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ABSTRACT 

 
 EPH (Erythropoietin-Producing Hepatocellular carcinoma cell line) 

receptor tyrosine kinases (RTK) belong to the largest subfamily of RTKs 

counting 14 genes in humans. Among them, EPHA2 is often overexpressed in 

a variety of human cancers, including thyroid carcinoma. Thyroid carcinomas 

are commonly driven by genetic lesions targeting the MAPK signaling cascade 

including rearrangements of several RTKs, such as RET and NTRK, or point 

mutations in RAS or BRAF. We have previously demonstrated, through a 

siRNA-based genetic screen of the human kinome, that EPHA2 expression is 

essential for viability of thyroid cancer cells in culture. To gain insight into the 

EPHA2 function in thyroid tumorigenesis, we studied the role of the 

intracellular domain of EPHA2 and, in particular, of its phosphorylation on 

Serine 897 (pSer897). Ser897 phosphorylation has been previously reported to 

mediate EPHA2 oncogenic activity. Ser897 is embedded in the consensus 

phosphorylation sequence for AGC (PKA, PKG, PKC) family kinases, 

including p90RSK, a direct MAPK target. Here we show that in thyroid cancer 

cells bearing oncogenic lesions in the MAPK signaling cascade, EPHA2 is 

robustly phosphorylated on Ser897. Treatment with chemical inhibitors 

targeting p90RSK or other MAPK pathway components blunts Ser897 

phosphorylation of EPHA2. Recombinant p90RSK phosphorylates in vitro 

EPHA2 Ser897. Finally, RNA interference-mediated knock-down combined 

with rescue experiments demonstrate that Ser897 phosphorylation of EPHA2 

mediates thyroid cancer cell proliferation and motility. Collectively, these 

findings point to EPHA2 pSer897 as a novel crucial mediator of the oncogenic 

MAPK signaling cascade, and in particular of p90RSK, in thyroid cancer. 
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1. INTRODUCTION 

 
1.1 Thyroid cancer 

 

Thyroid carcinoma is a relatively rare neoplasm, representing about 1% of all 

cancers (Tuttle et al. 2014). Nonetheless, thyroid cancer is the most common 

malignant endocrine tumor and its incidence has been stably increasing over 

the past few decades (Fallahi et al. 2014; Frampton 2016). According to the 

Surveillance Epidemiology and End Results (SEER) database, the rate of new 

thyroid cancer cases have risen on average 5% per year. The increased thyroid 

cancer incidence is probably due to the development of high-resolution 

imaging techniques and early diagnosis upon fine needle-aspiration biopsy 

(FNAB) (Zevallos et al. 2015). However, other potential causes, such as 

exposure to ionizing radiation, iodine deficiency, autoimmune thyroiditis and 

chronic infections (Antonelli et al. 2007; Ferrari et al. 2015; Su et al. 2016), as 

well as increased life expectancy (Kwong et al. 2015; Su et al. 2016) cannot be 

excluded.  

 The vast majority of thyroid cancers derives from follicular cells 

(thyrocytes) that normally secrete thyroglobulin (TG) and thyroid hormones 

(thyroxine-T4 and triiodothyronine-T3). Instead, approximately 5% of thyroid 

carcinomas originate from para-follicular thyroid cells (C-cells, secreting 

calcitonin); calcitonin-secreting thyroid carcinomas are called medullary 

thyroid carcinoma (MTC). MTC occurs either sporadically (75%) or as a 

dominantly inherited disease in the context of multiple endocrine neoplasia 

(MEN) type 2 (MEN2A or MEN2B) [Ferrari et al. 2015].  
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 Histological examination of the thyroid gland of patients affected by the 

hereditary form of the disease shows a widespread C-cell hyperplasia (CCH) 

suggesting that hyperplasia is an early event in C cell transformation (Hinze et 

al. 1998; Wells et al. 2015). 

 The follicular cell-derived thyroid carcinomas include several 

histological histotypes; according to their malignancy and differentiation grade 

they are classified in well differentiated thyroid carcinoma (WDTC), in turn 

subdivided in papillary thyroid carcinoma (PTC, 80%) and follicular thyroid 

carcinoma (FTC, 10%), poorly differentiated thyroid carcinoma (PDTC, 3%) 

and anaplastic or undifferentiated thyroid carcinoma (ATC, 2%) (Wu et al. 

2014; Wells and Santoro 2014; Puxeddu et al. 2009; Shi et al. 2016).  

 PTC is often diagnosed in the 5th decade of life presenting with a slow-

growing thyroid mass. Patients usually have a palpable nodule in absence of 

any other clinical findings (Puxeddu et al. 2009). PTC is associated to an 

overall favorable prognosis; tumor recurrence and distant metastases, indeed, 

are a rare event, found in about 10% of the PTC cases (Romitti et al. 2013; Shi 

et al. 2016). PTC is characterized by specific nuclear features and typical 

papillary architecture; several PTC variants are described, including solid-

follicular, follicular, and tall-cell (Shi et al. 2016). These variants have 

different pathological features and clinical outcomes (DeLellis, 2006). 

Generally, PTCs metastasize to the local lymph nodal stations and feature a 

survival rate greater than 90% (Schlumberger 1998; Sherman 2003).  FTC is 

defined as a carcinoma with follicular cell differentiation in the absence of the 

nuclear features typical of PTC (DeLellis, 2006). FTCs are generally unifocal 

(Passler et al. 2004). Both PTCs and FTCs retain the capacity to accumulate 

and metabolize iodine (Petrulea et al. 2015).  
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 Poorly differentiated carcinomas are a subset of thyroid tumors 

considered morphologically and clinically intermediate between WDTC and 

ATC; PDTC are more aggressive than DTC but less than ATC (Burman 2014; 

Landa et al. 2016; Volante et al. 2007). Finally, the most aggressive thyroid 

tumor is represented by ATC. Although ATC is quite rare, occurring in about 

2% of thyroid tumors, it represents the first cause of death for thyroid cancer 

with the median survival time after diagnosis of about one year. ATC can 

originate de novo or represent an advanced stage of WDTC (Romitti et al. 

2013). Morphologically, it is defined as a malignant tumor composed by 

undifferentiated cells with high mitotic rate and massive stroma infiltration 

(DeLellis 2006; Smallridge et al. 2012) (Figure 1).  
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1.2 Molecular genetics of thyroid cancer 

 

  Research conducted in the last 20 years has improved our knowledge 

of the genetic alterations involved in thyroid tumorigenesis and distinct 

molecular mechanisms, specific for the vary histopatological subtypes have 

been identified (Nikiforov et al. 2011; Xing 2013; Wells and Santoro 2014) 

(Figure 1).  

 

 
 

Figure 1. Subtypes of thyroid cancers arising from parafollicular or follicular 

cells and their related oncogenic lesions.  
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 REarranged during Transfection (RET) gene activating point mutations 

have been identified in 98% of hereditary MTC and in about 50% of sporadic 

MTC cases (Wells et al. 2013; Wells et al. 2015). RET encodes a receptor 

tyrosine kinase for neurotrophic growth factors of the GDNF family (Santoro 

and Carlomagno 2013). In MEN 2A, the most frequent mutation affect 

Cysteine 634, located in the extracellular protein domain. In MEN 2B as well 

as in sporadic MTCs, the predominant RET mutation is the substitution of the 

Metionine 918 with a Threonine residue, within the tyrosine kinase domain of 

the receptor (Fallahi et al. 2014; Wells et al. 2015). Recently, RAS somatic 

mutations have been found in RET-negative sporadic MTCs (Agrawal et al. 

2013). Of note (see also below), the aberrant activation of RAS pathway is a 

common event in thyroid tumorigenesis, being present in different thyroid 

tumor subtypes such as MTCs, WDTCs, PDTCs and ATCs. RET gene 

rearrangements, commonly caused by paracentric inversions of the long arm of 

chromosome 10, are found in PTC, particularly in radiation-associated cases 

(Nikiforov et al. 2004; Ricarte-Filho et al. 2013; Cancer Genome Atlas, 2014; 

Giordano, 2016). These rearrangements generate chimeric proteins called 

“RET/PTC” all resulting in an in frame fusion of the 3' portion of RET gene 

(coding for the tyrosine kinase domain) with the 5'-terminal sequence of 

unrelated genes. These gene fusions lead to a consititutive RET kinase ligand 

independent activation which in turn induces cell transformation mainly 

through the RAS/MAPK and PI3K/AKT pathways, but also through other 

signaling cascades such as Janus kinase-1 (JAK)/signal transducer and 

activation factor (STAT), protein kinase C (PKC), sarcoma kinase (SRC), focal 

adhesion kinase (FAK) or β-catenin pathways (Mulligan, 2014).  
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Several different RET/PTC rearrangements have been identified, with 

RET/PTC1 (where the RET fusion partner is coiled-coil domain containing 

gene 6 [CCDC6], formerly known as H4) and RET/PTC3 (where the RET 

fusion partner is nuclear receptor coactivator gene 4 [NCOA4], formerly 

known as RFG/ELE1) as the most common ones (Wells and Santoro 2014; 

Fallahi et al. 2015; Nikiforov et al. 2011). Moreover, in 2-15% of PTCs 

another chromosomal rearrangement involves the Nerve Growth Factor (NGF) 

receptor (Neurotrophic Receptor-Tyrosine Kinase1-NTRK1) gene or other 

RTKS (Greco et al. 2010, Nikiforov et al. 2011; Cancer Genome Atlas, 2014). 

Noteworthy, RET gene rearrangements initially thought to be PTC-specific 

have more recently been described also in other tumor types, including lung 

adenocarcinomas, colon carcinoma, chronic myelomonocytic leukemias and 

Spitz nevi (Santoro and Carlomagno 2013). 

 Gain of function mutations of RAS genes primarily affect codons 12, 

13 and 61, with KRAS (24%) being the most common mutated member in 

follicular-cell derived thyroid carcinomas, followed by NRAS (8%) and HRAS 

(4%) (Alonso-Gordoa et al. 2015). RAS proteins are small GTP-ases belonging 

to the mitogen activated protein kinase (MAPK) pathway. RAS mutations are 

common in FTC, PDTC, ATC as well as in PTC belonging to the follicular 

variant subtype (Volante et al. 2007; Landa et al. 2016; Cancer Genome Atlas, 

2014). RAS mutations have been described to occur also in thyroid benign 

follicular adenomas (FAs), though their prevalence in benign lesions appears to 

be lower (Nikiforov et al. 2011). 

 In FTC cases negative for RAS gene mutations, chimeric proteins have 

been detected (in about 30-40% of cases) which can be more rarely (2-13%) 

found also in FAs (Durante et al. 2015).  
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These rearrangements result in the fusion of the thyroid-specific transcription 

factor paired box8 (PAX8) with the nuclear-hormone-receptor Peroxisome 

Proliferator Activated Receptor γ (PPARγ) (Raman et al. 2014; Fallahi et al. 

2015; Alonso-Gordoa et al. 2015). The resulting protein acts as a PPARγ 

dominant negative mutant and displays its oncogenic properties thought the 

activation of MAPK, transforming growth factor β (TGFβ), Wnt/β-catenin 

pathways and through the inhibition of phosphatase and tensin homolog 

(PTEN) [Raman et al. 2014].  

 The Serine/Threonine kinase BRAF, another member of the MAPK 

pathway, is also frequently deregulated in thyroid carcinomas particularly in 

PTC, tall cell variant PTC and in undifferentiated tumors. BRAF mutation is 

considered a negative prognostic marker (Elisei et al. 2008; Basolo et al. 2010; 

Xing et al. 2013; Puxeddu et al. 2014; Xing et al. 2015; Collet et al. 2016). 

Valine to Glutamic acid substitution at residue 600 is the most frequent point 

mutation of BRAF, occuring in 45% of PTCs, 10-20% of PDTCs and 20% of 

ATC (Fallahi et al. 2015). Other oncogenic BRAF mutations have been 

described, including Lysine 601 to Glutamic acid substitution (K601E), 

commonly found in follicular variant PTCs (FV-PTCs), and several small 

deletions or insertions (indels) around codon 600 (Moretti et al. 2006; Moretti 

et al. 2009; Cancer Genome Atlas 2014). Finally, rearrangements such as the 

AKAP9/BRAF one, can be found in PTC and other thyroid cancers (Ciampi et 

al. 2005; Landa et al. 2016). BRAF mutations have been associated with tumor 

recurrence caused by increase in proinflammatory state, with the degradation 

of nuclear factor kB (NF-kB) inhibitor (IkB) [Zou et al. 2015; Ferrari et al. 

2015; Alonso-Gordoa et al. 2015], combined with the downregulation of CD8+ 

cytotoxic T-cell caused by an increased expression of programmed death 

ligand 1 (PD-L1) [Brauner et al. 2016].  
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Moreover, BRAF oncogenic activation induces a radioiodine-refractory state 

associated to decreased expression of the sodium/iodine symporter (NIS), 

thyroglobulin, thyroperoxidase (TPO) and glucose transporter type 1 (Glut-1), 

secondary overexpression of vascular endothelial growth factor receptor 

(VEGFR) or hepatocyte growth factor receptor (MET) [Durante et al. 2007; 

Zou et al. 2015; Ferrari et al. 2015; Alonso-Gordoa et al. 2015], and exportin 

cellular apoptosis susceptibility (CAS) [Holzer et al. 2016]. Consistently, 

Knauf and colleagues (2005) have demonstrated that transgenic mice carrying 

BRAF V600E developed a thyroid carcinomas closely related to human PTC, 

and that these tumors rapidly progressed to PDTCs or ATCs.  

  Genetic alterations in phosphatidylinositol 3-kinase (PI3K)/AKT 

pathway are also common in thyroid carcinoma, particularly in less 

differentiated tumor types and ATC (Xing 2013). Indeed, aberrant activation of 

PI3K/AKT pathway is related with progressive dedifferentiation and 

acquisition of new genetic alterations. The PI3K/AKT oncogenic activation 

may be linked to different genetic alterations, such as mutations of the catalytic 

subunit of PI3K (PIK3CA) [12-23% ATCs, 2% PTCs and 10% FTCs], as well 

as PIK3CA amplifications (38-61% ATCs) [Garcia-Rostan et al. 2005; Xing 

2013; Romitti et al. 2012], AKT mutations (such as E17K), loss of PTEN 

through point mutations or gene silencing, and phosphoinositide-dependent 

kinase 1 (PDK1) gene amplification (Ricarte-Filho et al. 2009; Xing 2013; 

Alonso-Gordoa et al. 2015; Robbins and Hague 2016). Overexpression of 

angiopoietin-2, VEGF/VEGFR, HGF/c-MET, EGF/EGFR, PDGF/PDGFR, 

FGF/FGFR, hypoxia-inducible factor 1α (HIF-1α), among the others, have 

been correlated with thyroid tumor aggressiveness.  
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Recently, mutations in anaplastic lymphoma kinase (ALK) (Kelly et al. 2014) 

and mutations of the telomerase reverse transcriptase promoter (TERT) have 

been reported in ATCs or other less differentiated thyroid cancers (Wells and 

Santoro 2014; Melo et al. 2015; Carneiro et al. 2015; Lennon et al. 2016; 

Tavares et al. 2016). In addition, loss of function of p53 tumor suppressor gene 

and point mutation in exon 3 of the cadherin-associated protein β1 (CTNNB1) 

gene encoding β-catenin were related to ATC (Malaguarnera et al. 2007; 

Garcia-Rostan et al. 2001; Landa et al. 2016). 

 Most of these evidence point to a crucial role of two major signaling 

cascades, the MAPK and the PI3K/AKT ones, in thyroid cancer formation and 

progression (Figure 2). 
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Figure 2. The main oncogenic pathways in thyroid cancer. The figure summarizes 

the most important signaling nodes as well as their cross-talks (dashed lines).  

 
 Recently, Wu et al. (2014) through biomedical literature text mining 

have generated an in silico molecular profiling of thyroid cancers, and found 

that, in fact, RAS/MAPK and PI3K/AKT pathways, together with WNT/β-

catenin and NFkB ones are the best described oncogenic pathways 

compromised in all thyroid cancers subtypes (Table 1).  
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Table1.  Top 4 related pathways and text-mining study for each subtype. 
 

 

 
 

Table 1: The reported numbers are PubMed Identifier (PMID) evidence analyzed by 

Wu et al. (2014). N/A: Not Applicable: no evidence in literature.    

 
 
 
 
 

1.3 Targeted therapy for thyroid cancer  

 

  Standard treatment for thyroid cancer is based on thyroidectomy and 

thyroid stimulating hormone (TSH) suppression, followed by radio-iodine 

ablation to remove residual disease. Despite an overall good prognosis, subsets 

of patients (about 5%) develop metastatic disease that is refractory to treatment 

(Puxeddu et al. 2011; Xing et al. 2013; Frampton 2016). For these patients no 

effective systemic therapies are available and therefore a leading 

pharmaceutical interest has been to develop specific personalized treatments 

based on the identification of “druggable targets” (Smith and Nucera 2015). 

Thus, among the novel therapeutic approaches, targeting oncogenic protein 

kinases has emerged as promising strategy in different human cancers (Muller 

et al. 2015).  
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Effectiveness of kinase inhibitors as cancers targeting agents is linked to the 

concept of “oncogene addition” (Weinstein and Joe 2008), whereby single 

constitutive activated protein may maintain cells malignant phenotype causing 

a selective dependence of cancer cells on the function of that specific protein. 

The prototypic example of these targeted drugs has been imatinib mesylate 

(Gleevec), the first kinase inhibitor approved by FDA for chronic myeloid 

leukemia (CML) in 2001 (Druker et al. 1996; Tsai and Nussinov 2013), 

followed by gefitinib (Iressa) and erlotinib (Tarceva), targeting the EGFR in 

non–small cell lung carcinomas (NSCLCs) [Yoishida et al. 2013]. In humans 

there are 518 different protein kinases, and they still represent the preferred 

targeted molecules because of their implication in a wide set of crucial cellular 

events and because of their well characterized (and conserved) activation 

mechanisms (Manning at al. 2002). 

 During the last decade, thyroid cancer therapy research has led to 

development of several drugs against different kinases. Many efforts are still 

needed to improve selectivity avoiding off-target effects on normal kinases and 

to enhance their specific antitumor effects, such as in the case of RET TKIs for 

instance (Newton et al. 2016; Frett et al. 2014; Frett et al. 2015). Among 

successful examples of the use of TKIs in thyroid cancer, there are multikinase 

inhibitors (Sorafenib, Cabozantinib, Lenvantinib, Sunitinib), BRAF inhibitors 

(Vemurafenib), tyrosine kinase inhibitor (TKI) [Vandetanib, Pazopatinib], and 

PI3K/AKT/mTOR inhibitors (Everolimus, Rapamicin, Tersirolimus); some of 

these drugs have been registered for the treatment of specific types of thyroid 

cancer (Frampton 2012; Frampton 2016). 

 Additional approaches for thyroid cancer may be redifferentiation 

agents with the aim of increasing expression of thyroid-specific differentiation 

markers leading to rescue of radioiodine sensititivity.  
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PPARγ inhibitor Rosiglitazone and HDAC inhibitor Vorinosat, for example, 

belong to this category of compounds. Importantly, inhibition of protein 

kinases acting downstream driving oncoproteins, such as with MEK inhibitor 

Selumetinib, has demonstrated the possibility not only of restraining tumor 

growth but also of rescuing radioiodine concentration (Ho et al. 2013; Wells 

and Santoro 2014; Alonso-Gordoa et al. 2015; Ferrari et al. 2015; Ruan et al. 

