or recurrence/progression. This review focuses on the role of nucleic acids as 

potential biomarkers. Indeed microRNA expression profiles and DNA mutations have been 

investigated in MTC tissues and, more lately, in liquid biopsies, in search for biomarkers of 

diagnosis, prognosis, relapse and response to therapy. 

 

Figure 2. PRISMA flow diagram illustrating the study selection process. From the 1383 initially 

identified studies, 980 duplicates were removed, 403 records were screened by title, abstract and 

full text, leading to the inclusion of 83 studies. 

 

 

Table legends 

 

Table 1. Characteristics of studies on miRNAs analyzed from MTC tissue samples 

P values are listed to correspond to the order of miRNA reference in the microRNAs column 

 

Table 2. Characteristics of studies on miRNAs analyzed from FNA samples 

P values are listed to correspond to the order of miRNA reference in the microRNAs column 

n.a. not applicable 

 

Table 3. Characteristics of studies on circulating miRNAs analyzed from MTC liquid biopsy 

P values are listed to correspond to the order of miRNA reference in the microRNAs column 

 

Table 4. Characteristics of studies on miRNAs from bioinformatics analyses 

P values are listed to correspond to the order of miRNA reference in the microRNAs column 

 

Table 5. Characteristics of studies on miRNAs including vitro and in vivo data 

P values refer to the findings described in details 

 

Table 6. Characteristics of studies on DNA mutations from FFPE, FF samples and peripheral blood 

leukocytes 
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Table 7. Characteristics of studies reporting DNA alterations using Next Generation Sequencing on 

FFPE and FF samples 

 

Table 8. Characteristics of studies reporting DNA methylation data conducted on tissue samples, 

peripheral blood leukocytes and lymphoblast cell line AC  

 

Table 9. Characteristics of studies reporting cfDNA data from liquid biopsy samples  

 

Supplementary Table 1. Characteristics of studies reporting DNA methylation data conducted 
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Supplementary Section 

 

We included a supplementary section on the different methods used for the extraction and 

evaluation of both microRNAs and DNA in order to provide an overview of the different processing 

steps and technologies that have been used.  

 

DNA methylation in MTC cell models  

 

The first study about methylation in MTC reported the characterization of a dense cluster of CpG 

islands at locus D10S84 that map to genes responsible for two dominantly inherited disorders, 

including MTC. In vitro data, using Lymphoblast cell line AC suggested that these CpG islands could 

represent the 5’ends of candidate genes for MTC development (Brooks-Wilson, Smailus, & 

Goodfellow, 1992). 

Aberrant DNA methylation has been associated with the development of drug resistance through 

transcriptional suppression of genes implicated in drug metabolism, apoptosis, cell cycle control, 

and other biological processes. Combination analysis demonstrated that AZA (5-aza-20-

deoxycytidine), a compound able to overcome resistance to chemotherapeutic and biological 

agents, combined with everolimus (mTOR inhibitor) was more effective in inhibiting cell 

proliferation than each agent alone in MTC cells. This cytotoxic activity was highly synergistic 

through a potent induction of apoptosis in MZ-CRC-1 cells, the most resistant cell line to 

everolimus alone. Gene expression analysis revealed potential molecular mechanisms implicated 

in the synergy of AZA and everolimus in MZ-CRC-1 cells: PI3K-Akt signaling, neurotrophin signaling 

pathway, extracellular matrix/receptor interaction, and focal adhesion. Interestingly, these 

pathways had a critical role in the regulation of both proliferation and migration/invasion of tumor 

cells. In this network, the “neurotrophin signaling pathway” appeared to exert a direct influence 

on the apoptotic machinery through the overexpression of NGFR (Nerve Growth Factor Receptor) 

and the activation of MAPK10-TP53-Bax (Mitogen-Activated Protein Kinase 10- tumor protein p53- 

BCL2 Associated X) pathway. A significant reduction in DNA methylation levels was observed after 

incubation with AZA alone, similar to the one observed after AZA plus everolimus compared to 

untreated control. A comparable trend was observed for NGFR and MAPK10, both methylated 

genes involved in the NGFR-MAPK10-TP53-Bax/Bcl-2 pathway. These results provided a new 

therapeutic scenario in MTC and probably other neuroendocrine tumors, where therapy with 

everolimus was approved (Vitale, et al., 2017). 