2015). All these drugs proved beneficial outcomes in ongoing phase II trials.  

 In tumors, it is unlikely that a single targeting drug can elicit a complete 

remission; this is because the existence of many signaling feedback loops and 

multiple interconnections of signaling transduction networks that can allow 

cancer cells to bypass the block determined by a single targeting agent, raising 

a compensatory activation of a different oncogenic pathway (Mendoza et al. 

2011). These evidence have pushed scientists to search for the possibility of 

targeting different nodes of the same pathway, and crucial core components of 

signaling transduction networks moving from a “linear signal modular scheme” 

to a “complex transduction circuit” (Kolch at al. 2015). Consistently, for 

example cross-influence between oncogenic pathways, in particular the 

mitogenic RAS/MAPK and the survival PI3K/AKT ones have been described 

(Zimmermann and Moelling 1999; Rommel et al. 1999; Aksamitiene et al. 

2010; Paraiso et al. 2010; Mendoza et al. 2011). Just as examples, c-MET 

overexpression was found to mediate reactivation of PI3K/AKT signaling in 

thyroid cancer cell lines harboring BRAF mutation (Byeon et al. 2015), and 

TSH was described to overcome BRAF V600E-induced senescence [oncogene 

induced senescence (OIS)] promoting thyroid tumor progression via AKT 

overactivation and p53 expression loss (Zou et al. 2015). 

 In this context, this dissertation has focused on the characterization of a 

novel signaling hub connecting the MAPK signaling cascade and a specific 

tyrosine kinase receptor of the EPH family.   
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1.4 EPH receptors and ephrins 

 
  
 Since the cloning of the first EPH gene in 1987 (Hirai et al. 1987) and 

the subsequent identification of EFN ligands (Bartley et al. 1994; Beckmann et 

al. 1994; Cheng end Flanagan 1994), EPH/EFN system has captured the 

attention of many authors for its uniqueness and its involvement in several 

physiological and pathological phenomena (Arvanitis and Davy 2008). 

Erythropoietin-producing human hepatocellular carcinoma receptors (EPH) 

were identified through a screening aimed at identifying novel kinases involved 

in cancer (Holland et al. 1997). EPH constitutes the largest subfamily of RTKs.  

Unlike other RTK ligands, EPH ligands, called “ephrins” (EPH family receptor 

interacting proteins-EFN), are non soluble, attached to the cell membrane and, 

sometimes, sequestered within extracellular matrix (ECM). Interaction between 

EPHs and their cognate ligands is mediated by cell-cell contacts and causes bi-

directional signaling into the opposing cells (Klein 1999; Noren and Pasquale 

2004; Pasquale 2010).   

 In humans there are 9 EPHs belonging to class A (EPHA1-EPHA8 and 

EPHA10) and 5 EPHs of class B (EPHB1-EPHB4 and EPHB6) on the basis of 

their sequence homology and ligands affinity (Pitulescu and Adams 2010). 

Ligands, EFNs, have also been divided in two groups: the A-subclass (ephrins 

A1-A5) that contains ligands that are anchored to the cell membrane by a 

glycosylphosphatidylinositol (GPI) linkage; the B-subclass (ephrins B1-B3) 

that contains ligands represented by transmembrane proteins with a short 

cytoplasmatic region (Figure 3).  EPHA9, EPHB5 and EFNA6 proteins have 

been identified only in the chicken (Pasquale 2004).  
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Figure 3. EPHs and EFNs structure. In EPH receptors the N-terminal extracellular 

region is composed by a ligand binding domain (LBD) followed by a cysteine rich 

domain (CRD) and two fibronectin-type III repeats (FNIII 1/2). With a single 

transmembrane domain (TMD), EPHs cross the membrane bi-layer and feature 

sequentially: a juxtamembrane (JMD), tyrosine kinase (TKD), sterile α motif (SAM) 

and a postsynaptic density-95/discs large/ zonula occludens-1 (PDZ) binding domains 

at the C-teminus. On the opposing cells, EFNAs and EFNBs have at the N-terminus an 

extracellular receptor binding domain (RBD); EFNAs are anchored to the cell 

membrane with a glycosylphosphatidyl-inositide (GPI) anchor, while EFNBs have a 

cytoplasmic tail with a C-terminal PDZ binding domain.  
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Thus, excluding EPHA4 (Takemoto et al. 2002) and EPHB2 (Himanen et al. 

2004) that can bind both A-type and B-type ligands with the same binding-

affinity, EPHAs bind A-type ligands, and EPHBs bind B-type EFNs (Kullander 

and Klein 2002; Pasquale 2004). In this complex system, despite each EPH 

binds with greater affinity its “preferred” ligand, it is described some 

EPHs/EFNs promiscuity (Pasquale 2004; Haramis and Perrakis 2006; Dai et al. 

2014) (Figure 4). Capability of EPHs to discriminate among different EFNs 

was described as being dependent by particular aminoacid interactions, but the 

precise mechanism is still poorly known (Pasquale 2004). Probably, this cross-

binding could be framework-dependent, in response to greater or lesser EFNs 

availability, and it can modulate different biological responses in different 

contexts. Ligand genes (such as EFNA1/3/5 genes on the q arm of the 

chromosome1) may exist as genetic cluster on the same chromosome (Perez 

White and Getsios 2014), supporting the possibility of a co-regulated 

expression. 
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Figure 4. EPHs/EFNs binding affinity, sequence omology and phylogenetic 

relationship.  Human receptor/ligand preferential binding is shown with the exception 

of EPHA10. The dendrogram was obtained by Clustal program using ligands- or 

receptor-binding domain sequences respectively  (The image is a modified version of 

Pasquale 2004). 
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 Receptor-ligand binding induces a conformational reorganization of 

EPH LBD that facilitates the interaction with other EPHs, which creates 

complementary interaction surfaces that causes the laterally joining of different 

dimer pairs into tetrameric and high-order cluster complexes. This “seeding 

mechanism” provides a model for how EFNs low level can trigger cluster 

formation and also result in oligomers but also heterodimers formation 

(Seiradake et al. 2010). Recent findings demonstrated that heterodimers of 

different EPHs can form, thus recruiting also EPHs that have not been targeted 

by the cognate EFN. Examples are EPHB6-mediated suppression of EPHA2 

signaling in breast cancer cell (Fox and Kandpal 2011) or EPHA7-mediated 

inhibition of EPHA2 signaling in lymphoma (Oricchio et al. 2011).  

 EPH/EFN are among the oldest evolutionarily conserved 

receptor/ligand pairs (Jones et al 1997). The EPH/EFN system is present also 

in Caenorabditis elegans, where at variance from vertebrates, there is only one 

EPH gene called variable abnormal-1 (VAB-1), and four EFN genes (Chin-

Sang et al. 1999; Wang et al. 1999).  

 Wykosky and Debinsky (2008) have reported the existence of a 

functional and soluble unclustered monomeric EFNA1, believed to derive from 

a proteolytical cleavage. EFNA1 was found to promote or inhibit growth 

depending on its soluble or membrane-bound state (Alford et al. 2010). 

Supporting this finding, EFNA1 and its cleaved products was found in serum 

of tumor patients, as serum biomarkers of tumor burden (Beauchamp and 

Debinsky 2012).  
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 One of the first EPH/EFN function discovered was in axon guidance; 

however, this system is nowadays regarded to as an universal cell-to-cell 

communication pathway that allows cells moving to a specific position and that 

maintains cellular organization by preventing cell intermingling through 

chemotatic/chemorepulsive forces (Holmberg et al. 2000; Pasquale 2008; 

Genander 2012). EPH receptors and EFNs are expressed in all embryonic germ 

layers in all vertebrates, and mediate cell migration and positioning, boundary 

formation and segmentation during important developmental processes such as 

gastrulation (Lisabeth et al. 2013; Park and Lee 2015). Recently, Xavier and 

colleagues (2016) reported another example of this concept, showing 

EPHs/EFNs regionally-restricted expression in palate and tongue development, 

pointing to a fine temporal and spatial-coordinated expression during tissue 

development. Furthermore, recent insights are focusing on the role of 

EPH/EFN system in the regulation of adult stem niche in various organs 

(Genander 2012; Perez White and Getsios 2014) as well as in adult organs 

specialized functions, such as synaptic plasticity, memory formation, epithelial 

and vascular homeostasis and integrity, bone remodeling, insulin secretion, 

inflammatory and immune-response (Kullander and Klein 2002; Gucciardo et 

al. 2014; Dines and Lamprecht 2015). EPHs/EFNs redundancy and gradient, 

context-dependent signaling, directionality and intensity of the interactions 

probably define organs and tissue specific outcomes (Fox et al. 1995; Muñoz et 

al. 2005).  
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1.5 EPH/EFN signaling  
 

 EPH/EFN signaling system has several important differences with 

respect to other canonical ligand/RTK signaling pairs. A unique feature of 

EFN/EPH system relies in the binding step between ligands and receptors. In 

most of the cases, EPH ligands are bound to surface of neighboring cells rather 

than freely soluble. Therefore, EPH/EFN interaction elicits “ligand dependent” 

signal activation in both ephrins- and receptor-expressing cells. In ligand-

expressing cells, binding stimulates a “reverse signaling”. In this case, EFNAs 

through their GPI-anchors exert lipid-raft mediated binding with other 

juxtamembrane proteins (such as Src family kinase), or are able to interacting 

with membrane-bound receptors such as RET or NTRK1 (Lisabeth et al. 

2013). Similarly, EFNBs are phsophorylated by Src family kinases, this in turn 

mediating association to SH2 containing protein adaptors such as Grb4 

(Lisabeth et al. 2013). Binding of PDZ contianing proteins to the PDZ-binding 

domain of EFNBs can also elicit different intracellular responses, such as 

angiogenesis, axon guidance and synaptic plasticity. 

 At the same time EFN binding to cognate EPHs elicits a “forward 

signaling” in the EPH-expressing cell (Pasquale, 2008; Lisabeth et al. 2013). 

Like all the other RTKs, EPH dimerization/oligomerization mediated by EFN 

binding is followed by conformational changes that trigger the 

autophosphorylation of the receptor on tyrosine residues; in turn, 

phosphorylation of tyrosines located into the inhibitory juxtamembrane 

receptor domain facilitate receptor activation and binding and phosphorylation 

of cytoplasmic downstream signal proteins (Binns et al. 2000; Wybenga-Groot 

et al. 2001; Davis et al. 2009).  
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EPHs also contain an autophosphorylated tyrosine residue within their 

activation loop; however, differently from other RTKs phosphorylation of this 

residue does not seem essential for kinase activity (Lisabeth et al. 2013). 

 Several autophosphorylated tyrosine residues in activated EPHs have 

been identified and involved in forward signaling. Important effectors are 

represented by Rho-like small GTP-ases as well as signal transducers typically 

activated by several RTKs such as RAS/MAPK and PI3K/AKT components 

(Figure 5). A striking difference with other RTKs is that typically EPHs use 

these mechanisms to inhibit rather than promote cell growth and to favor cell 

repulsion rather than cell attraction, this resulting at the end in tumor 

suppression rather than promotion (Miao et al. 2000; Barquilla and Pasquale 

2015; Lisabeth et al. 2013). This notwithstanding, “ligand-independent” EPH 

signaling mechanisms exist that confer to these receptors also important tumor 

promoting effects. 

 EPH impact on cell cytoskeleton and cell shape is mediated by 

regulation of Rho-family GTP-ases. The typical cell repulsive effect of several 

EPHs is, indeed, mediated by an increased balance of RhoA activation vs 

Rac1/Cdc42 activation thereby resulting in increased formation of actin 

structures named stress fibers, cell process retraction and inhibition of cell 

movement. In different conditions, however, EPHs can also promote Rac1 

activation by activating Rac1 GEF such as Vav and inhibiting RhoA via 

p190RhoGAP (Wakayama et al. 2011). 

 At a variance from most common RTKs that signal through 

RAS/MAPK pathway, EPHs frequently inhibit this signaling system and 

oppose the activity of other RTKs, such as FGFR, TRKB and IGF1R (Miao et 

al. 2001; Pasquale 2008).  

 

 



 

 32 

A mechanism mediating such inhibitory function involves recruitment to EPHs 

of p120RAS-GAP that promotes GTP hydrolysis and therefore switch-off p21 

RAS (Minami et al. 2011; Pasquale 2008; Pasquale 2010). However, it is worth 

mentioning that in other cases EPHs, similarly to other RTKs, can promote 

rather than suppress RAS/MAPK signaling. In turn, a feedback loop exists so 

that MAPK signaling promotes expression of EPHA2 (Macrae et al. 2005). 

 As in the case of RAS/MAPK cascade, also another signaling cascade 

that is commonly activated by RTKs, e.g. the PI3K/AKT one, is blunted rather 

than promoted by EPH forward signaling. For instance, in several cell types 

EPHA2 stimulation reduces AKT phosphorylation on both T308 and S473 sites 

(Miao et al. 2009). Also in this case, this peculiar inhibitory activity can be 

mediated by recruitment to EPH of a negative regulator of the pathway such as 

a phosphatase. Also in this case, however, evidence exists that EPH may also 

promote rather than inhibit AKT (Figure 5). 
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Figure 5. EPH/EFN signaling. The image summarizes EFNs-mediated reverse 

signaling and EPHs-mediated forward signaling events. 

  

 

 Processing of EPH receptors upon EFN binding seems to be an integral 

part of the signal transduction mechanisms. Protease-cleavage by 

transmembrane disintegrin [such as A Disintegrin And Metalloproteinases 

(ADAMs)] or other membrane metalloproteinases (MMP-1, -2, -9, 13) 

mediates an EPH/EFN irreversible internalization (Atapattu et al. 2014). 

Receptor/ligand complexes can be internalized in either EFN- or EPH-

expressing cells through a clathrin-dependent mechanism of endocytosis 

termed transendocytosis.  
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This process is critical for cell separation and repulsive effects (Lisabeth et al. 

2013). In endosomes, part of transendocytosed EPHA2 interacts through its 

juxtamembrane domain with Rho family GEF TIAM1 thus leading to Rac1 

(and probably also RhoA/Cdc42) activation. EPHs ubiquitination and 

degradation were described also to be c-Cbl independent and dependent on the 

Src-like adaptor protein (SLAP) (Naudin et al. 2014; Boissier et al. 2013; 

Wybenga-Groot and McGlade 2015). An antagonist of EPH/EFN 

internalization is the SH2-containing 5'-inositol phosphatase 2 (SHIP2) that is 

recruited to EPHA2 through SAM domain-mediated interactions. This lipid 

phosphatase blocks EPH endocytosis via a PI3K-dependent Rac activation 

(Zhuang at al. 2007). High SHIP2 levels are involved in EPHA2 

overexpression in many cancer types. Similarly, low-molecular weight 

phophotyrosine phosphatase (LMW-PTP) that is activated by Src and 

commonly upregulated in cancer, mediates EPH receptor dephosphorylation 

and in turn decreased binding to Cbl and decreased EPH turnover (Kikawa et 

al. 2002).  

 

 

 

1.6 EPHA2 receptor in human cancer 

 
 Considering the multiplicity and the versatility played in adult and 

embryonic cellular activities, it is not surprising that EPHs/EFNs play a key 

role also in tumors (Pasquale 2008). Next generation sequencing efforts have 

identified somatic mutations in several EPH members, particularly in 

melanoma and in lung cancer. Functional implication of these mutations is still 
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largely unknown, however in most of the cases mutations are scattered 

throughout the protein sequence making unlikely a gain-of-function effect.  

In the case of one particular receptor, EPHA3, mutations identified in cancer 

have been found to disrupt ligand binding and therefore probably able to 

interfere with a ligand-dependent tumor suppressive effect of EPHA3 (Lisabeth 

et al. 2013). Other EPHA family members including EPHA2 do not seem to be 

frequently mutated in cancer and therefore their deregulation can take place at 

the transcriptional or post-translational levels. 

 Controversial tumor-suppressive or tumor-promoting roles have been 

described for several EPH members. Most of the reports point to a tumor 

suppressive effect of ligand-dependent EPH stimulation compared to an 

oncogenic effect of ligand-indipendent stimulation (Lisabeth et al. 2013). 

Accordingly, in several cancer types it is often documented a reduced 

expression of the EFN ligands and at the same time an upregulated expression 

of the EPH receptors. EPHA2 is the EPH family member most commonly 

upregulated in human cancer. EPHA2 is overexpressed in a variety of human 

malignancies and it is often associated to increased tumor grade and poor 

prognosis in diverse cancer types as breast, lung, prostate, skin, esophageal, 

gastric and renal carcinoma (Amato et al. 2014; Brantley-Sieders et al. 2008; 

Hafaner et al. 2006; Hatano et al. 2005; Herath et al. 2006; Kinch et al. 2003; 

Miyazaki et al. 2003; Nakamura et al. 2005; Walker-Daniels et al. 1999; Xu et 

al. 2014; Zelinski et al. 2001), as well as in thyroid carcinomas. 

 As far as thyroid carcinomas, Karidis and co-workers have assessed 

EPHA2 and EPHA4 protein expression by immunohistochemistry in 131 

patients with benign and malignant thyroid lesions and found a significant 

upregulation of EPHA2 in malignant lesions and in particular in papillary 

carcinomas. In contrast, EPHA4 expression was not changed in malignant 

versus benign thyroid lesions (Karidis et al. 2011).  
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O'Malley and colligues reported EPHA2 overexpression in thyroid cancer cell 

lines and in benign and malignant human thyroid tumors with respect to normal 

thyroid.  

In FTC-238 cell line, EPHA2 knock-down reduced invasion and AKT 

phosphorylation and the opposite was found upon EPHA2 overexpression in 

the FTC-133 cell line (O'Malley et al. 2012). 

 

 

1.7 EPHA2 receptor signaling  

 
 Several tyrosine autophosphorylation sites have been identified in 

EPHA2 and in some cases their role elucidated (Figure 6). Phosphorylated 

Tyr587 and Tyr593 in the EPHA2 juxtamembrane domain bind to Vav2 and 

Vav3 guanine nucleotide exchange factors, that are able to mediate up-

regulation of GTP-bound activated Rac1 GTPase (Fang et al. 2008). 

Phosphorylated Tyr735 in the N-terminal lobe of the EPHA2 kinase is able to 

bind to the p85 regulatory subunit of phosphatidylinositol 3-kinase (Fang et al. 

2008). Phosphorylated Tyr930 in the SAM domain of EPHA2 is involved in 

the binding to the Nck adaptor and its phosphorylation is negatively controlled 

by the LAR phosphatase, thereby attenuating EPHA2-mediated cell migration  

(Lee et al. 2013). SHIP2 (Src homology 2 domain-containing phosphoinositide 

5-phosphatase 2) instead is recruited to activated EPHA2 via a 

phosphotyrosine-independent mechanism involving a SAM-SAM domain 

interaction, and this reduces EPHA2 internalization (Zhuang et al. 2007) 

(Figure 6). 
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Figure 6.  Main EPHA2 tyrosine phosphorylation sites and their role in forward 

signaling.     

 

 

 Despite this detailed biochemical knowledge, output of EPHA2 

signaling in cells and in particular cancer cells is still largely unknown. EPHA2 

seems to play an important role in cell-cell contacts (Zantek et al. 1999) and 

EPHA2-mediated phosphorylation of Claudin-4 at the tight junctions decreases 

cell-cell contact enhancing paracellular permeability (Tanaka et al. 2005).  
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 In some cases, EPH signaling intersects other RTKs through 

downstream mediators or through direct interactions. Ligand-activated EPHA2 

decreases MAPK signaling (Parri at al. 2005), whereas MAPK activity leads to 

EPHA2 overexpression (Macrae et al. 2005). There is also evidence of 

EPHA2-EGFR physical and functional interaction. EPHA2 is an EGF/EGFR 

transcriptional target gene mediated by MAPK activation, and EPHA2-EGFR 

colocalize and interact at the plasmamembrane of cancer cells. EPHA2 has 

ligand-independent effects on EGF-induced cancer cell motility whereas 

EFNA1 stimulation leads to inhibition of EGF-induced motility, leading to 

EPHA2 receptor internalization, downregulation and termination of EPHA2 

positive effects on cell motility (Larsen et al. 2010). EFNA1 is a tumor 

necrosis factor α (TNFα) induced gene in human umbilical vein endothelial 

cells (HUVECs) (Holzman et al. 1990). EFNA1 expression is low in tumor 

cells but high in endothelial cells (Ogawa et al. 2000), where it acts as 

chemoattractant for other endothelial cells (Pandey et al. 1995). EFNA1 and 

EPHA2 expression are upregulated in hypoxic conditions by HIF-1α and 

VEGFR, leading to EPHA2 phosphorylation (Yamashita et al. 2008; Cheng et 

al. 2003), that in turn induces VEGFR expression (Beauchamp and Debinsky 

2012). Angiostatic Slit2 protein impairs this mechanism (Youngblood et al. 

2015).  

 A wealth of evidence points to a tyrosine phosphorylation- and ligand-

independent role of EPHA2 in promoting tumor formation (Figure 7). Despite 

its high expression levels, tyrosine phosphorylation of EPHA2 is often 

downregulated in malignant cells compared to normal cells (Pasquale et al. 

2010). EFNA1 is often lost in tumor cells and this contributes to the loss of 

cell-cell contact among cancer cells. One phosphotyrosine- and ligand-

independent role of EPHA2 has been related to the phosphorylation of a 

particular serine residue, Serine 897 (Ser897).  
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Ser897 maps in the EPHA2 SAM domain, and its phosphorylation has been 

reported to mediate the switch from an anti-oncogenic to a pro-oncogenic role 

of EPHA2 (Figure 7). 

 

 
 

Figure 7.  EPHA2 ligand dependent and independent pathway. After cell-cell 

adhesion, EPHA2/EFNA1 interaction mediates kinase activation and increased 

phospho-tyrosine content; this results in suppression of tumorigenesis. In contrast, 

ligand-unbound receptor upon Ser897 phosphorylation is able to emanate pro-

oncogenic signals.   
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Miao and coworkers demonstrated that Ser897 EPHA2 phosphorylation 

mediated by AKT is crucial for glioma and prostate cancer cell invasive 

phenotype and stem cell properties (Miao et al. 2009; 2015). S897A mutation 

abolished such a ligand-independent promotion of cell motility. In contrast, 

EFNA1 stimulation of EPHA2 blunted AKT and caused EPHA2 

dephosphorylation on Ser897 (Miao et al. 2009). Moreover, EPHA2 was 

highly expressed in glioblastoma cell lines and promoted invasion. These 

effects required AKT-mediated phosphorylation on Ser897 and did not require 

EFN binding. Importantly, EFN-null mice featured significantly increased 

glioblastoma cell invasion. Finally, overexpression of EPHA2 promoted stem 

cell properties in a kinase-independent manner (Miao et al. 2015). 

More recently, Zhou and coworkers reported that inflammatory 

cytokines are able to promote phosphorylation of EPHA2 at Ser897 mediated 

by the RSK kinase and this fosters breast cancer cells metastatic properties. 

Ser897-phosphorylated EPHA2 co-localized with phosphorylated active form 

of RSK in various human tumour specimens, and this double positivity was 

related to poor survival in lung cancer patients (Zhou et al. 2015). 

Prompted by these new informations, in this Dissertation we have 

explored role of EPHA2 and of its Ser897 phosphorylation in thyroid cancer. 
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2. AIM OF THE STUDY  

 

 
 In order to find novel protein kinases that may be involved in thyroid 

cancer, we have performed a small interfering RNA-based genetic screening in 

the RET/PTC1-positive TPC1 papillary thyroid cancer cell line using a siRNA 

library targeting the human kinome. We identified 14 hits whose silencing was 

able to significantly reduce the viability and the proliferation of TPC1 cells; 

most of them were active also in BRAF-mutant BCPAP (papillary thyroid 

cancer) and 8505C (anaplastic thyroid cancer) and in RAS-mutant CAL62 

(anaplastic thyroid cancer) cells. Kinases relevant for thyroid cancer cell 

viability included SRC and MAPK (mitogen activated protein kinases) families 

and importantly the EPHA2 receptor  (Cantisani et al. 2016).  

 In this framework, Aim of this study has been to understand the role of 

EPHA2 in thyroid tumorigenesis. In particular, we studied: 

 

1) expression and phosphorylation of EPHA2 in thyroid cell lines 

harboring different oncogenic lesions; 

 

2) how RET/PTC1 and BRAF V600E thyroid oncogenes influence 

EPHA2 activation; 

 

3) role and kinases involved in mediating the activatory phsophorylation 

of EPHA2 on Serine residue 897.  
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3. MATERIALS AND METHODS  

 
 
 

3.1 Cell culture  
 

 
 Thyroid cancer cells featuring different complements of genetic lesions 

were authenticated by SNP genotyping (Table 2). TPC1 and BCPAP cell 

lines were derived from PTC, while 8505C, SW1736, OCUT-1 and 

CAL62, were derived from ATC (Table 3). Nthy-ori 3-1 (hereafter referred 

to as NTHY) (ECACC, Wiltshire, UK) is a human follicular epithelial cell 

line derived from a normal thyroid tissue immortalized by SV40 large T 

gene. NTHY cells were grown in RPMI-1640 medium supplemented with 

10% FBS (Foetal Bovine Serum) (GIBCO, Paisley, USA), while all the 

other cell lines were grown in DMEM (Dulbecco’s Modified Eagle’s 

Medium) supplemented with 10% FBS, 2 mM L-glutamine and 100 U/mL 

penicillin-streptomycin (GIBCO). PC Cl 3 (hereafter referred to as PC) is 

differentiated non tumoral thyroid follicular cell line derived cells from 18-

month-old Fischer rat. PC cells were cultured in Coon’s modified HAM’s 

F12 medium (LONZA, Walkersville, USA) supplemented with 5% CS 

(calf serum) [BioWhittaker for LONZA], 2 mM L-glutamine and 100 

U/mL penicillin-streptomycin and a mixture of 6 hormones, including 

thyrotropin (10 mU/mL), hydro-cortisone (10 nM), insulin (10 µg/mL), 

apo-transferrin (5 µg/mL), somatostatin (10 ng/mL), and glycyl-histidyl-

lysine (10 ng/mL) [Sigma-Aldrich Chemie GmbH, Steinheim, DE]. Stably 

transfected PC-RET/PTC1 and BRAF V600E cells as well as Doxycycline 
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inducible RET/PTC3 cells have been described previously (Knauf et al. 

2003; Castellone et al. 2003; Wang et al. 2003).  

Transformed PC cells were grown in the absence of 6H. Phoenix human 

embryonic kidney cells (hereafter named φχ) were used for transient 

expression studies. These cells were grown in DMEM contaning 10% FBS, 

2 mM L-glutamine and 100 U/mL penicillin-streptomycin.  

 

Table 2: Authentication of the thyroid cell lines used in this study. 

 

 
 

Table 2: 24 genetic markers (PowerPlex Fusion System kit) were analysed by BMR 

Genomics s.r.l. in the indicated cell lines. 
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Table 3: Oncogenic lesions in the thyroid carcinoma cell lines used in this study. 

 
 
Table 3: The indicated mutations were derived from catalogue of somatic mutations 

in cancer (COSMIC) [www.sanger.ac.uk/genetics/CGP/cosmic/]. 

 

 

 
3.2 Cell treatments  
 
 
 Drug treatments were performed in low serum conditions (2.5% FBS or 

CS) for the indicated time points. ZD 6474 (0.25-1 µM), PLX 4032 (0.25-1 

µM), U0 126 (5 µM, Cell Signaling, Danvers, USA), BI-D1870 (0.5-1 µM, 

Selleckchem, Munich, DE), Wortmannin (0.5 µM, Cell Signaling 

Technology, Lane Danvers, USA), Doxycycline (1µg/mL, Sigma-Aldrich 

Inc., Saint Louis, USA) were used as specified.  
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3.3 Plasmids construction and expression 
 

  
 The plasmid encoding human GFP-tagged EPHA2 (RG205725) 

(GenBank accession number NM_004431) was purchased from Origene 

Technologies (Rockville, USA) and was used also as template to generate 

the EPHA2 Ser897Ala (S897A) mutant. Mutagenesis was performed by 

using the QuickChange Site-Direct mutagenesis kit (Stratagene/Agilent 

Technologies, Santa Clara, USA). Primers were designed according 

QuickChange Site-Direct mutagenesis instruction, controlled on Operon 

tool (http://www.operon.com/tools/oligo-analysis-tool.aspx), and 

synthesized by the Ceinge Core Service Unit (Naples, IT). The mutations 

were confirmed by DNA sequencing performed by Ceinge Core Service 

Unit.  Primer sequences were as follows:  

Forward: 5'-gct atc cgg ctc ccc gcc acg agc ggc tcg gag-3';  

Reverse: 5'-ctc cga gcc gct cgt ggc ggg gag ccg gat agc-3'.  

The pRK7-myr-RSK1 (8997) (GenBank accession number 

NM_001006665.1) plasmid was purchased from Addgene (Addgene, 

Cambridge, USA). Myr-AKT and HA-MEKEE (activated MEK1 generated 

by replacing Ser-218 and Ser-222 by Glutamic acid) plasmids were kind 

gifts of Professor J. Silvio Gutkind (University of California and Moores 

Cancer Center, San Diego, CA).   
 For φχ cell transient transfections, cells were plated at 50% confluence 

in 60-mm poly-D-lysine Hydrobromide (10 µg/mL); 1 µg of each plasmid 

was mixed with 10 µL of Polyfect transfection Reagent (Qiagen, Hilden, 

DE) and 100 µL of serum free DMEM, incubated for 48 h in complete 

medium and starved O/N before collection. 8505C and PC cells were 

transfected using Fugene reagent (Promega Corporation, USA).  
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RSK knock-down experiments were performed with ON-TARGETplus 

SMARTpool RSK1 (L-003025-00) and RSK2 (L-003026-00) human 

siRNA (Carlo Erba for DharmaconGE, Cornaredo, IT). EPHA2 silencing 

was performed with ON-TARGETplus SMARTpool EPHA2 (E-003116-

00). As suggested by manufacturer instructions, 10 µL of 5 µM siRNA 

were mixed with 2.5 µL of Dharmafect1 transfection reagent (Carlo Erba) 

in Optimem medium (GIBCO). The transfection mix was added at 25 nM 

final concentration and delivered to each plate for 48 h. Instead, in the 

silencing-rescue experiment, EPHA2 was knocked-down in 8505C cells 

with a human specific siRNA (SI02223508) from Qiagen and in PC rat 

cells with a rat ON-TARGETplus SMARTpool (L-099402-02) provided by 

DharmaconGE (Carlo Erba). In details, in this case, 8505C cells were 

transfected using 6.6 µL of 20 µM siRNA mixed with 200 µL of Optimem 

medium and 13.2 µL of HiPerFect Transfection reagent (Qiagen) for 10 

min. The transfection reaction was then applied at 22 nM final siRNA 

concentration to each plate. Rat EPHA2 transient knock-down was 

performed in the same conditions as described for RSK silencing in 

medium containing 5% serum. As negative controls for all our silencing 

experiments, we transfected AllStars Negative Control siRNA 

(SI03650318, Qiagen) or siGENOME Non-Targeting siRNA (D-001206-

13, Carlo Erba), as previously described. Following 36 h of silencing, 

rescue was obtained by transient transfection; this was performed by using 

EPHA2 wt (4 µg) or EPHA2 S897A mutant (7 µg) and 12 µL of Fugene 

(Promega). GFP, EPHA2 wt or EPHA2 S897A plasmids were transfected 

as control. Trypan Blue exclusion test and dosage of cleaved-PARP in 

protein lysates were applied to exclude non-specific toxicity of the 

transfection procedure (data not shown). 
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 3.4 Protein experiments  
 
 

 Cell cultures plates were washed two times with ice-cold PBS 1X 

solution (GIBCO) and cells were scraped in fresh JS lysis buffer containing 

50 mM N-2- hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES pH 

7.5), 1% (vol/vol) Triton X-100, 150 mM NaCl, 5 mM EGTA, 50 mM 

NaF, 20 mM sodium pyrophosphate, 1 mM sodium vanadate, 2 mM 

phenylmethylsulphonyl fluoride (PMSF) and 1 µg/mL aprotinin. Lysates 

were than clarified by centrifugation at 13,500 rpm for 20-30 min and kept 

at 4°C during all passages. Protein concentration was measured using a 

modified Bradford Assay (Bio-Rad Laboratories, Munich, DE). Protein 

lysates (15-50 µg) were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred on 

Whatman Protran nitrocellulose membranes (PerkinElmer Health Sciences 

B.V., Groningen, NE). For EPHA2 pull-down, after precleaning with 

gamma-bind G sepharose beads (GE Healthcare Bio-Sciences AB, 

Uppsala, SE), 500 µg of fresh cell lysates in 500 µL volume were 

incubated overnight at 4°C (with gentle rotation) with 0.1 µg of 

recombinant Human Ephrin-A1 Fc protein (R&D Systems, Minneapolis, 

USA) for 1 mg of cell lysate. Ligand-receptor complexes were pulled-down 

using 50 µL of protein-G sepharose beads for 1 h at 4°C. The samples were 

centrifuged and washed in JS buffer, eluted in sample buffer loading dye, 

boiled for 5 min at 99°C and run on 7.5% SDS-polyacrylamide gel. 

Immunoprecipitations were performed according to standard procedures. 
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After blotting, membranes were incubated in 5% non-fat dry milk (Bio-Rad 

Laboratories) or TBS containing 5% BSA (Sigma-Aldrich Inc.) blocking 

solution for 1 h at room temperature and then with primary antibodies O/N 

at 4°C. After appropriate washes, the membranes were incubated for 1 h at 

room temperature with HRP-conjugated anti-mouse or anti-rabbit 

secondary antibodies (dilution 1:3000) from Bio-Rad Laboratories, or with 

HRP-conjugated donkey anti-goat secondary antibodies (dilution 1:3000) 

from Santa Cruz Biotechnology (Heidelberg, DE). Immunocomplexes were 

detected using the enhanced chemiluminescence kit (ECL) from Thermo 

Fisher Scientific/Life technologies (Rockford, USA); images were scanned 

with Epson Perfection V750 PRO and signal intensity was acquired by 

Cawomat 2000 IR. Primary antibodies (Table 4) were from Millipore 

(Merk Millipore Corporation/Life Science, Darmstadt, DE), R&D Systems, 

Cell Signaling Technology, Santa Cruz Biotechnology, Upstate (Lake 

Placid, USA), Sigma-Aldrich. Anti-RET is a polyclonal antibody raised 

against the tyrosine kinase protein fragment of human RET (Santoro et al. 

1995).  
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Table 4: Antibodies used in this study. 
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 3.5 Phosphorylation studies  
 
 
 φχ cells transfected with EPHA2 wt plasmid were lysed without 

phosphatase inhibitors in EDTA-free JS buffer according to published 

procedure (www.abcam.com; Feng and Irvine 2009). 30 µg of crude 

extracts were treated with 1U/µg of CIP (Calf Intestinal alkaline 

Phosphatase; New England Biolabs, Beverly, USA) for 30 min at 37°C. 

The reaction was stopped by adding loading dye and heating at 99°C for 5 

min before SDS-PAGE. To verify whether RSK kinase was able to 

phosphorylate in vitro EPHA2, 200 ng of recombinant full length active 

RSK1 (R15-10G) from SignalChem (Richmond, USA) was incubated with 

20 ng of EPHA2 GST-tagged cytosolic domain (PV3688) from Thermo 

Fisher Scientific/Life technologies in kinase buffer [25 mM MOPS (pH 

7.2), 12.5 mM β-glycerophosphate, 25 mM MgCl2, 5 mM EGTA, 2 mM 

EDTA, 0.25 mM DTT and 50 µM ATP]. Following 30 °C incubation for 

15 min, the reaction was stopped by 99°C heating in loading dye for 5 min. 

De-phosphorylation was performed directly on the nitrocellulose 

membrane after in vitro phosphorylation reaction. The membrane was 

blocked with 5% BSA in TBS with 0.1% of Triton X-100 for one hour at 

room temperature and then incubated with TBS-1% Triton with or without 

CIP (68 mU/µg) for 30 min in a 37°C water-bath. Membranes were then 

incubated for 1 h with phospho-S897 EPHA2 antibody. For [32P]-ATP 

kinase assay, EPHA2 peptides spanning Serine 897 

(wt:RVSIRLPSTSGSE, S897A:RVSIRLPATSGSE, 

R894K:RVSIKLPSTSGSE, 4A: RVAIRLPSAAGAE) were synthesized by 

PolyPeptide Group Laboratories (Strasbourg, FR). Kinase assay was 

performed using 10 µM of each peptide, 100 nM of RSK1 recombinant 

kinase and 50 µM of [32P]-ATP for 15 min at 30 °C.  
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The reaction was spotted on pre-cut phosphocellulose P81 paper (Merk 

Millipore Corporation/Life Science). After several washes with 1% 

orthophosphoric acid (Carlo Erba), filters were air-dried and subjected to 

Cherenkov counting.  

 

 
 
  3.6 RNA extraction, cDNA synthesis and RT-PCR  
 
 
 For mRNA expression, each cell line was grown to 70% confluency, 

total RNA was extracted with RNeasy mini kit (Qiagen) according to the 

manufacturer’s instructions and quantized with NanoDrop 2000c (Thermo 

Fisher Scientific/Life technologies). RNA (1µg) was reverse transcribed 

(RT) using a high-capacity reverse transcriptase kit (Quantitect Reverse® 

Transcription Kit, Qiagen) according to manufacturer’s instructions. The 

mRNA level (40 ng for each cDNA) of RSK family members in thyroid 

cell lines was measured by semiquantitative RT-PCR assay using 

JumpStart REDTaq ReadyMix PCR (Sigma-Aldrich) according to 

manufacturer's instructions for 30 cycles.  The levels of the housekeeping 

GAPDH transcript were used as a control for equal cDNA loading. The 

thermal protocol was: 94° for 2 min (1 cycle), 94° for 30 sec, 60 ° for 30 

sec, 72° for 2 min (30 cycles), 72° for 5 min (1 cycle); reaction was stopped 

at 4°C. GAPDH was amplified for 25 cycles. PCR products were loaded on 

1% agarose gel, stained with ethidium bromide (0.05 µg/mL), and the 

corresponding image was saved by Bio-Rad Quantity One software 4.5.2 

(Bio-Rad Laboratories).  