 

 

Supplementary Methods 

 

1. miRNA extraction, normalization and quantification 

MiRNAs were extracted from tissue and fine needle aspiration (FNA) samples in 19 studies, plasma 

samples in 2 studies, serum samples in 1 study and cells in 5 studies. 

 

1.2. miRNAs from tissue and FNA samples 
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MiRNAs were extracted from tissue samples using the following methods, miRNeasy FFPE Kit 

(Ehyaei, et al., 2017; Gundara, et al., 2014), miRNeasy mini Kit (Aubert, et al., 2018); MirVana 

miRNA Isolation kit (Duan, et al., 2014), RecoverAll Kit (Ambion) (Cavedon, et al., 2017; Hudson, et 

al., 2013; Pennelli, et al., 2015); miRCURY RNA isolation kit (Exiqon) (D. Abraham, et al., 2011) ; 

GeneAll Hybrid-R miRNa isolation kit (Biotechnology) (Shabani, et al., 2018) or TRizol reagent Lysis 

Buffer (Santarpia, et al., 2013). MiRNAs extraction from FNAs was performed by Guanidine Lysis 

Buffer or phenol (Lithwick-Yanai, et al., 2017; Titov, et al., 2016; Titov, et al., 2019). 

 

1.3. miRNAs from liquid biopsy 

MiRNAs were extracted from serum samples using Trizol Reagent (A. Zhang, et al., 2019) and from 

plasma using miRNeasy serum/plasma kit (Qiagen) (Romeo, et al., 2018; Shabani, et al., 2020). 

 

1.4. miRNAs from cells 

RNA extraction was performed with Trizol reagent (Lassalle, et al., 2016; Ye & Chen, 2019), 

NucleoSpi RNA Kit (Macherey-Nagel) (Spitschak, et al., 2017) or miRNeasy mini Total RNA Isolation 

Kit (Qiagen) (Gundara, et al., 2015). 

 

1.5. miRNAs normalization and quantification  

In the studies using qRT-PCR quantification, a single endogenous reference molecule (miR-16, 

RNU6-6P, RNAU6B (Aubert, et al., 2018; Galuppini, et al., 2017; Santarpia, et al., 2013), U6 

(Cavedon, et al., 2017; Y. Chen, et al., 2017; Duan, et al., 2014; Ehyaei, et al., 2017; Jiang, et al., 

2019), RNU48 (D. Abraham, et al., 2011; Gundara, et al., 2014), RN5-8S6, snord47 or 18SrRNA 

(Chu, et al., 2017) was used. In the qRT-PCR based studies for the analysis of multiple miRNAs 

using TaqMan Low Density Arrays (TLDA) the combination of let-7d/g/I was used as endogenous 

control for serum miRNAs (A. Zhang, et al., 2019).  

In the study using NanoString the results were normalized using the 100 most abundant miRNAs, 

the “Top 100 method” one of the recommended methods by Nanostring (Titov, et al., 2016).  

Studies with single assays RT-qPCR analysis (D. Abraham, et al., 2011; Aubert, et al., 2018; 

Cavedon, et al., 2017; Y. Chen, et al., 2017; Chu, et al., 2017; Duan, et al., 2014; Ehyaei, et al., 

2017; Galuppini, et al., 2017; Gundara, et al., 2015; Gundara, et al., 2014; Hudson, et al., 2013; 

Jiang, et al., 2019; Lassalle, et al., 2016; Mancikova, et al., 2017; Mian, et al., 2012; Pennelli, et al., 

2015; Santarpia, et al., 2013; Shabani, et al., 2018; Ye & Chen, 2019) or Microarray (D. Abraham, et 

al., 2011; Hudson, et al., 2013; Lassalle, et al., 2016; Romeo, et al., 2018; Spitschak, et al., 2017) 

and one study based on serum samples using TaqMan Low Density Arrays (TLDA) (A. Zhang, et al., 

2019) reported miRNAs quantification relative to the respective control group.  

Absolute miRNA quantification was reported in the study using NanoString (Titov, et al., 2016). 

Expression of specific miRNAs was evaluated in a few studies by in situ Hybridation (ISH) on tissue 

section using miRCURY LNA detection probes (Exiqon) (Chu, et al., 2017; Mian, et al., 2012; 

Santarpia, et al., 2013). 