To exclude DNA contamination, each PCR reaction was also performed on 

untranscribed RNAs (data not shown).  
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The primers were designed using Primer-BLAST tool (available on 

www.ncbi.nlm.nih.gov) and synthesized by the Ceinge Core Service Unit. 

The sequences of used primers were shown in Table 5. 

 

Table 5: primers sequence. 

 
 
 
 3.7 Cell proliferation assays  
 
 
 8505C cells  (4 x 105) or PC BRAF V600E (8 x 105) were plated in 60-

mm dishes. Cells were then counted 48 or 72 h after plating. Each count 

was performed in triplicate and each point was the mean value of 3 dishes 

with 95% confidence intervals. 

 
 

 
 3.8 Wound healing assay   
  
 
 8505C cells were transfected as indicated and grown for 60 h to form 

cell monolayers (80% confluency). A wound of approximately 300µm 

width was inflicted with a sterile pipette tip. The culture medium was re-

freshed to remove non-adherent cells.  
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Wound closure (healing) was monitored with microphotographs (6X 

magnification) taken with the Leica DM IL light microscope (Leica 

Microsystems, Wetzlar, DE) immediately (t0), 24 (t1) and 48 h (t2) after 

the wound in 5% serum. Experiments were performed in triplicate. 

 

 
 3.9   Statistical analysis   
 
 
Statistical analyses were performed using a paired, two-tailed Student’s t 

test (GraphPad Prism 3.0, GraphPad Software, San Diego, USA), and 

differences were considered to be statistically significant at a value of p 

≤0.05. 
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4. RESULTS 

 
 
 4.1 EPHA2 receptor is phosphorylated at Ser897 in 
thyroid cancer cell lines 

 
  
 Our previous studies, based on a genetic knock-down screening, 

indicated that EPHA2 was essential for thyroid cancer cell proliferation 

(Cantisani et al. 2016). In order to investigate further the role of the EPHA2 in 

thyroid cancer cells, we studied expression and phosphorylation of EPHA2 in a 

small panel of cell lines either harboring RET/PTC1, BRAF V600E or KRAS 

G12R point mutations (see Table 3). Normal follicular thyroid NTHY cells 

were used as control. Figure 8 shows that EPHA2 is robustly expressed in all 

the cancer cell lines tested. Moreover, while phosphorylation on the 

autocatalytic Tyrosine (Y772) was variable and not particularly intense, 

phosphorylation on Ser897 was intense and consistent throughout the cell lines. 

This was particularly interesting considering previous evidence in the literature 

pointing to a specific role of Ser897 phosphorylation in transducing 

trasforming signals in human cancer cell lines (see Introduction).  
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Figure 8. EPHA2 expression and phosphorylation in thyroid cell lines. Serum 

starved indicated cell lines were studied by Western blot analysis with the indicated 

antibodies. Actin was used for protein lysates normalization. 

 

 
 
 Then, to test whether the pSer897 antibody was specific for the 

detection of the EPHA2 Ser897 only when phosphorylated, we treated the 

lysates of embryonic kidney φχ cells transiently transfected with EPHA2 

receptor with Calf Intestinal Phosphatase (CIP) for 30 min and tested the level 

of Ser897 phosphorylation by Western blot analysis. A strong reduction of 

pSer897 reactivity was observed after CIP treatment supporting the specificity 

of the used antibody (Figure 9A). The antibody specificity was further 

confirmed by transfecting φχ cells with expressing vectors containing the wild-

type (wt) or the mutant (S897A) EPHA2. Figure 9B shows that the Alanine to 

Serine replacement impaired the antibody signal, further demonstrating 

antibody specificity.  
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Figure 9. EPHA2 pSer897 antibody test. Reactivity with pSer897 was tested in φχ 

cells transiently transfected with GFP-tagged full-length EPHA2 and treated or not 

with Calf Intestinal Phosphatase (CIP) 1U/µg (A) and in φχ cells transfected with 

GFP-tagged EPHA2 S897A mutant compared to EPHA2 wild-type (wt) (B). CTRL 

refers to mock transfected cells. Tubulin was used for normalization. 

 
 
 
 Then, we tested by Western blot the levels of the phoshorylated Ser897 

in an expanded panel of human thyroid cancer cell lines (see Table 2 and 

Table 3): BCPAP, SW1736 and OCUT-1 (harboring BRAF V600E) and 

CAL62 (harboring KRAS G12R) as well as NTHY as control. Both papillary 

(TPC1 and BCPAP) and anaplastic (8505C, SW1736, OCUT-1, CAL62) 

thyroid cell lines featured highly levels of phosphorylated Ser897 compared to 

control (Figure 10A). Noteworthy, some of the cell lines tested featured 

activating mutation (V600E) in a pure MAPK driver (BRAF) and, accordingly, 

robust and consistent phosphorylation in MEK and ERK suggesting a role of 

MAPK pathway in sustaining Ser897 phosphorylation in addition to AKT, a 

kinase that has been proposed as one of the kinases able to mediate Ser897 

phosphorylation in glioma cells (Miao et al. 2009). 
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 To confirm these findings, we used the rat-derived PC thyroid follicular 

cell line adoptively expressing Myc-tagged versions of RET/PTC1, a MAPK 

and AKT driver, or BRAF V600E, a pure MAPK driver. According to the 

capability of MAPK of stimulating EPHA2 expression (Macrae et al. 2005), 

PC-RET/PTC1 and -BRAF cells expressed high levels of EPHA2 with respect 

to parental cells. Moreover, phosphorylation at Ser897 residue was strong in 

both cell lines (Figure 10B). 

 

 
 

Figure 10. EPHA2 expression and Ser897 phosphorylation in thyroid cancer 

cells. A) The indicated thyroid cells were serum starved O/N and 15 µg of cellular 

extracts were immunoblotted with pSer897 and total EPHA2 antibodies. 

Phosphorylation of MEK (S217/S221), ERK (T202/Y204), AKT (S473) was explored 

with phosphospecific antibodies; B) Whole cell lysates (WCL) of parental PC cells 

and PC cells stably transfected with RET/PTC1 or BRAF V600E, were subjected to 

Western blot analysis for pSer897 and total EPHA2. 500 µg of cell lysates were 

immunoprecipitated (IP) with anti-tag Myc antibody and immunoblotted with pY1062 

RET (RET/PTC1) or BRAF antibodies. Tubulin levels were measured for 

normalization. These experiments are repeated at least three times. 
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 To dissociate the influence of RET/PTC-mediated EPHA2 upregulation 

from its increased phosphorylation on Ser897, a short term experiment was 

performed by using a conditional model represented by PC cells stably 

expressing another type of RET/PTC fusion (RET/PTC3 variant, e.g. the 

NCOA4-RET fusion) in a Doxycycline-inducible manner (Knauf et al. 2003). 

In this experiment, RET/PTC3 up-regulation upon Doxycyline treatment 

resulted in a gradual and time-dependent increase of Ser897 phosphorylation, 

while EPHA2 expression levels did not change significantly a these time 

points. In parallel, RET/PTC3 induced an early (12h-48h) MEK/MAPK and 

AKT activation, and a delayed (48h) activation of p90RSK, a downstream 

effector of MAPK (see below); p90RSK activation nicely paralleled S897 

phosphorylation (see below) (Figure 11). Doxycycline wash-out decreased 

MEK, MAPK and AKT phosphorylation while Ser897 and p90RSK 

phosphorylation persisted for at least 48h upon the wash-out.  
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Figure 11. EPHA2 pSer897 induction in RET/PTC3 cells. PC cells stably 

expressing a conditional RET/PTC3 construct were stimulated with 1 µg/mL 

Doxycycline in low serum conditions (1%) for the indicated time points; after 48h 

stimulation, Doxycycline was washed-out (WO) for 24 or 48h and cell lysates were 

subjected to Western blot analysis with the indicated antibodies; tubulin was used for 

normalization. These figures are representative of three different experiments. 
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 4.2 EPHA2 Ser897 phosphorylation correlates with 

 oncogene activation in thyroid cancer cell lines 

 
 
 We tested whether the pharmacological inhibition of RET and BRAF in 

cell lines expressing these activated oncogenes was able to reduce levels of 

pSer897 EPHA2. Thus, TPC1 and 8505C cells were treated for 1h with the 

indicated doses of the kinase inhibitors ZD6474 (a RET inhibitor) or PLX4032 

(a BRAF inhibitor), respectively. As shown in Figure 12A, both inhibitors 

were able to inhibit their own targets in a dose-dependent manner (as 

demonstrated by the reduced phosphorylation levels of RET, AKT, MEK and 

MAPK in the case of ZD6474, or MEK and MAPK in the case of PLX4032). 

Importantly, in parallel to MAPK pathway inhibition, both the compounds 

strongly reduced the phosphorylation of EPHA2 at Ser897; this suggested that 

a kinase in the MAPK cascade could be involved in Ser897 phosphorylation.  

 Therefore, we examined the aminoacid sequence surrounding Ser897. 

We found that Ser897 is embedded in the consensus sequence for the 

phosphorylation mediated by AGC (PKA, PKG, PKC) family kinases (Pearce 

et al. 2010). EPHA2 in particular bears a RLPS(897) sequence, with an 

Arginine residue at position -3 relative to Ser897 (Figure 12B). Accordingly, 

in thyroid cancer cells EPHA2 protein, pulled-down with recombinant EFNA1 

ligand, was recognized by a phospho-specific antibody targeting the RXXpS/T 

sequence (containing an Arginine at position -3), but not by an antibody 

targeting the RXRXXpS/T sequence (requiring also an Arginine at position -5) 

used as a control (Figure 12C). Of note, one member of the AGC family 

kinases is p90 ribosomal S6 kinase (p90RSK) is a well-known effector of the 

MAPK signaling cascade (Galan et al. 2014).  
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Indeed, p90RSK contains an effector N-terminal (NTKD) kinase domain that 

belongs to the AGC family. NTKD is linked to a C-terminal (CTKD) 

regulatory kinase domain, that instead belongs to the CaMK family (Romeo et 

al. 2012). NTKD phosphorylates substrates containing the RXXS/T consensus 

(Galan et al. 2014; Moritz et al. 2014). In details, ERKs initiate p90RSK 

activation via phosphorylation of CTKD on T573; in turn, CTKD 

phosphorylates S380 within the linker region and this primes NTKD for final 

activation mediated by PDK1 (Romeo et al. 2012). Noteworthy, p90RSK has 

been recently demonstrated to be able to phosphorylate EPHA2 on Ser897 

(Zhou et al. 2015).  
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Figure 12. EPHA2 Ser897 as a MAPK pathway target.  A) TPC1 and 8505C cells 

were treated for 1h with ZD6474 or PLX4032 at the indicated doses, and lysates were 

immunoblotted with the indicated antibodies; B) Ser897 of EPHA2 is embedded in a 

p90RSK kinase (N-terminal kinase domain: NTKD) consensus sequence; in the 

reported WebLOGO representation, bits on the ordinate axis show the relative 

relevance of the conserved aminoacids (Galan et al. 2014); C) NTHY, TPC1 and 

8505C cells underwent pull-down assay with EphrinA1-Fc; upon SDS-PAGE, the 

indicated antibodies recognizing phosphorylated RXXS/T or RXRXXS/T sequences, 

or pSer897 and EPHA2 were used. Tubulin was used as loading control (WCL). These 

experiments are repeated at least three times. 
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 4.3 p90RSK inhibition attenuates EPHA2 Ser897 

 phosphorylation in thyroid cancer cell lines 

 
 
 To dissect the signaling cascade involved in EPHA2 Ser897 

phosphorylation, RET/PTC1-positive TPC1 cells and BRAF V600E-positive 

8505C cells were treated with the ATP-competitive RET (ZD6474) or BRAF 

(PLX4032) kinase inhibitors, respectively, as well as with MEK (UO126), 

NTKD RSK (BI-D1870), or PI3K (Wortmannin) inhibitors. As expected, in 

TPC1 cells, treatment with ZD6474 abrogated the phosphorylation of the 

MAPK signaling cascade effectors (RET, MEK, MAPK, p90RSK) (Santoro 

and Carlomagno 2013), as well as effectors of the PI3K/AKT signaling 

pathway (AKT). Phosphorylation of YB1 and PRAS40 was also studied since 

YB1 is a well-known substrate of both AKT and p90RSK and PRAS40 is an 

AKT substrate (Davies et al. 2015; Wang et al. 2012). In these cells, RET 

inhibition attenuated Ser897 phosphorylation, suggesting that both MAPK and 

AKT signaling pathways concurred in the EPHA2 phosphorylation (Figure 13, 

left panel). Accordingly, in these cells both UO126 and Wortmannin treatments 

caused a significant de-phosphorylation of Ser897 (though it should be noted 

that Wortmannin also caused a reduced phosphorylation of MEK). Differently, 

in 8505C cells, PLX4032 treatment abrogated the phosphorylation of MEK, 

MAPK, p90RSK and YB1, but not AKT or PRAS40, suggesting that, in these 

cells driven by a BRAF mutation, only the MAPK pathway is involved in 

EPHA2 phosphorylation on Ser897; accordingly, Wortmannin had virtually no 

effect on Ser897 phosphorylation (Figure 13, right panel). Importantly, in both 

cell lines treatment with the p90RSK (NTKD) inhibitor (BI-D1870) strongly 

decreased Ser897 phosphorylation, in parallel to YB1 dephosphorylation 

(Figure 13). 
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Figure 13. Modulation of Ser897 EPHA2 phosphorylation in thyroid cell lines by 

different chemical inhibitors: Protein lysates (15 µg) were harvested from TPC1 or 

8505C cells treated in low serum condition with indicated doses of ZD6474, 

PLX4032, UO126, BI-D1870 or Wortmannin (Wort) for 1h. Western blots were 

probed with the indicated antibodies. Tubulin was used as loading control. These 

figures are representative of three independent experiments. 
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 Similarly, in PC-RET/PTC1 or PC-BRAF cell lines, the inhibition of 

RET and BRAF, respectively, induced a reduction of pSer897 levels, whereas 

the PI3K inhibitor Wortmannin, did not. In particular, despite the efficient 

AKT inhibition, Wortmannin showed only a modest effect on the 

phosphorylation of Ser897 in PC-RET/PTC1 and even a more modest effect in 

PC-BRAF cells (Figure 14). 

 

 
 
 
Figure 14. Modulation of Ser897 EPHA2 phosphorylation in thyroid cell lines by 

different chemical inhibitors: Protein lysates (15 µg) were harvested from 

RET/PTC1 or BRAF V600E expressing PC cells treated in low serum condition with 

indicated doses of ZD6474, PLX4032, UO126, BI-D1870 or Wortmannin (Wort) for 

1h. Western blots were probed with the indicated antibodies. The asterisk (*) indicates 

an aspecific faster migrating band identified by the p90RSK antibody. Tubulin was 

used as loading control. These figures are representative of three independent 

experiments. 
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 Finally, in agreement with these findings, BRAF, MEK and p90RSK 

inhibition in additional thyroid carcinoma cell lines (BCPAP and SW1736 

carrying BRAF V600E and CAL62 carrying KRAS G12R see Table 3) was 

able to blunt pSer897 levels, whereas Wortmannin had negligible effect 

(Figure 15). Noteworthy, in CAL62 cells, as previously described (Heidorn et 

al. 2010), BRAF inhibition caused a paradoxical activation of the MAPK 

signaling cascade rather than inhibition, probably due to the formation of active 

RAF dimers in a RAS-dependent manner; consistently, this was associated to 

increased EPHA2 pSer897 levels (Figure 15, right-end panel).  
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Figure 15. Modulation of Ser897 EPHA2 phosphorylation in a panel of thyroid 

cancer cell lines. BCPAP, SW1736 and CAL62 cells were treated with indicated 

doses of PLX4032, UO126, BI-D1870 and Wortmannin (Wort) for 1h. Drug 

treatments were performed in low serum for 1h; protein lysates were immunoblotted 

with antibodies recognizing MEK/MAPK/p90RSK pathway components (pMEK, 

pMAPK, p90RSK, pYB1) as well as AKT pathway (pAKT, pPRAS40). Levels of 

EPHA2 and pSer897 EPHA2 were tested. Tubulin was used as loading control. These 

images are representative of three independent experiments.  

 
 
 Altogether, these data showed that, in BRAF transformed cells, EPHA2 

phosphorylation at Ser897 is sustained by MAPK signaling and in particular by 

p90RSK. In RET mutant thyroid cancer cells, PI3K pathway, together with the 

MAPK pathway, may concur to mediate Ser897 phosphorylation. However, 

cell treatment with MK2206, an AKT kinase inhibitor, failed to significantly 

downmodulate Ser897 phosphorylation (data not shown) pointing against a 

crucial role of AKT in this process. 
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 4.4 p90RSK induces EPHA2 Ser897 phosphorylation 

 
 
 The above reported findings pointed to a role of MAPK system in 

EPHA2 Ser897 phosphorylation. Thus, in order to formally identify the kinase 

able to mediate EPHA2 Ser897 phosphorylation, we transfected φχ cells with 

active forms of AKT (Myr-AKT), MEK (HA-tagged MEKEE) or RSK1 (Myr-

RSK1). The full-length GFP-tagged EPHA2 and GFP alone were used 

respectively as controls, respectively. Transfection with either AKT or MEK 

and RSK induced a modest increase of endogenous EPHA2 expression. 

Besides that, it was important to observe that Myr-RSK1 expression was able 

to induce a strong potentiation of Ser897 phosphorylation. AKT and MEK 

were clearly weaker that RSK at inducing such a phosphorylation despite 

enhancing their signaling (pAKT on S473 and pERK on T202/Y204, 

respectively). It is possible that the weak activity of MEK in this system is due 

to low levels of endogenous RSK expressed in the used cell type (Figure 16). 

 
 

 
 



 

 69 

 

 
 

 
Figure 16. EPHA2 and pSer897 induction. φχ cells were transiently transfected with 

GFP, GFP-EPHA2, Myr-AKT, HA-MEK-EE or Myr-RSK1 plasmids. Cell lysates (50 

µg) were starved O/N after transfection and subjected to Western blotting with the 

indicated antibodies; tubulin was used for normalization. These figures are 

representative of three different experiments. 
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Results showed that the simultaneous knock-down of both p90RSK1 and 2 

significantly reduced phosphorylation of EPHA2 Ser897 as well as of YB1, a 

bona fide p90RSK substrate, while knock-down of either p90RSK1 or 

p90RSK2 alone did not significantly affect EPHA2 phosphorylation (Figure 

17). It has been previously reported that RSK1 and 2 play redundant functions 

and that therefore it is required to knock-down both to achieve a significant 

effect (Torchiaro et al. 2015). 

 

 
 
Figure 17. p90RSK as a EPHA2 Ser897 kinase. A) The mRNA levels of p90RSK1-

4 were tested by semiquantitative RT-PCR in the indicated cell lines. GAPDH was 

used for normalization; B) Silencing of endogenous EPHA2, p90RSK1, p90RSK2 or 

combination thereof was obtained by indicated siRNA (25 nM) transfection in 8505C 

cells; 48h after transfection, cells were lysed and analyzed by Western blot with 

indicated antibodies. Tubulin was used as internal control. These figures are 

representative of three different experiments. 
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 Finally, we sought to obtain the formal proof that RSK was a Ser897 

kinase. To this aim, we performed an in vitro kinase assay by using full-length 

GST-tagged recombinant p90RSK1, as a kinase, and the cytoplasmic EPHA2 

(cEPHA2) domain, as a substrate. As shown in Figure 18, when incubated 

alone, cEPHA2 showed a detectable level of reactivity with the pSer897 

antibody that reflected a baseline level of Ser897 phosphorylation as 

demonstrated by the knock down of the signal upon incubation with CIP. 

Importantly, the incubation with p90RSK1 strongly increased Ser897 

phosphorylation; again this signal was almost completely abolished upon CIP 

treatment (Figure 18). 

 

 
 
 

Figure 18. p90RSK phosphorylates EPHA2 on Ser897 in vitro. Recombinant 

GST-tagged EPHA2 cytosolic domain (amino acids 560-976) was incubated alone or 

with GST-tagged full-length p90RSK for 15 min at 30 °C in kinase buffer. The assay 

reaction was splitted in two tubes and, after SDS-PAGE, the resulting membranes 

were blocked in TBS-BSA 0.1% for 1h, and subjected or not to CIP treatment (68 

mU/µg, 1h, 37°C) before immunoblotting with pSer897 EPHA2, total EPHA2 or 

p90RSK antibodies. 
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 To confirm these findings and to finely map the phosphorylation target 

sequence, we generated minimal EPHA2 peptides either containing the wild 

type sequence spanning Ser897 (wt), the replacement of S897 with the non-

phosphorylatable Alanine residue (S897A), or all the 4 Serine/Threonine 

residues substituted by Alanine residues (4S/T→A). A peptide where the 

RXXpS consensus sequence was disrupted by replacing the Arginine at 

position -3 with a Lysine residue (R894K) was also used. Then, we tested in 

vitro the capability of recombinant p90RSK of inducing detectable 

phopshorylatio of these peptides. Incubation with p90RSK and γ-32P ATP 

induced a robust incorporation of 32P in the wt peptide but not in its mutated 

versions. These data indicated that p90RSK is able to phosphorylate a EPHA2 

peptide containing S897, that this phosphorylation depends on the integrity of 

S897 and finally that it depends on the presence of a consensus sequence 

(Arginine at position -3) for the phosphorylation mediated by the N-terminal 

p90RSK kinase domain (NTKD) (Figure 19). 

 Altogether, these findings proved that p90RSK is able to phosphorylate 

Ser897 both in intact cells as well as in vitro. 
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Figure 19. p90RSK phosphorylates EPHA2 peptides on Ser897 in vitro. 

Recombinant p90RSK1 (100 ng) was incubated with the indicated EPHA2 

synthetic peptides (wild-type, S897A mutant, R894K mutant, and 4S/TA 

mutant) in the presence of γ-32P ATP for 15 min at 30°C. Peptides were spotted 

onto P81 filters, and the incorporation of 32P was measured by Cherenkov counting 

and reported as counts per minute (CPM). Data shown are the mean ± SD of three 

independent experiments. 
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4.5 Ser897 phosphorylation of EPHA2 regulates growth 

of thyroid cancer cells  

 
 
 To explore the significance of EPHA2 phosphorylation on Ser897 in 

thyroid cancer cells, we performed a siRNA-based EPHA2 knock-down 

combined with EPHA2 rescue in human 8505C and in rat PC-BRAF cells. As 

shown in Figures 20 and 21, EPHA2 silencing reduced number of both cell 

types compared to control siRNA transfected cells. The co-transfection with a 

GFP-tagged EPHA2 construct was able to rescue number of cells in both cases; 

rescued levels of EPHA2 were confirmed by the immunoblot experiment 

reported in Figure 22. More importantly, a non-phosphorylatable S897A 

mutant version of EPHA2 was virtually inactive in this assay in both cell lines 

(Figure 20-21). In the case of 8505C cells both Trypan-blue exclusion assay 

and dosage of PARP cleavage indicated that effects of EPHA2 silencing were 

cytostatic neither than apoptotic (data not shown). 
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Figure 20. Effects of EPHA2 silencing on growth of 8505C thyroid cells. EPHA2 

expression was knocked-down by siRNA transfection in 8505C cells. Control siRNA 

(siCTRL) was used as negative control. Upon 36h of silencing, rescue of EPHA2 

expression was obtained upon transfection with wild-type (wt) or S897A mutant 

(S897A) EPHA2. 36h after rescue, cells were counted and reported as the average 

values of triplicate dishes ± SD. These data are representative of three independent 

experiments. 
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Figure 21. Effects of EPHA2 silencing on growth of BRAF V600E expressing PC 

thyroid cells. EPHA2 expression was knocked-down by siRNA transfection in PC-

BRAF V600E cells. Control siRNA (siCTRL) was used as negative control. Upon 36h 

of silencing, rescue of EPHA2 expression was obtained upon transfection with wild-

type (wt) or S897A mutant (S897A) EPHA2. 36h after rescue, cells were counted and 

reported as the average values of triplicate dishes ± SD. These data are representative 

of three independent experiments. 
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Figure 22. EPHA2 silencing in BRAF mutant thyroid cells. 8505C (A) or PC-

BRAF V600E (B) were treated as shown in Figures 20-21. Upon 36h of silencing, 

rescue of EPHA2 expression was obtained upon transfection with wild-type (wt) or 

S897A mutant (S897A) EPHA2. 36h after rescue, cells were lysated and 

immunoblotted with indicated antibodies. Tubulin or actin were used for 

normalizzation. These experiments were performed at least three times. 

 

 

 

 4.6 Ser897 phosphorylation of EPHA2 regulates motility 

 of thyroid cancer cells  
 
 
 As previously demonstrated by Miao and coworkers (2009 and 2015) 

and, more recently, by Zhou and coworkers (2015), Ser897 phosphorylation of 

EPHA2 regulates cancer cell migration and invasion. We therefore tested 

whether this applied also to thyroid cancer cells.  

siC
TRL +

 G
FP 

siE
PHA2 +

 G
FP 

siE
PHA2 +

 E
PHA2 w

t 

EPHA2 w
t 

siE
PHA2 +

 E
PHA2 S

897A 

EPHA2 S
897A 

tubulin 

pMAPK 

EPHA2 

pSer897 EPHA2 

8505C 

A 

siC
TRL +

 G
FP 

siE
PHA2 +

 G
FP 

siE
PHA2 +

 E
PHA2 w

t 

EPHA2 S
897A 

actin 

pMAPK 

EPHA2 

pSer897 EPHA2 

EPHA2 w
t 

PC-BRAF V600E 

B 

siE
PHA2 +

 E
PHA2 S

897A 



 

 78 

siRNA-mediated knock-down of EPHA2 reduced the ability of 8505C cells to 

close an artificial wound, while transfection with wt EPHA2, but not with the 

S897A mutant, was able to restore the ability of closing the scratch (Figure 

23).   

 

 
 

Figure 23. Effects of EPHA2 silencing on in vitro migration of 8505C cells. 

Wounds of about 300 µM width were inflicted to monolayers of 8505C cell cultures 

treated (EPHA2 knock-down followed by EPHA2 transfections) as in Figures 20 and 

22. Wound closure was measured after 24 (t1) and 48 (t2) h. The vertical dotted lines 

indicate the margins of wound. Representative micrographs are shown: magnification 

= 6X. These figures are representative of at least three independent assays. 
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 5.  DISCUSSION 

 
 
5.1 Role of EPHA2 phosphorylation on Serine 897 in 

thyroid neoplastic transformation 

 
 Here we have explored role of EPHA2 in thyroid carcinogenesis. Our 

interest in studying EPHA2 was prompted by a previous screening conducted 

in our laboratory to identify protein kinases involved in thyroid cancer cell 

viability (Cantisani et al. 2016). In this screening, we used a library of synthetic 

siRNAs targeting the 518 human protein kinases and we tested the capability of 

the individual siRNAs of blunting viability of the RET/PTC1-positive human 

papillary thyroid carcinoma TPC1 cell line (Table 3). Silencing of about 50 

genes reduced TPC1 cell viability. Then, the number of positive hits was 

reduced to 14 based on subsequent validation experiments involving the 

identification of the most potent siRNAs (able to reduce cell viability by at 

least 30%), through the use of control siRNAs, and the use of a control cell line 

(NTHY). Proliferation of additional thyroid cancer cell lines (BCPAP, 8505C 

and CAL62 cell lines) with different histotypes and different complements of 

genetic lesions with respect to TPC1 (BCPAP and 8505C cells are positive for 

BRAF V600E, CAL62 are positive for KRAS G12R) (Table 3) was also 

inhibited by virtually all 14 antiproliferative hits. The 14 hits included EPH 

receptors (EPHA2, EPHA7, EPHB2, EPHB6), SRC family kinases (FYN, 

HCK), kinases of the p38 and JNK signaling cascades (MAP3K7IP1, 

MAPKAPK2 and PKN1) or of the PI3K/mTOR (AKT2) or the PKA/cyclic 

AMP pathway (PRKACB) [Cantisani et al. 2016].  
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Among these hits, we foused in particular on EPHA2 based on previous 

evidence supporting the role of this receptor in different human cancer types, 

including thyroid carcinoma (see below). 

 Data discussed in this Dissertation show that EPHA2 is strongly 

expressed in a panel of human thyroid carcinoma cells lines deriving from both 

RET/PTC1- or BRAF V600E-positive papillary thyroid carcinomas or BRAF- 

or KRAS G12R-positive anaplastic thyroid carcinomas. In these cell lines, 

EPHA2 is robustly phosphorylated on Ser897. RNAi-based silencing 

experiments confirmed the role of EPHA2 in thyroid cancer cells proliferation 

and motility and rescue experiments with wild-type and S897A mutant EPHA2 

showed that Ser897 is essential for these oncogenic effects. Transfection of rat 

thyroid PC cells with BRAF V600E and RET/PTC variants confirmed the 

capability of the two oncogenes of inducing expression and Ser897 

phosphorylation of EPHA2. Use of a Doxycycline-inducible PC-RET/PTC3 

model showed, in a time-course experiment, that oncogene expression was 

directly linked to Ser897 phosphorylation. Phosphorylation on Ser897 was 

impaired by chemical inhibitors of the driving oncoprotein (RET/PTC1 in the 

TPC1 and BRAF V600E in the 8505C cell lines, respectively) and by 

inhibitors of the MAPK (MEK) pathway. Since Ser897 is embedded in a 

consensus sequence (Arginine at position -3 with respect to the 

phosphorylatable residue) for the phosphorylation mediated by AGC family 

Serine/Threonine kinases, we hypothesized that a member of this family that 

was involved in the MAPK cascade could be directly or indirectly involved in 

EPHA2 Ser897 phosphorylation and pointed to ribosomal S6 kinase p90 

(p90RSK) as a reasonable candidate.  
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Accordingly, both p90RSK1 and p90RSK2 were consistently expressed in 

thyroid carcinoma cells and a chemical inhibitor of p90RSKs (BI-D1870) was 

able to reduce phospho-Ser897 content of EPHA2. Similarly, p90RSK1 

overexpression in ϕχ cells increased Ser897 phosphorylation, confirming again 

that, directly or indirectly, p90RSK was able to phosphorylate EPHA2 on 

Ser897. Finally, an in vitro kinase assay using the cytosolic EPHA2 domain as 

a substrate showed that recombinant p90RSK1 was able to increase reactivity 

with a specific phospho-Ser897 antibody and another in vitro kinase assay 

using as substrate peptides spanning the EPHA2 sequence containing S897 

proved that p90RSK1 was able to directly phosphorylate Ser897; such a 

phosphorylation required the Arginine residue at position -3 with respect to 

Ser897, consistent with the substrate selectivity of p90RSK. However, while in 

BRAF-mutant thyroid cancer cells p90RSK is the dominant Ser897 EPHA2 

kinase, a role of AKT in RET/PTC-positive cells can also be envisaged. 

 Our findings are consistent with previously published observations. In 

particular, Miao and coworkers showed that while EFNA1-mediated RTK 

activation of EPHA2 blunted migration of glioma and prostate cancer cells. 

Ser897 phosphorylation mediated by AKT promoted in an EFNA1-

independent and RTK-independent manner cell migration, multiple growth 

factors (EGF, FGF, PDGF, HGF) stimulated Ser897 phosphorylation and this 

event in human glioma samples correlated with tumor grade (Miao et al. 2009). 

Mechanistically, Ser897-mediated and EFN- and RTK-independent EPHA2 

activity promoted invasiveness and stem cell properties of multiple glioma cell 

lines (Miao et al. 2015). Of note AKT is part of the AGC family kinases as 

well as p90RSK and the two kinases share a common consensus sequence for 

phosphorylation (see below) [Mendoza et al. 2011]. More recently, Zhou and 

coworkers reported that TNF-α induced Ser897 phosphorylation of EPHA2, 

while EFNA1 induced its phosophorylation on Y588 in HeLa cells.  
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Moreover, similar to our findings p90RSK was able to directly phosphorylate 

Ser897 and this mediated motility of breast cancer cells as demonstrated by the 

use of p90RSK siRNAs as well as chemical inhibitor BI-D1870. Finally, the 

p90RSK-EPHA2 Ser897 pathway was found constitutively active also in 

BRAF or NRAS mutant melanoma cell lines (Zhou et al. 2015). 

 

 

5.2 Role of EPHA2 in cancer 

 
 EPHA2 is a member of the A family of EPH receptors and it is the 

EPHA subtype most commonly involved in human cancer.  

 Physiological role of EPHA2 seems to be mainly related to regulation 

of cell-to-cell interactions, based on its capability of regulating components of 

tight and adherens junctions (Miao et al. 2009). In mice, the only two 

phenotypes related to EPHA2 ablation are the presence of a kinked tail and 

cataract. Interestingly, EPHA2 (at chromosome 1p36) rare genetic variants 

have been found to exert a strong linkage with cataract occurrence in 

Caucasians. One of these variants, Arg721Gln increases basal kinase activity of 

EPHA2 (Jun et al. 2009).  

 While its role in development is still poorly understood, EPHA2 has a 

strong association with cancer. EPHA2 is rarely mutated but it is frequently 

overexpressed in carcinomas of the breast, lung, and several other cancer types 

(Amato et al. 2014; Brantley-Sieders et al. 2008; Hafaner et al. 2006; Hatano et 

al. 2005; Herath et al. 2006; Kinch et al. 2003; Miyazaki et al. 2003; Nakamura 

et al. 2005; Walker-Daniels et al. 1999; Xu et al. 2014; Zelinski et al. 2001).  
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 In particular, EPHA2 has been involved in thyroid carcinoma (Lisabeth 

et al. 2013). In an immunohistochemistry-based screening, EPHA2 was 

demonstrated to be upregulated in papillary carcinomas (Karidis et al. 2011) 

and it was essential for invasion of the FTC-238 and FTC-133 thyroid cancer 

cell lines (O'Malley et al. 2012).  

 In non-small cell lung carcinomas (NSCLC), EPHA2 was associated to 

poor outcome and its genetic disruption in model of KRAS-induced NSCLC 

impaired tumor growth. In vitro EPHA2 knock-down reduced growth and 

survival of NSCLC cell lines and the EPHA2 ATP-competitive kinase inhibitor 

ALW-II-41-27 reduced tumorigenicity in a NSCLC xenograft model (Amato et 

al. 2014). More recently, EPHA2 inhibition by ALW-II-41-27 was also 

demonstrated to be able to overcome resistance of NSCLC cell lines to the 

EGFR TKIs erlotininb or AZD9291 (Amato et al. 2016).  

 In mammary carcinomas, EPHA2 has been reported to be ovrexpressed 

in aggressive subtypes featuring a poor prognosis. Moreover, EPHA2 ablation 

reduced initiation and metastatic progression of mammary carcinomas in 

MMTV-ERBB2 transgenic mice. Accordingly, EPHA2 formed a protein 

complex ERBB2 and enhanced activation of RAS/MAPK and Rho pathways 

(Brantley-Sieders et al. 2008). 

 In melanomas, EPHA2 was recently reported to be involved in 

resistance and adaptation to BRAF/MEK kinase inhibitors. Chronic exposure 

to BRAF inhibitors caused upregulation of EPHA2 and of its phosphorylation 

on Ser897 accompanied by increased cell invasion and reduced expression of 

EFNA1 ligand (Paraiso et al. 2010).  
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Similarly, in melanoma cell lines that developed resistance to BRAF chemical 

inhibition as well as in tumor specimens from patients who relapsed upon 

BRAF inhibitor treatment, EPHA2 was found overexpressed and hyper-

phosphorylated on Ser897 and treatment with ALW-II-41-27 EPHA2 TKI was 

able to suppress BRAF inhibitor-resistant melanoma cells (Miao et al. 2014) 

 Finally, knock-out mice showed that EPHA2 was dispensable for 

normal hematopoiesis as well as for acute myleoid leukemias initiated by the 

MLL-AF9 oncogene, however radiolabeled anti-EPHA2 monoclonal 

antibodies blocked leukemogenesis in experimental mice (Charmsaz et al. 

2015) 

 Accordingly, EPHA2 has been considered as a promising molecular 

target for cancer treatment and various tools are being explored to hit EPHA2 

in different cancer types, including EPHA2 monoclonal antibody, polyspecific 

antibodies designed to target different EPH simultaneously, soluble or 

endotoxin-conjugated EFNA1, small molecule tyrosine kinase inhibitors (such 

as ALW-II-41-27), gold- or polyethylene glycol (PEG)-coated EFNA1 

nanoschells, human adenoviruses engineering with EFA1 extracellular domain 

or with EFNA1 mimetic homing peptide (YSAYPDSVPMMSK named YSA), 

functionalized YSA-nanocarriers for drug delivery (www.clinicaltrials.gov; 

Guo et al. 2015; Tandon et al. 2011; Ozcan et al. 2015). Moreover, some 

studies have tested the combination of EPHA2-targeting therapies with 

chemotherapeutics or other targeted therapies, such as combination of EPHA2-

antibody and paclitaxel in ovarian tumors, EPHA2 siRNA with FAK or Src 

siRNAs, EPHA2 antibody with tamoxifen, EPHA2 inhibitors and gemcitabine 

in pancreatic cancer (Koch et al. 2015; Amato et al. 2016; Quinn et al. 2016). 
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5.3 Role of MAPK signaling cascade in thyroid cancer 

 
 Thyroid cancer genome is dominated by lesions targeting the MAPK 

signaling cascade (Nikiforov et al. 2011; Xing, 2013; Xing et al. 2013; Wells 

and Santoro 2014) (Figure 24). This pathway is initiated by the activation of a 

transmembrane receptor, typically a growth factor tyrosine kinase receptor 

(RTK), at the plasmamembrane level. This is followed by SOS exchange factor 

recruitment to the inner side of the membrane and by GTP-for GDP exchange 

on membrane-bound RAS family p21 small GTPases. GTP-p21RAS in turn 

mediates dimerization and activation of RAF family Serine/Threonine kinases 

(ARAF, BRAF, CRAF) that in turn phosphorylate and activate MEK1/2 at 

positions 217 and 221 in the activation loop. Activated MEKs dually 

phosphorylate p44 and p42 ERKs (MAPK) at Threonine 202 and Tyrosine 204, 

which results in ERK activation. Once active, ERKs can either directly or 

indirectly through additional kinases mediate the phosphorylation and 

activation of transcription factors, including ELK1, MYC, STAT1, thereby 

promoting multiple cell responses (Mendoza et al. 2011; Pearce et al. 2010). 

 p90RSK family kinases (p90RSK1-4) are prototypic effectors of the 

MAPK signaling cascade. p90RSK is composed of a regulatory C-terminal 

kinase domain (CTKD) that belongs to the calmodulin dependent kinase family 

and an effector N-terminal kinase domain (NTKD) that belongs to the AGC 

kinase family separated by a linker region. ERKs mediate phosphorylation of 

the p90RSK C-terminal kinase domain (CTKD) on Thr573, and of linker 

region on Thr359 and Ser363. This initiates a sequence of events leading to 

phosphorylation of the linker on Ser380 by the CTKD and of the NTKD on 

Ser221 by PDK1 finally resulting in the activation of the NTKD (Moritz et al. 