 

2. DNA extraction and analysis 
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DNA mutations were evaluated in 43 studies, 3 of which concerned cfDNA. DNA methylation 

profile analysis was investigated in the other 9 studies (Table 7).  

 

2.1. DNA from tissues and FNA 

DNA was extracted from FFPE with QIAamp DNA FFPE Tissue Kit (Qiagen) (Cho, et al., 2014; 

Grubbs, et al., 2016; Guo, et al., 2019; Simbolo, et al., 2014), MagNA Pure instrument (Roche) 

(Nikiforova, et al., 2018), Maxwell® 16 FFPE Plus LEV DNA Purification kit (Ciampi, et al., 2019) or 

Qiamp DNA mini kit (Qiagen) (D. T. Abraham, et al., 2011).  

DNA was isolated from FNA samples with PicoPure DNA Extraction Kit (ThermoFisher Scientific) (H. 

Chen, et al., 2018). 

From frozen tissues, DNA was extracted using Maxwell® 16 FFPE Plus LEV Blood DNA Purification 

kit (Ciampi, et al., 2019), Qiamp DNA mini kit (Qiagen) (D. T. Abraham, et al., 2011), Qiagen 

DNeasy tissue KIT (Qiagen) (Ameur, et al., 2009), by phenol/chloroform extraction and ethanol 

precipitation (Elisei, et al., 2008; Herfarth, et al., 1997; Romei, et al., 2016) or DNeasy blood and 

tissue handbook (Qiagen) (Mian, et al., 2011). 

 

2.2. DNA from peripheral blood leukocytes 

DNA was isolated from peripheral blood leukocytes by MagNA Pure LC 2.0 with automation 

(Roche Applied Science) (Aydoğan, et al., 2016), using the QIAMP blood kit (QIAGEN) (Romei, et 

al., 2016; Schilling, et al., 2001) or using the standard salting out/proteinase K method, dissolved in 

TE buffer (Yeganeh, et al., 2015).  

 

2.3. Cell-free DNA (cfDNA) from liquid biopsy samples  

The range volume of plasma samples for cfDNA isolation was from 700ul to 4mL. The following 

methods were used: QIAsymphony DSP Circu-lating DNA Kit (Qiagen) with 4 ml of plasma (Allin, et 

al., 2018), QIAmp UltraSens Virus Kit (Qiagen) with 700 uL of plasma (Zane, et al., 2013) and 

QIAamp Circulating Nucleic Acid Kit (Qiagen) with 3 ml of plasma (Cote, et al., 2017). cfDNA was 

measured by quantitative real-time PCR (Zane, et al., 2013) or via droplet polymerase chain 

reaction (Allin, et al., 2018; Cote, et al., 2017).  

 

2.4. DNA mutation analysis in tissue samples 

DNA mutations were analyzed using polymerase chain reaction (PCR)-based single strand 

conformation polymorphism analysis (PCR-SSCP) (Komminoth, et al., 1995), PCR (Lairmore, et al., 

1996) or/and restriction enzyme digestion, and direct sequencing of the PCR-amplified DNA for 

mutation not detectable with restriction enzyme digestion (Patocs, et al., 2006; Qari, 2013). 

Wasenius et al. investigated DNA sequence alterations using DHPLC (Denaturing High-

Performance Liquid Chromatography) and direct sequencing of the PCR products (Wasenius, et al., 

2005). In most studies, DNA alterations analyses were performed through direct sequencing 

(Ciampi, et al., 2019; Elisei, et al., 2008; Komminoth, et al., 1995; Lairmore, et al., 1996; M. Moura, 

et al., 2009; M. M. Moura, et al., 2011; Patocs, et al., 2006; Qari, 2013; Romei, et al., 2016). 

Three studies performed Sanger sequencing (Aydoğan, et al., 2016; Cho, et al., 2014; Simbolo, et 

al., 2014). 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 30 

 

2.5. DNA extraction for Next Generation Sequencing studies  

Next generation sequencing studies (NGS) were performed from tissue (FFPE and frozen), and FNA 

samples. DNA extraction was performed from FFPE with QIAamp DNA FFPE Tissue Kit (Qiagen) 

(Guo, et al., 2019; Ke, et al., 2018; Simbolo, et al., 2014; Tiedje, et al., 2016; Wei, et al., 2016), with 

the QIAamp DNA Micro kit (QIAGEN) (Chang, et al., 2018), MagNA Pure instrument (Roche) 

(Nikiforova, et al., 2018) or Maxwell® 16 FFPE Plus LEV DNA Purification kit (Ciampi, et al., 2019). 