2010; Romeo et al. 2012; Galan et al. 2014). 
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 MAPK is a prototypical oncogenic signaling pathway; several evidence 

points to a role of p90RSKs, in particular, in cancer. p90RSK is overexpressed 

in lung cancer where it has been considered a suitable therapeutic target 

(Poomakkoth et al. 2016). p90RSK1 is involved in prostate cancer cell growth 

and metastatization (Yu et al. 2015). p90RSK inhibition was found to impair 

selectively anchorage-independent growth of several tumor cell types 

(Aronchik et al. 2014). p90RSK was involved in squamous cell carcinomas by 

increasing MYC expression and cell invasion (Degen et al. 2013). Finally, 

p90RSK was involved in BRAF-mediated melanoma cell growth (Romeo et al. 

2013) and in breast cancer stem cell maintenance and trastuzumab resistance 

via the phosphorylation of YB1 (Stratford et al. 2012; Astanehe et al. 2012) 

 The various subtypes of thyroid cancer are typically associated to 

oncogenic conversion of MAPK, with MTC frequently harboring RET or RAS 

mutations, PTC associated to RAS (FV-PTC) or BRAF V600E (or other less 

common BRAF lesions) and RET or other RTKs lesions (CV-PTC), FTC 

harboring in about half of the cases RAS mutations, and finally ATC 

commonly harboring either RAS or BRAF lesions (Nikiforov et al. 2011; Xing 

et al. 2013; Wells and Santoro 2014). Importantly, p90RSK has been found 

consistently phosphorylated in human papillary thyroid cancer samples, in 

particular in RAS-mutant PTCs (Cancer Genome Atlas, 2014). 
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Figure 24. MAPK pathway activation mediates EPHA2 Ser897 phosphorylation 

through p90RSK in thyroid cancer cells. 
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6. CONCLUSIONS 

 

 
 Mechanisms through which p90RSKs can contribute to neoplastic 

transformation are diverse. In some cases, oncogenic activity of p90RSK has 

been demonstrated to be mediated by activation of specific transcription 

factors, such as YB1 (Shiota et al. 2014). In other cases, p90RSK has been 

involved in overcoming DNA damage checkpoint arrest through 

phosphorylation of MRE11 and CHEK1 (Chen et al. 2013; Ray-David et al. 

2013). p90RSKs are able to blunt apoptosis via phosphorylation of APAF1 

(Kim et al. 2012). Finally, p90RSKs are able to promote cell growth via 

phosphorylation of CDC25 isoforms (Wu et al. 2014). Moreover, the notion 

that p90RSK is able through phosphorylation of modulating the activity of 

membrane proteins is not unprecedented. For instance, p90RSK is able to 

phosphorylate β4-integrin on T1736 thus reducing adhesion through 

hemidesmosomes (Te Molder et al. 2015)  

 In this context, the mechanism through which p90RSK-mediated 

Ser897 phosphorylation of EPHA2 functions in thyroid cancer is still unclear. 

Two possible mechanisms can be conceived.  

 One possibility is that phospho-Ser897 acts by recruiting intracellular 

signaling transducers to EPHA2. Accordingly, Ephexin 4 interaction with 

EPHA2 is regulated by Ser897 phosphorylation. Ephexin 4 is a member of 

Dbl-type guanine nucleotide exchange factors (GEFs) family. It is able to 

promote cell proliferation and survival by activating RhoG and Rac small 

GTPases through the ELMO–Dock180 or ELMO–Dock4 complexes as well as 

the PI3K/Akt signaling pathway (Hiramoto-Yamaki et al. 2010; Kawai et al. 

2013).  
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We are currently exploring whether Ephexin 4 is expressed in thyroid cancer 

cells and plays any role in EPHA2 signaling. 

 Another possibility is that Ser897 phosphorylation modulates in some 

way EPHA2 signal trasduction. In this frame, while ligand-mediated EPHA2 

oligomerization leads to increased tyrosine phosphorylation, cell contraction 

and reduced tumor growth and motility, EPHA2 mutants that are unable to 

dimerize feature increased motility promoting effects, Ser897 phosphorylation, 

and reduced tyrosine-phosphorylation, thus pointing again to opposite effects 

mediated by ligand mediated oligomerization/EPHA2 tyrosine phosphorylation 

and AGC kinases-mediated Ser897 phosphorylation (Singh et al. 2015). We are 

currently exploring whether tyrosine kinase activity of EPHA2 influences or is 

influenced by Ser897 phosphorylation and whether this has any impact on the 

ability of EPHA2 of driving intracellular pathways such as the MAPK and the 

AKT one. 

 Elucidating this pathway will be crucial to devise strategies to intecept 

it to blunt thyroid tumorigenesis. 



 

 90 

7. ACKNOWLEDGEMENTS 
 
 

My PhD program has been carried out at the Department of Molecular 
Medicine and Medical Biotechnologies of "Federico II" University, Naples. 

Firstly, I wish to thank Professor Massimo Santoro for the opportunity to work 
in his laboratory, thanks for the encouragement to do always more and better, 
for assisting me despite his many commitments, and been able to dedicate me 
some very professional and constructive time. Thank you so much for all the 
energy dedicated to me during the writing of this Thesis: without his valuable 
help this Thesis would not have been the same. 

I thank Professor Giancarlo Vecchio for the affection and support, especially 
for questioning me when I entered the lab and for him I was a “terrible” 
student; thank you for his trust when he let me to design my own experimental 
protocols. 

I thank Dr. Mariolina Castellone for the affection and trust that (in her own 
way) with Mikko has always shown me. Thank you for making me a stubborn 
“critical scientist”. Thanks for giving me independence, for teaching me that (if 
I want) I know how to be strong enough. 

I thank Professor Francesca Carlomagno that helped me in one of my “stormy” 
experiments. Thank you because I learned a lot in those few hours. 

I thank the nice Annamaria Cirafici and Valentina De Falco, without them I 
would have hardly been able to conduct this project. 

I thank Preziosa, Francesca and Alessia, for coffees, sweets and shared 
confidences. 

I thank Professor Giuliana Salvatore and Dr. Gennaro Di Maro for the affection 
during these years. 

I thank Dr. Paolo Salerno that I have often “bothered” with stupid 
questions…Thanks for the cultural contribution that (at the end) I was able “to 
extort”, and that (anyway) was never enough. 



 

 91 

Thanks to lab students (past and present), to the many PhD colleagues, to Miss 
Castiello, Miss Volpe, Miss Gentile and Andrea Desiderio for their cute 
availability. 

Special thank you to my lab angels Dominga and Anna who supported and 
endured me during these three years of PhD: I love you, and you know it. 

Then, I am sincerely grateful to Simona Paladino, Gaetano Calì, Margherita 
Santoriello and Annamaria Mascia for their friendship. 

I cannot forget to thank my biggest fan Claudia, my first support since the 
University times, together with Marika and Lucy, my best colleagues. 

With no doubt I thank my crazy little brothers of the theatre group. They taught 
me the meaning, the value and the strength to be part of a real group, and that if 
“I search on Google” probably I spend less time!!! 

Thanks to my parents, Zia Paola, my siblings Roberto and Elena that have 
always supported me to pursue my way (although they haven’t figured out yet 
what I do). 

I wish to thank Francesco who tended me his hands ... despite everything. 

Finally, my special thanks go to the special people of my life who are in a 
better place: most of the experiments of this Thesis are related to your 
memory… If I am here today, and if tomorrow I can dream to become what “I 
wish”, it is mainly thanks to you. 

These pages are mine...but also yours. 



 

 92 

 
8. REFERENCES 
 
 

 Agrawal N, Jiao Y, Sausen M, Leary R, Bettegowda C, Roberts NJ, 
Bhan S, Ho AS, Khan Z, Bishop J, Westra WH, Wood LD, Hruban RH, 
Tufano RP, Robinson B, Dralle H, Toledo SP, Toledo RA, Morris LG, 
Ghossein RA, Fagin JA, Chan TA, Velculescu VE, Vogelstein B, 
Kinzler KW, Papadopoulos N, Nelkin BD, Ball DW. Exomic 
sequencing of medullary thyroid cancer reveals dominant and mutually 
exclusive oncogenic mutations in RET and RAS. J Clin Endocrinol 
Metab. 2013;98(2):E364-9.  

 Aksamitiene E, Kholodenko BN, Kolch W, Hoek JB, Kiyatkin A. 
PI3K/Akt-sensitive MEK-independent compensatory circuit of ERK 
activation in ER-positive PI3K-mutant T47D breast cancer cells. Cell 
Signal. 2010;22(9):1369-78.  

 Alford S, Watson-Hurthig A, Scott N, Carette A, Lorimer H, Bazowski 
J, Howard PL. Soluble ephrin a1 is necessary for the growth of HeLa 
and SK-BR3 cells. Cancer Cell Int. 2010;10:41.  

 Alonso-Gordoa T, Díez JJ, Durán M, Grande E. Advances in thyroid 
cancer treatment: latest evidence and clinical potential. Ther Adv Med 
Oncol. 2015;7(1):22-38.  

 Amato KR, Wang S, Hastings AK, Youngblood VM, Santapuram PR, 
Chen H, Cates JM, Colvin DC, Ye F, Brantley-Sieders DM, Cook RS, 
Tan L, Gray NS, Chen J. Genetic and pharmacologic inhibition of 
EPHA2 promotes apoptosis in NSCLC. J Clin Invest. 2014;124(5):2037-
49.  

 Amato KR, Wang S, Tan L, Hastings AK, Song W, Lovly CM, Meador 
CB, Ye F, Lu P, Balko JM, Colvin DC, Cates JM, Pao W, Gray NS, 
Chen J. EPHA2 Blockade Overcomes Acquired Resistance to EGFR 
Kinase Inhibitors in Lung Cancer. Cancer Res. 2016;76(2):305-18.  

 Antonelli A, Ferri C, Fallahi P, Pampana A, Ferrari SM, Barani L, 
Marchi S, Ferrannini E. Thyroid cancer in HCV-related chronic hepatitis 
patients: a case-control study. Thyroid. 2007;17(5):447-51. 

 Aronchik I, Appleton BA, Basham SE, Crawford K, Del Rosario M, 
Doyle LV, Estacio WF, Lan J, Lindvall MK, Luu CA, Ornelas E, 
Venetsanakos E, Shafer CM, Jefferson AB. Novel potent and selective 
inhibitors of p90 ribosomal S6 kinase reveal the heterogeneity of RSK 
function in MAPK-driven cancers. Mol Cancer Res.  2014;12(5):803-12.  



 

 93 

 Arvanitis D, Davy A. Eph/ephrin signaling: networks. Genes Dev. 
2008;22(4):416-29.  

 Astanehe A, Finkbeiner MR, Krzywinski M, Fotovati A, Dhillon J, 
Berquin IM, Mills GB, Marra MA, Dunn SE. MKNK1 is a YB-1 target 
gene responsible for imparting trastuzumab resistance and can be 
blocked by RSK inhibition. Oncogene.  2012;31(41):4434-46.  

 Atapattu L, Lackmann M, Janes PW. The role of proteases in regulating 
Eph/ephrin signaling. Cell Adh Migr. 2014;8(4):294-307.  

 Barquilla A, Pasquale EB. Eph receptors and ephrins: therapeutic 
opportunities. Annu Rev Pharmacol Toxicol. 2015;55:465-87.  

 Bartley TD, Hunt RV, Welcher AA, Boyle WJ, Parker VP, Lindberg 
RA, Lu HS, Colombero AM, Elliott RL, Guthrie BA, Holst PL, Skrine 
JD, Toso RJ, Zhang M, Fernandez E, Trail G, Barnum B, Yarden Y, 
Hunter T, Fox GM. B61 is a ligand for the ECK receptor protein-
tyrosine kinase. Nature. 1994;368(6471):558-60. 

 Basolo F, Torregrossa L, Giannini R, Miccoli M, Lupi C, Sensi E, Berti 
P, Elisei R, Vitti P, Baggiani A, Miccoli P. Correlation between the 
BRAF V600E mutation and tumor invasiveness in papillary thyroid 
carcinomas smaller than 20 millimeters: analysis of 1060 cases. J Clin 
Endocrinol Metab. 2010;95(9):4197-205.  

 Beauchamp A, Debinski W. Ephs and ephrins in cancer: ephrin-A1 
signalling. Semin Cell Dev Biolo 2012;23(1):109-15.  

 Beckmann MP, Cerretti DP, Baum P, Vanden Bos T, James L, Farrah T, 
Kozlosky C, Hollingsworth T, Shilling H, Maraskovsky E. Molecular 
characterization of a family of ligands for eph-related tyrosine kinase 
receptors. EMBO J. 1994;13(16): 3757–3762. 

 Binns KL1, Taylor PP, Sicheri F, Pawson T, Holland SJ. 
Phosphorylation of tyrosine residues in the kinase domain and 
juxtamembrane region regulates the biological and catalytic activities of 
Eph receptors. Mol Cell Biol. 2000;20(13):4791-805. 

 Boissier P, Chen J, Huynh-Do U. EphA2 signaling following 
endocytosis: role of Tiam1. Traffic. 2013;14(12):1255-71.  

 Brantley-Sieders DM, Zhuang G, Hicks D, Fang WB, Hwang Y, Cates 
JM, Coffman K, Jackson D, Bruckheimer E, Muraoka-Cook RS, Chen J. 
The receptor tyrosine kinase EphA2 promotes mammary 
adenocarcinoma tumorigenesis and metastatic progression in mice by 
amplifying ErbB2 signaling. J Clin Invest. 2008;118(1):64-78.  

 Brauner E, Gunda V, Borre PV, Zurakowski D, Kim YS, Dennett KV, 
Amin S, Freeman GJ, Parangi S. Combining BRAF inhibitor and anti 
PD-L1 antibody dramatically improves tumor regression and anti tumor 



 

 94 

immunity in an immunocompetent murine model of anaplastic thyroid 
cancer. Oncotarget. 2016;10.18632.  

 Burman KD. Is poorly differentiated thyroid cancer poorly 
characterized? J Clin Endocrinol Metab. 2014;99(4):1167-9.  

 Byeon HK, Na HJ, Yang YJ, Kwon HJ, Chang JW, Ban MJ, Kim WS, 
Shin DY, Lee EJ, Koh YW, Yoon JH, Choi EC. c-Met-mediated 
reactivation of PI3K/AKT signaling contributes to insensitivity of 
BRAF(V600E) mutant thyroid cancer to BRAF inhibition. Mol 
Carcinog. 2015;10.1002. 

 Cancer Genome Atlas Research Network. Integrated genomic 
characterization of papillary thyroid carcinoma. Cell. 2014;159(3):676-
90. 

 Cantisani MC, Parascandolo A, Perälä M, Allocca C, Fey V, Sahlberg 
N, Merolla F, Basolo F, Laukkanen MO, Kallioniemi OP, Santoro M, 
Castellone MD. A Loss-of-Function Genetic Screening Identifies Novel 
Mediators of Thyroid Cancer Cell Viability. Oncotarget. 2016; in press. 

 Carneiro RM, Carneiro BA, Agulnik M, Kopp PA, Giles FJ. Targeted 
therapies in advanced differentiated thyroid cancer. Cancer Treat Rev. 
2015;41(8):690-8.  

 Castellone MD, Cirafici AM, De Vita G, De Falco V, Malorni L, Tallini 
G, Fagin JA, Fusco A, Melillo RM, Santoro M. Ras-mediated apoptosis 
of PC CL 3 rat thyroid cells induced by RET/PTC oncogenes. 
Oncogene. 2003;22(2):246-55. 

 Charmsaz S, Beckett K, Smith FM, Bruedigam C, Moore AS, Al-Ejeh F, 
Lane SW, Boyd AW. EphA2 Is a Therapy Target in EphA2-Positive 
Leukemias but Is Not Essential for Normal Hematopoiesis or Leukemia. 
PLoS One. 2015;10(6):e0130692.  

 Chen C, Zhang L, Huang NJ, Huang B, Kornbluth S. Suppression of 
DNA-damage checkpoint signaling by Rsk-mediated phosphorylation of 
Mre11. Proc Natl Acad Sci U S A. 2013;110(51):20605-10.  

 Cheng HJ, Flanagan JG. Identification and cloning of ELF-1, a 
developmentally expressed ligand for the Mek4 and Sek receptor 
tyrosine kinases. Cell. 1994;79(1):157-68. 

 Cheng N, Brantley D, Fang WB, Liu H, Fanslow W, Cerretti DP, 
Bussell KN, Reith A, Jackson D, Chen J. Inhibition of VEGF-dependent 
multistage carcinogenesis by soluble EphA receptors. Neoplasia. 
2003;5(5):445-56. 

 Chin-Sang ID, George SE, Ding M, Moseley SL, Lynch AS, Chisholm 
AD. The ephrin VAB-2/EFN-1 functions in neuronal signaling to 
regulate epidermal morphogenesis in C. elegans. Cell 1999;99(7):781-
90. 



 

 95 

 Ciampi R, Knauf JA, Kerler R, Gandhi M, Zhu Z, Nikiforova MN, 
Rabes HM, Fagin JA, Nikiforov YE. Oncogenic AKAP9-BRAF fusion 
is a novel mechanism of MAPK pathway activation in thyroid cancer. J 
Clin Invest. 2005;115(1):94-101. 

 Collet JF, Lacave R, Hugonin S, Poulot V, Tassart M, Fajac A. BRAF 
V600E detection in cytological thyroid samples: A key component of the 
decision tree for surgical treatment of papillary thyroid carcinoma. Head 
Neck. 2016,10.1002.  

 Dai D, Huang Q, Nussinov R, Ma B. Promiscuous and specific 
recognition among ephrins and Eph receptors. Biochim Biophys Acta. 
2014;1844(10):1729-40 

 Davis TL, Walker JR, Allali-Hassani A, Parker SA, Turk BE, Dhe-
Paganon S. Structural recognition of an optimized substrate for the 
ephrin family of receptor tyrosine kinases. FEBS J. 2009;276(16):4395-
404.  

 Degen M, Barron P, Natarajan E, Widlund HR, Rheinwald JG. RSK 
activation of translation factor eIF4B drives abnormal increases of 
laminin γ2 and MYC protein  during neoplastic progression to squamous 
cell carcinoma. PLoS One. 2013;8(10):e78979.  