FFPE samples were used for DNA extraction and purification utilizing the PicoPure DNA Extraction 

Kit (ThermoFisher Scientific) and Agencourt AMPureXP Kit (H. Chen, et al., 2018). DNA was isolated 

from FNA samples with MagNA Pure instrument (Roche) (Nikiforova, et al., 2018) or with the 

DNeasy blood and tissue kit on the automated QIAcube (QIAGEN) (Nikiforova, et al., 2013). DNA 

was extracted from fresh frozen tissue using Maxwell® 16 FFPE Plus LEV Blood DNA Purification kit 

(Ciampi, et al., 2019) or QIAmp DNA Mini kit (Qiagen) (Nikiforova, et al., 2013). 

Targeted NGS analysis was performed using panels of tumor-related genes (Borre, et al., 2017; 

Guo, et al., 2019; Ingenwerth, et al., 2020; Kato, et al., 2017; Pitt, et al., 2016), or thyroid/MTC 

cancer-related genes (Ciampi, et al., 2019; Tiedje, et al., 2016; Wei, et al., 2016). The gene panels 

were: AmpliSeq Hot Spot Cancer Panel v2 (Life Technologies) that explored selected regions of 50 

cancer-associated genes (Simbolo, et al., 2014); ThyroSeq v3 that analyzed 112 genes for a variety 

of genetic alterations including single nucleotide variations (SNVs), insertions/deletions (indels) 

gene fusion (GF) types, abnormal gene expression alterations (GEAs) and copy number alterations 

(CNAs) (Nikiforova, et al., 2018); OncoMap-4 or OncoPanel high-throughput genotyping platforms 

that detected up to 275 cancer genes and 91 introns for DNA rearrangement (Pitt, et al., 2016); 

Thyroline was designed to detect 15 target gene mutations and 2 fusions type (fusion type) 

(Ke, et al., 2018). ThyroSeq (Nikiforova, et al., 2013) and ThyroSeq v2 panel designed for the 

analysis of point mutations in the hotspots of thyroid cancer-related genes and gene fusions 

(Karunamurthy, et al., 2016); point mutations and small indels in cancer related genes were 

examined using Ampliseq Cancer Hotspot v1 panel and v2 panel (H. Chen, et al., 2018). 

 

2.6. DNA extraction for methylation profiling 

DNA from frozen tissue was extracted using a phenol/chloroform procedure (Schagdarsurengin, 

et al., 2006; Schagdarsurengin, et al., 2002) or DNeasy Blood and Tissue Kit (Qiagen) (Mancikova, 

et al., 2017; N. Wang, et al., 2016). DNA from FFPE samples was extracted using DNeasy Blood and 

Tissue Kit (Qiagen) (Mancikova, et al., 2017; N. Wang, et al., 2016) or QIAamp DNA FFPE protocol 

(Qiagen) (Shakiba, et al., 2019). DNA from cell lines was extracted using the DNeasy Blood and 

Tissue Kit (Qiagen) (Mancikova, et al., 2017; Vitale, et al., 2017; N. Wang, et al., 2016). 

DNA from MTC samples was initially modified with sodium bisulfite. For assessing DNA 

methylation status, methylation‐specific PCR (MSP) was exploited (Macià, et al., 2012; 

Schagdarsurengin, et al., 2006; Schagdarsurengin, et al., 2002; Shakiba, et al., 2019). Genome-wide 

promoter DNA methylation was determined using the Illumina Infinium Human Methylation 27K 

Platform (Illumina) (Mancikova, et al., 2017), The Imprint Methylated DNA Quantification Kit 
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(MDQ1; Sigma Aldrich) (Ceolin, et al., 2018), Pyrosequencing (N. Wang, et al., 2016) or Infinium 

HumanMethylation 450K BeadChip (Illumina) (Vitale, et al., 2017). 
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Figure 1



Figure 2