 DeLellis RA. Pathology and genetics of thyroid carcinoma. J Surg 
Oncol. 2006;94(8):662-9. 

 Dines M, Lamprecht R. The Role of Ephs and Ephrins in Memory 
Formation. Int J Neuropsychopharmacol. 2015;pii: pyv106. 

 Druker BJ, Tamura S, Buchdunger E, Ohno S, Segal GM, Fanning S, 
Zimmermann J, Lydon NB. Effects of a selective inhibitor of the Abl 
tyrosine kinase on the growth of Bcr-Abl positive cells. Nat Med. 
1996;2(5):561-6. 

 Durante C, Puxeddu E, Ferretti E, Morisi R, Moretti S, Bruno R, Barbi 
F, Avenia N, Scipioni A, Verrienti A, Tosi E, Cavaliere A, Gulino A, 
Filetti S, Russo D. BRAF mutations in papillary thyroid carcinomas 
inhibit genes involved in iodine metabolism. J Clin Endocrinol Metab. 
2007;92(7):2840-3.  

 Durante C, Costante G, Lucisano G, Bruno R, Meringolo D, Paciaroni 
A, Puxeddu  E, Torlontano M, Tumino S, Attard M, Lamartina L, 
Nicolucci A, Filetti S. The natural history of benign thyroid nodules. 
JAMA. 2015;313 (9):926-35.  

 Elisei R, Ugolini C, Viola D, Lupi C, Biagini A, Giannini R, Romei C, 
Miccoli O, Pinchera A, Basolo F. BRAF(V600E) mutation and outcome 
of patients with papillary thyroid carcinoma: a 15-year median follow-up 
study. J Clin Endocrinol Metab. 2008;93(10):3943-9 



 

 96 

 Fallahi P, Giannini R, Miccoli P, Antonelli A, Basolo F. Molecular 
diagnostics of fine needle aspiration for the presurgical screening of 
thyroid nodules. Curr  Genomics. 2014;15(3):171-7.  

 Fallahi P, Mazzi V, Vita R, Ferrari SM, Materazzi G, Galleri D, 
Benvenga S, Miccoli P, Antonelli A. New Therapies for Dedifferentiated 
Papillary Thyroid Cancer. Int. J. Mol. Sci. 2015;16, 6153-6182. 

 Fang WB, Brantley-Sieders DM, Hwang Y, Ham AJ, Chen J. 
Identification and functional analysis of phosphorylated tyrosine 
residues within EphA2 receptor tyrosine kinase. J Biol Chem. 
2008;283(23):16017-26. 

 Feng Y, Irvine KD. Processing and phosphorylation of the Fat receptor. 
Proc Natl Acad Sci USA. 2009;106(29):11989-94.  

 Ferrari SM, Fallahi P, Politti U, Materazzi G, Baldini E, Ulisse S, 
Miccoli P, Antonelli A. Molecular Targeted Therapies of Aggressive 
Thyroid Cancer. Front Endocrinol (Lausanne). 2015;6:176.  

 Fox BP, Kandpal RP. A paradigm shift in EPH receptor interaction: 
biological relevance of EPHB6 interaction with EPHA2 and EPHB2 in 
breast carcinoma cell lines. Cancer Genomics Proteomics. 
2011;8(4):185-93. 

 Fox GM, Holst PL, Chute HT, Lindberg RA, Janssen AM, Basu R, 
Welcher AA. cDNA cloning and tissue distribution of five human EPH-
like receptor protein-tyrosine kinases. Oncogene 1995;10(5):897-905. 

 Frampton JE. Vandetanib: in medullary thyroid cancer. Drugs. 
2012;72(10):1423-36.  

 Frampton JE. Lenvatinib: A Review in Refractory Thyroid Cancer. 
Target Oncol. 2016;11(1):115-22.  

 Frett B, Moccia M, Carlomagno F, Santoro M, Li HY. Identification of 
two novel RET kinase inhibitors through MCR-based drug discovery: 
design, synthesis and evaluation. Eur J Med Chem. 2014;86:714-23.  

 Frett B, Carlomagno F, Moccia ML, Brescia A, Federico G, De Falco V, 
Admire B, Chen Z, Qi W, Santoro M, Li HY. Fragment-Based 
Discovery of a Dual pan-RET/VEGFR2 Kinase Inhibitor Optimized for 
Single-Agent Polypharmacology. Angew Chem Int Ed Engl. 
2015;54(30):8717-21.  

 Galan JA, Geraghty KM, Lavoie G, Kanshin E, Tcherkezian J, 
Calabrese V, Jeschke GR, Turk BE, Ballif BA, Blenis J, Thibault P, 
Roux PP. Phosphoproteomic analysis identifies the tumor suppressor 
PDCD4 as a RSK substrate negatively regulated by 14-3-3. Proc Natl 
Acad Sci U S A. 2014;111(29):E2918-27. 

 García-Rostán G, Camp RL, Herrero A, Carcangiu ML, Rimm DL, 
Tallini G. Beta-catenin dysregulation in thyroid neoplasms: down-



 

 97 

regulation, aberrant nuclear expression, and CTNNB1 exon 3 mutations 
are markers for aggressive tumor phenotypes and poor prognosis. Am J 
Pathol. 2001;158:987-96. 

 García-Rostán G, Costa AM, Pereira-Castro I, Salvatore G, Hernandez 
R, Hermsem MJ, Herrero A, Fusco A, Cameselle-Teijeiro J, Santoro M. 
Mutation of the PIK3CA gene in anaplastic thyroid cancer. Cancer Res. 
2005;65(22):10199-207. 

 Genander M. Eph and ephrins in epithelial stem cell niches and cancer. 
Cell Adh Migr. 2012;6(2):126-30.  

 Giordano TJ. Follicular cell thyroid neoplasia: insights from genomics 
and The Cancer Genome Atlas research network. Curr Opin Oncol. 
2016;28(1):1-4. 

 Greco A, Miranda C, Pierotti MA. Rearrangements of NTRK1 gene in 
papillary thyroid carcinoma. Mol Cell Endocrinol. 2010;321(1):44-9. 

 Gucciardo E, Sugiyama N, Lehti K. Eph- and ephrin-dependent 
mechanisms in tumor and stem cell dynamics. Cell Mol Life Sci. 
2014;71(19):3685-710.  

 Guo Z, He B, Yuan L, Dai W, Zhang H, Wang X, Wang J, Zhang X, 
Zhang Q. Dual targeting for metastatic breast cancer and tumor 
neovasculature by EphA2-mediated nanocarriers. Int J Pharm. 
2015;493(1-2):380-9.  

 Hafaner C, Becker B, Landthaler M, Vogt T. Expression profile of Eph 
receptors and ephrin ligands in human skin and downregulation of 
EphA1 in nonmelanoma skin cancer. Mod Pathol. 2006;19(10):1369-77. 

 Haramis AP, Perrakis A. Selectivity and promiscuity in Eph receptors. 
Structure. 2006;14(2):169-71. 

 Hatano M, Eguchi J, Tatsumi T, Kuwashima N, Dusak JE, Kinch MS, 
Pollack IF, Hamilton RL, Storkus WJ, Okada H. EphaA2 as glioma-
associated antigen: a novel target for glioma vaccines. Neoplasia. 
2005;7(8):717-22. 

 Heidorn SJ, Milagre C, Whittaker S, Nourry A, Niculescu-Duvas I, 
Dhomen N, Hussain J, Reis-Filho JS, Springer CJ, Pritchard C, Marais 
R. Kinase-dead BRAF and oncogenic RAS cooperate to drive tumor 
progression through CRAF. Cell. 2010;140(2):209-21. 

 Herath NI, Spanevello MD, Sabesan S, Newton T, Cummings M, Duffy 
S., Lincoln D., Glen Boyle, Parsons PG, Boyd AW. Over-expression of 
Eph and ephrin gene expression correlates with shortened survival. BMC 
Cancer. 2006; 6:144.  

 Himanen JP, Chumley MJ, Lackmann M, Li C, Barton WA, Jeffrey PD, 
Vearing C, Geleick D, Feldheim DA, Boyd AW, Henkemeyer M, 



 

 98 

Nikolov DB. Repelling class discrimination: ephrin-A5 binds to and 
activates EphB2 receptor signaling. Nat Neurosci. 2004;7(5):501-9. 

 Hinze R, Holzhausen HJ, Gimm O, Dralle H, Rath FW. Primary 
hereditary medullary thyroid carcinoma--C-cell morphology and 
correlation with preoperative calcitonin levels. Virchows Arch. 
1998;433(3):203-8.  

 Hirai H, Maru Y, Hagiwara K, Nishida J, Takaku F. A novel putative 
tyrosine kinase receptor encoded by the eph gene. Science. 
1987;238(4834):1717-20. 

 Hiramoto-Yamaki N, Takeuchi S, Ueda S, Harada K, Fujimoto S, 
Negishi M, Katoh H. Ephexin4 and EphA2 mediate cell migration 
through a RhoG-dependent mechanism. J Cell Biol. 2010;190(3):461-77.  

 Ho AL, Grewal RK, Leboeuf R, Sherman EJ, Pfister DG, Deandreis D, 
Pentlow KS,  Zanzonico PB, Haque S, Gavane S, Ghossein RA, Ricarte-
Filho JC, Domínguez JM, Shen R, Tuttle RM, Larson SM, Fagin JA. 
Selumetinib-enhanced radioiodine uptake in advanced thyroid cancer. N 
Engl J Med. 2013;368(7):623-32.  

 Holland SJ, Gale NW, Gish GD, Roth RA, Songyang Z, Cantley LC, 
Henkemeyer M, Yancopoulos GD, Pawson T. Juxtamembrane tyrosine 
residues couple the Eph family receptor EphB2/Nuk to specific SH2 
domain proteins in neuronal cells. EMBO J. 1997;16(13):3877-88. 

 Holmberg J, Clarke DL, Frisén J. Regulation of repulsion versus 
adhesion by different splice forms of an Eph receptor. Nature. 
2000;408(6809):203-6. 

 Holzer K, Drucker E, Oliver S, Winkler J, Eiteneuer E, Herpel E, 
Breuhahn K, Singer S. Cellular apoptosis susceptibility (CAS) is 
overexpressed in thyroid carcinoma and maintains tumor cell growth: A 
potential link to the BRAFV600E mutation. Int J Oncol. 2016;10.3892.  

 Holzman LB, Marks RM, Dixit VM. A novel immediate-early response 
gene of endothelium is induced by cytokines and encodes a secreted 
protein. Mol Cell Biol. 1990;10(11):5830-8. 

 Jones TL, Karavanova I, Chong L, Zhou RP, Daar IO. Identification of 
XLerk, an Eph family ligand regulated during mesoderm induction and 
neurogenesis in Xenopus laevis. Oncogene. 1997;14(18):2159-66. 

 Jun G, Guo H, Klein BE, Klein R, Wang JJ, Mitchell P, Miao H, Lee 
KE, Joshi T, Buck M, Chugha P, Bardenstein D, Klein AP, Bailey-
Wilson JE, Gong X, Spector TD,  Andrew T, Hammond CJ, Elston RC, 
Iyengar SK, Wang B. EPHA2 is associated with age-related cortical 
cataract in mice and humans. PLoS Genet. 2009;5(7):e1000584. 

 Karidis NP, Giaginis C, Tsourouflis G, Alexandrou P, Delladetsima I, 
Theocharis S.  Eph-A2 and Epha-A4 expression in human benign and 



 

 99 

malignant thyroid lesions: an immunoistochemical study. Med Sci 
Monit. 2011;17(9):BR257-65. 

 Kawai H, Kobayashi M, Hiramoto-Yamaki N, Harada K, Negishi M, 
Katoh H. Ephexin4-mediated promotion of cell migration and anoikis 
resistance is regulated by serine 897 phosphorylation of EphA2. FEBS 
Open Bio. 2013;3:78-82.  

 Kelly LM, Barila G, Liu P, Evdokimova VN, Trivedi S, Panebianco F, 
Gandhi M, Carty SE, Hodak SP, Luo J, Dacic S, Yu YP, Nikiforova 
MN, Ferris RL, Altschuler DL, Nikiforov YE. Identification of the 
transforming STRN-ALK fusion as a potential therapeutic target in the 
aggressive forms of thyroid cancer. Proc Natl Acad Sci U S A. 
2014;111(11):4233-8.  

 Kikawa KD, Vidale DR, Van Etten RL, Kinch MS. Regulation of the 
EphA2 kinase by the low molecular weight tyrosine phosphatase induces 
transformation. J Biol Chem. 2002;277(42):39274-9.  

 Kim J, Parrish AB, Kurokawa M, Matsuura K, Freel CD, Andersen JL, 
Johnson CE, Kornbluth S. Rsk-mediated phosphorylation and 14-3-3ɛ 
binding of Apaf-1 suppresses cytochrome c-induced apoptosis. EMBO J. 
2012;31(5):1279-92.  

 Kinch MS, Moore MB, Harpole DH Jr. Predictive value of the EphA2 
receptor tyrosine kinase in lung cancer recurrence and survival. Clin 
Cancer Res. 2003;9(2):613-8. 

 Klein R. Bidirectional signals establish boundaries. Curr Biol. 
1999;9(18):R691-4. 

 Knauf JA, Kuroda H, Basu S, Fagin JA. RET/PTC-induced 
dedifferentiation of thyroid cells is mediated through Y1062 signaling 
through SHC-RAS-MAP kinase. Oncogene. 2003;22(28):4406-12. 

 Knauf JA, Ma X, Smith EP, Zhang L, Mitsutake N, Liao XH, Refetoff S, 
Nikiforov YE, Fagin JA. Targeted expression of BRAF V600E in 
thyroid cells of transgenic mice results in papillary thyroid cancers that 
undergo dedifferentiation. Cancer Res. 2005;65(10):4238-45. 

 Koch H, Busto ME, Kramer K, Médard G, Kuster B. Chemical 
Proteomics Uncovers EPHA2 as a Mechanism of Acquired Resistance to 
Small Molecule EGFR Kinase Inhibition. J Proteome Res. 
2015;14(6):2617-25.  

 Kolch W, Halasz M, Granovskaya M, Kholodenko BN. The dynamic 
control of signal transduction networks in cancer cells. Nat Rev Cancer. 
2015;15(9):515-27. 

 Kullander K, Klein R. Mechanisms and functions of Eph and ephrin 
signalling. Nat Rev Mol Cell Biol. 2002;3(7):475-86. 



 

 100 

 Kwong N, Medici M, Angell TE, Liu X, Marqusee E, Cibas ES, Krane 
JF, Barletta JA, Kim MI, Larsen PR, Alexander EK. The Influence of 
Patient Age on Thyroid Nodule Formation, Multinodularity, and Thyroid 
Cancer Risk. J Clin Endocrinol Metab. 2015;100(12):4434-40. 

 Landa I, Ibrahimpasic T, Boucai L, Sinha R, Knauf JA, Shah RH, Dogan 
S, Ricarte-Filho JC, Krishnamoorthy GP, Xu B, Schultz N, Berger MF, 
Sander C, Taylor BS, Ghossein R, Ganly I, Fagin JA. Genomic and 
transcriptomic hallmarks of poorly differentiated and anaplastic thyroid 
cancers. J Clin Invest. 2016;126(3):1052-66.  

 Larsen AB, Stockhausen MT, Poulsen HS. Cell adhesion and EGFR 
activation regulate EphA2 expression in cancer. Cell Signal. 
2010;22(4):636-44.  

 Lee H, Bennett AM. Receptor protein tyrosine phosphatase-receptor 
tyrosine kinase substrate screen identifies EphA2 as a target for LAR in 
cell migration. Mol Cell Biol. 2013;33(7):1430-41.  

 Lennon P, Deady S, Healy ML, Toner M, Kinsella J, Timon CI, O'Neill 
JP. Anaplastic thyroid carcinoma: Failure of conventional therapy but 
hope of targeted therapy. Head Neck. 2016;10.1002.  

 Lisabeth EM, Falivelli G, Pasquale EB. Eph receptor signaling and 
ephrins. Cold Spring Harb Perspect Biol. 2013;5(9).  

 Macrae M, Neve RM, Rodriguez-Viciana P, Haqq C, Yeh J, Chen C, 
Gray JW, McCormick F. A conditional feedback loop regulates Ras 
activity through EphA2. Cancer Cell. 2005;8(2):111-8.  

 Malaguarnera R, Vella V, Vigneri R, Frasca F. p53 family proteins in 
thyroid cancer. Endocr Relat Cancer. 2007;14(1):43-60. 

 Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The 
protein kinase complement of the human genome. Science. 2002; 
6;298(5600):1912-34. 

 Melo M, da Rocha AG, Vinagre J, Sobrinho-Simões M, Soares P. 
Coexistence of TERT promoter and BRAF mutations in papillary 
thyroid carcinoma: added value in patient prognosis? J Clin Oncol. 
2015;33(6):667-8.  

 Mendoza MC, Er EE, Blenis J. The Ras-ERK and PI3K-mTOR 
pathways: cross-talk and compensation. Trends Biochem Sci. 
2011;36(6):320-8.  

 Miao B, Ji Z, Tan L, Taylor M, Zhang J, Choi HG, Frederick DT, 
Kumar R, Wargo  JA, Flaherty KT, Gray NS, Tsao H. EPHA2 is a 
mediator of vemurafenib resistance and a novel therapeutic target in 
melanoma. Cancer Discov. 2015;5(3):274-87.  



 

 101 

 Miao H, Burnett E, Kinch M, Simon E, Wang B. Activation of EphA2 
kinase suppresses integrin function and causes focal-adhesion-kinase 
dephosphorylation. Nat Cell Biol. 2000;2(2):62-9. 

 Miao H, Wei BR, Peehl DM, Li Q, Alexandrou T, Schelling JR, Rhim 
JS, Sedor JR, Burnett E, Wang B. Activation of EphA receptor tyrosine 
kinase inhibits the Ras/MAPK pathway. Nat Cell Biol. 2001;3(5):527-
30. 

 Miao H, Strebhardt K, Pasquale EB, Shen TL, Guan JL, Wang B. 
Inhibition of integrin-mediated cell adhesion but not directional cell 
migration requires catalytic activity of EphB3 receptor tyrosine kinase. 
Role of Rho family small GTPases. J Biol Chem. 2005;280(2):923-32. 

 Miao H, Li D, Mukherjee A, Guo H, Cutter J, Basilon JP, Sedor J, Wu J, 
Danielpour D, Sloan AE, Cohen ML, Wang B. EphA2 Mediates Ligand-
Dependent Inihibition and Ligand-indipendent Promotion of Cell-
Migration and Invasion via Reciprocal Regulatory Loop with Akt. 
Cancer Cell. 2009;16(1):9-20. 

 Miao H, Wang B. Eph/ephrin signaling in epithelial development and 
homeostasis. Int J Biochem Cell Biol. 2009;41(4):762-70. 

 Miao H, Gale NW, Guo H, Qian J, Petty A, Kaspar J, Murphy AJ, 
Valenzuela DM, Yancopoulos G, Hambardzumyan D, Lathia JD, Rich 
JN, Lee J, Wang B. EphA2 promotes infiltrative invasion of glioma stem 
cells in vivo through cross-talk with Akt and regulates stem cell 
properties. Oncogene. 2015;34(5):558-67. 

 Minami M, Koyama T, Wakayama Y, Fukuhara S, Mochizuki N. 
EphrinA/EphA signal facilitates insulin-like growth factor-I-induced 
myogenic differentiation through suppression of the Ras/extracellular 
signal-regulated kinase 1/2 cascade in myoblast cell lines. Mol Biol Cell. 
2011;22(18):3508-19.  

 Miyazaki T, Kato H, Fukuchi M, Nakajima M, Kuwano H. EphaA2 
overexpression correlates with poor prognosis in esophageal squamous 
cell carcinoma. Int J Cancer. 2003;103(5):657-63. 

 Moretti S, Macchiarulo A, De Falco V, Avenia N, Barbi F, Carta C, 
Cavaliere A, Melillo RM, Passeri L, Santeusanio F, Tartaglia M, Santoro 
M, Puxeddu E. Biochemical and molecular characterization of the novel 
BRAF(V599Ins) mutation detected in a classic papillary thyroid 
carcinoma. Oncogene. 2006;25(30):4235-40.  

 Moretti S, De Falco V, Tamburrino A, Barbi F, Tavano M, Avenia N, 
Santeusanio  F, Santoro M, Macchiarulo A, Puxeddu E. Insights into the 
molecular function of the inactivating mutations of B-Raf involving the 
DFG motif. Biochim Biophys Acta. 2009;1793(11):1634-45.  



 

 102 

 Moritz A, Li Y, Guo A, Villén J, Wang Y, MacNeill J, Kornhauser J, 
Sprott K, Zhou J, Possemato A, Ren JM, Hornbeck P, Cantley LC, Gygi 
SP, Rush J, Comb MJ. Akt–RSK–S6 Kinase Signaling Networks 
Activated by Oncogenic Receptor Tyrosine Kinases. Science Signaling. 
2010; 3 (136), ra64. 

 Müller S, Chaikuad A, Gray NS, Knapp S. The ins and outs of selective 
kinase inhibitor development. Nat Chem Biol. 2015;11(11):818-21.  

 Mulligan LM. RET revisited: expanding the oncogenic portfolio. Nat 
Rev Cancer. 2014;14(3):173-86.  

 Muñoz LM, Zayachkivsky A, Kunz RB, Hunt JM, Wang G, Scott SA. 
Ephrin-A5 inhibits growth of embryonic sensory neurons. Dev Biol. 
2005;283(2):397-408. 

 Nakamura R, Kataoka H, Sato N, Kanamori M, Ihara M, Igarashi H, 
Ravshanov S, Wang YJ, Li ZY, Shimamura T, Kobayashi T, Konno H, 
Shinmura K, Tanaka M, Sugimura H. EPHA2/EFNA1 expression in 
human gastric cancer. Cancer Sci. 2005;96(1):42-7. 

 Naudin C, Sirvent A, Leroy C, Larive R, Simon V, Pannequin J, 
Bourgaux JF, Pierre J, Robert B, Hollande F, Roche S. SLAP displays 
tumour suppressor functions in colorectal cancer via destabilization of 
the SRC substrate EPHA2. Nat Commun. 2014;5:3159.  

 Newton R, Bowler KA, Burns EM, Chapman PJ, Fairweather EE, Fritzl 
SJ, Goldberg KM, Hamilton NM, Holt SV, Hopkins GV, Jones SD, 
Jordan AM, Lyons AJ, Nikki March H, McDonald NQ, Maguire LA, 
Mould DP, Purkiss AG, Small HF, Stowell AI, Thomson GJ, Waddell 
ID, Waszkowycz B, Watson AJ, Ogilvie DJ. The discovery of 2-
substituted phenol quinazolines as potent RET kinase inhibitors with 
improved KDR selectivity. Eur J Med Chem. 2016;112:20-32.  

 Nikiforov YE. The molecular pathways induced by radiation and leading 
to thyroid carcinogenesis. Cancer Treat Res. 2004;122:191-206. 

 Nikiforov YE, Nikiforova MN. Molecular genetics and diagnosis of 
thyroid cancer. Nature Review of Endocrinology 2011;7(10):569–580. 

 Noren NK, Pasquale EB. Eph receptor-ephrin bidirectional signals that 
target Ras and Rho proteins. Cell Signal. 2004;16(6):655-66. 

 O'Malley Y, Lal G, Howe JR, Weigel RJ, Komorowski RA, Shilyansky 
J, Sugg SL. Invasion in follicular thyroid cancer cell lines is mediated by 
EphA2 and pAkt. Surgery. 2012;152(6):1218-24. 

 Ogawa K, Pasqualini R, Lindberg RA, Kain R, Freeman AL, Pasquale 
EB. The ephrin-A1 ligand and its receptor, EphA2, are expressed during 
tumor neovascularization. Oncogene. 2000;19(52):6043-52. 

 Oricchio E, Nanjangud G, Wolfe AL, Schatz JH, Mavrakis KJ, Jiang M, 
Liu X, Bruno J, Heguy A, Olshen AB, Socci ND, Teruya-Feldstein J, 



 

 103 

Weis-Garcia F, Tam W, Shaknovich R, Melnick A, Himanen JP, 
Chaganti RS, Wendel HG. The Eph-receptor A7 is a soluble tumor 
suppressor for follicular lymphoma. 2011;147(3):554-64. 

 Ozcan G, Ozpolat B, Coleman RL, Sood AK, Lopez-Berestein G. 
Preclinical and clinical development of siRNA-based therapeutics. Adv 
Drug Deliv Rev. 2015;87:108-19.  

 Pandey A, Lindberg RA, Dixit VM. Cell signalling. Receptor orphans 
find a family. Curr Biol. 1995;5(9):986-9. 

 Paraiso KH, Van Der Kooi K, Messina JL, Smalley KS. Measurement of 
constitutive MAPK and PI3K/AKT signaling activity in human cancer 
cell lines. Methods Enzymol. 2010;484:549-67. 

 Park I, Lee HS. EphB/ephrinB signaling in cell adhesion and migration. 
Mol Cells. 2015;38(1):14-9.  

 Parri M, Buricchi F, Taddei ML, Giannoni E, Raugei G, Ramponi G, 
Chiarugi P. EphrinA1 repulsive response is regulated by an EphA2 
tyrosine phosphatase. J Biol Chem. 2005;280(40):34008-18.  

 Pasquale EB. Eph-ephrin promiscuity is now crystal clear. Nat Neurosci. 
2004;7(5):417-8. 

 Pasquale EB. Eph-ephrin bidirectional signaling in physiology and 
disease. Cell. 2008;133(1):38-52.  

 Pasquale EB. Eph receptors and ephrins in cancer: bidirectional 
signalling and beyond. Nat Rev Cancer. 2010;10(3):165-80.  

 Passler C, Scheuba C, Prager G, Kaczirek K, Kaserer K, Zettinig G, 
Niederle B. Prognostic factors of papillary and follicular thyroid cancer: 
differences in an iodine-replete endemic goiter region. Endocr Relat 
Cancer. 2004;11(1):131-9. 

 Pearce LR, Komander D, Alessi DR. The nuts and bolts of AGC protein 
kinases. Nat Rev Mol Cell Biol. 2010;11(1):9-22.  

 Perez White BE, Getsios S. Eph receptor and ephrin function in breast, 
gut, and skin epithelia. Cell Adh Migr. 2014;8(4):327-38.  

 Petrulea MS, Plantinga TS, Smit JW, Georgescu CE, Netea-Maier RT. 
PI3K/Akt/mTOR: A promising therapeutic target for non-medullary 
thyroid carcinoma. Cancer Treat Rev. 2015;41(8):707-13.  

 Pitulescu ME, Adams RH. Eph/ephrin molecules--a hub for signaling 
and endocytosis. Genes Dev. 2010;24(22):2480-92.  

 Poomakkoth N, Issa A, Abdulrahman N, Abdelaziz SG, Mraiche F. p90 
ribosomal S6 kinase: a potential therapeutic target in lung cancer. J 
Transl Med. 2016;14(1):14..  

 Puxeddu E, Filetti S. The 2009 American Thyroid Association 
Guidelines for management of thyroid nodules and differentiated thyroid 



 

 104 

cancer: progress on the  road from consensus- to evidence-based 
practice. Thyroid. 2009;19(11):1145-7.  

 Puxeddu E, Romagnoli S, Dottorini ME. Targeted therapies for 
advanced thyroid  cancer. Curr Opin Oncol. 2011;23(1):13-21.  

 Puxeddu E, Filetti S. BRAF mutation assessment in papillary thyroid 
cancer: are we ready to use it in clinical practice? Endocrine. 
2014;45(3):341-3.  

 Quinn BA, Wang S, Barile E, Das SK, Emdad L, Sarkar D, De SK, 
Kharagh SM, Stebbins JL, Pandol SJ, Fisher PB, Pellecchia M. Therapy 
of pancreatic cancer via an EphA2 receptor-targeted delivery of 
gemcitabine. Oncotarget. 2016;10.18632. 

 Raman P, Koenig RJ. Pax-8-PPAR-γ fusion protein in thyroid 
carcinoma. Nat Rev  Endocrinol. 2014;10(10):616-23.  

 Ray-David H, Romeo Y, Lavoie G, Déléris P, Tcherkezian J, Galan JA, 
Roux PP.  RSK promotes G2 DNA damage checkpoint silencing and 
participates in melanoma chemoresistance. Oncogene. 
2013;32(38):4480-9.  

 Ricarte-Filho JC, Ryder M, Chitale DA, Rivera M, Heguy A, Ladanyi 
M, Janakiraman M, Solit D, Knauf JA, Tuttle RM, Ghossein RA, Fagin 
JA. Mutational profile of advanced primary and metastatic radioactive 
iodine-refractory thyroid cancers reveals distinct pathogenetic roles for 
BRAF, PIK3CA, and AKT1. Cancer Res. 2009;69(11):4885-93.  

 Ricarte-Filho JC, Li S, Garcia-Rendueles ME, Montero-Conde C, Voza 
F, Knauf JA, Heguy A, Viale A, Bogdanova T, Thomas GA, Mason CE, 
Fagin JA. Identification  of kinase fusion oncogenes in post-Chernobyl 
radiation-induced thyroid cancers. J Clin Invest. 2013;123(11):4935-44. 

 Robbins HL, Hague A. The PI3K/Akt Pathway in Tumors of Endocrine 
Tissues. Front Endocrinol (Lausanne). 2016;6:188. 

 Romeo Y, Zhang X, Roux PP. Regulation and function of the RSK 
family of protein kinases. Biochem J. 2012;441(2):553-69. 

 Romeo Y, Moreau J, Zindy PJ, Saba-El-Leil M, Lavoie G, Dandachi F, 
Baptissart M, Borden KL, Meloche S, Roux PP. RSK regulates activated 
BRAF signalling to mTORC1 and promotes melanoma growth. 
Oncogene. 2013;32(24):2917-26.  

 Romitti M, Ceolin L, Siqueira DR, Ferreira CV, Wajner SM, Maia AL. 
Signaling pathways in follicular cell-derived thyroid carcinomas 
(review). Int J Oncol. 2013;42(1):19-28.  

 Rommel C, Clarke BA, Zimmermann S, Nuñez L, Rossman R, Reid K, 
Moelling K, Yancopoulos GD, Glass DJ. Differentiation stage-specific 
inhibition of the Raf-MEK-ERK pathway by Akt. Science. 
1999;286(5445):1738-41. 



 

 105 

 Ruan M, Liu M, Dong Q, Chen L. Iodide- and glucose-handling gene 
expression regulated by sorafenib or cabozantinib in papillary thyroid 
cancer. J Clin Endocrinol Metab. 2015;100(5):1771-9.  

 Santoro M, Carlomagno F. Central role of RET in thyroid cancer. Cold 
Spring Harb Perspect Biol. 2013;5(12):a009233.  

 Santoro M, Grieco M, Melillo RM, Fusco A, Vecchio G. Molecular 
defects in thyroid carcinomas: role of the RET oncogene in thyroid 
neoplastic transformation. Eur J Endocrinol. 1995;133(5):513-22. 

 Schlumberger MJ. Papillary and follicular thyroid carcinoma. N Engl J 
Med. 1998;338(5):297-306.  

 Seiradake E, Harlos K, Sutton G, Aricescu AR, Jones EY. An 
extracellular steric seeding mechanism for Eph-ephrin signaling 
platform assembly. Nat Struct Mol Biol. 2010;17(4):398-402.  

 Sherman SI. Thyroid carcinoma. Lancet. 2003; 361(9356):501-11. 
 Shi X, Liu R, Basolo F, Giannini R, Shen X, Teng D, Guan H, Shan Z, 

Teng W, Musholt TJ, Al-Kuraya K, Fugazzola L, Colombo C, Kebebew 
E, Jarzab B, Czarniecka  A, Bendlova B, Sykorova V, Sobrinho-Simões 
M, Soares P, Shong YK, Kim TY, Cheng S, Asa SL, Viola D, Elisei R, 
Yip L, Mian C, Vianello F, Wang Y, Zhao S, Oler G,  Cerutti JM, 
Puxeddu E, Qu S, Wei Q, Xu H, O'Neill CJ, Sywak MS, Clifton-Bligh 
R,  Lam AK, Riesco-Eizaguirre G, Santisteban P, Yu H, Tallini G, Holt 
EH, Vasko V, Xing M. Differential Clinicopathological Risk and 
Prognosis of Major Papillary Thyroid Cancer Variants. J Clin 
Endocrinol Metab. 2016;101(1):264-74.  

 Shiota M, Yokomizo A, Takeuchi A, Itsumi M, Imada K, Kashiwagi E, 
Inokuchi J,  Tatsugami K, Uchiumi T, Naito S. Inhibition of RSK/YB-1 
signaling enhances the anti-cancer effect of enzalutamide in prostate 
cancer. Prostate. 2014;74(9):959-69.  

 Singh DR, Ahmed F, King C, Gupta N, Salotto M, Pasquale EB, 
Hristova K. EphA2  Receptor Unliganded Dimers Suppress EphA2 Pro-
tumorigenic Signaling. J Biol Chem. 2015;290(45):27271-9.  

 Smallridge RC, Ain KB, Asa SL, Bible KC, Brierley JD, Burman KD, 
Kebebew E, Lee NY, Nikiforov YE, Rosenthal MS, Shah MH, Shaha 
AR, Tuttle RM; American Thyroid Association Anaplastic Thyroid 
Cancer Guidelines Taskforce. American Thyroid Association guidelines 
for management of patients with anaplastic thyroid cancer. Thyroid. 
2012;22(11):1104-39. 

 Smith N, Nucera C. Personalized therapy in patients with anaplastic 
thyroid cancer: targeting genetic and epigenetic alterations. J Clin 
Endocrinol Metab. 2015;100(1):35-42.  



 

 106 

 Stratford AL, Reipas K, Hu K, Fotovati A, Brough R, Frankum J, 
Takhar M, Watson P, Ashworth A, Lord CJ, Lasham A, Print CG, Dunn 
SE. Targeting p90 ribosomal S6 kinase eliminates tumor-initiating cells 
by inactivating Y-box binding protein-1 in triple-negative breast cancers. 
Stem Cells. 2012;30(7):1338-48.  

 Su X, Li Z, He C, Chen W, Fu X, Yang A. Radiation exposure, young 
age, and female gender are associated with high prevalence of 
RET/PTC1 and RET/PTC3 in papillary thyroid cancer: a meta-analysis. 
Oncotarget. 2016;10.18632. 

 Sulzmaier FJ, Ramos JW. RSK isoforms in cancer cell invasion and 
metastasis. Cancer Res. 2013;73(20):6099-105.  

 Takemoto M, Fukuda T, Sonoda R, Murakami F, Tanaka H, Yamamoto 
N. Ephrin-B3-EphA4 interactions regulate the growth of specific 
thalamocortical axon populations in vitro. Eur J Neurosci. 
2002;16(6):1168-72.  

 Tanaka M1, Kamata R, Sakai R.J Biol Chem. EphA2 phosphorylates the 
cytoplasmic tail of Claudin-4 and mediates paracellular permeability. 
2005;280(51):42375-82.  

 Tandon M, Vemula SV, Mittal SK. Emerging strategies for EphA2 
receptor targeting for cancer therapeutics. 2011;15(1):31-51. 

 Tavares C, Melo M, Cameselle-Teijeiro JM, Soares P, Sobrinho-Simões 
M. ENDOCRINE TUMOURS: Genetic predictors of thyroid cancer 
outcome. Eur J Endocrinol. 2016;174(4):R117-26 

 Te Molder L, Sonnenberg A. PKD2 and RSK1 Regulate Integrin β4 
Phosphorylation  at Threonine 1736. PLoS One. 2015;10(11):e0143357.  

 Torchiaro E, Lorenzato A, Olivero M, Valdembri D, Gagliardi PA, Gai 
M, Erriquez J, Serini G, Di Renzo MF. Peritoneal and hematogenous 
metastases of ovarian cancer cells are both controlled by the p90RSK 
through a self-reinforcing cell autonomous mechanism. Oncotarget. 
2016;7(1):712-28.  

 Tsai CJ, Nussinov R. The molecular basis of targeting protein kinases in 
cancer therapeutics. Semin Cancer Biol. 2013;23(4):235-42.  

 Tuttle RM, Haddad RI, Ball DW, Byrd D, Dickson P, Duh QY, Ehya H, 
Haymart M, Hoh C, Hunt JP, Iagaru A, Kandeel F, Kopp P, Lamonica 
DM, Lydiatt WM, McCaffrey J, Moley JF, Parks L, Raeburn CD, Ridge 
JA, Ringel MD, Scheri RP, Shah JP, Sherman SI, Sturgeon C, 
Waguespack SG, Wang TN, Wirth LJ, Hoffmann KG, Hughes M. 
Thyroid Carcinoma, Version 2. Journal of the National Comprehensive 
Cancer Network. 2014;12(12):1671-80. 

 Volante M, Collini P, Nikiforov YE, Sakamoto A, Kakudo K, Katoh R, 
Lloyd RV, LiVolsi VA, Papotti M, Sobrinho-Simoes M, Bussolati G, 



 

 107 

Rosai J. Poorly differentiated thyroid carcinoma: the Turin proposal for 
the use of uniform diagnostic criteria and an algorithmic diagnostic 
approach. Am J Surg Pathol. 2007;31(8):1256-64. 

 Wakayama Y, Miura K, Sabe H, Mochizuki N. EphrinA1-EphA2 signal 
induces compaction and polarization of Madin-Darby canine kidney 
cells by inactivating Ezrin through negative regulation of RhoA. J Biol 
Chem. 2011;286(51):44243-53.  

 Walker-Daniels J, Coffman K, Azimi M, Rhim JS, Bostwick DG, 
Snyder P, Kerns BJ, Waters DJ, Kinch MS. Overexpression of the 
EphA2 tyrosine kinase in prostate cancer. Prostate. 1999;41(4):275-80. 

 Wang H, Zhang Q, Wen Q, Zheng Y, Lazarovici P, Jiang H, Lin J, 
Zheng W. Proline-rich Akt substrate of 40kDa (PRAS40): a novel 
downstream target of PI3k/Akt signaling pathway. Cell Signal. 
2012;24(1):17-24.  

 Wang J, Knauf JA, Basu S, Puxeddu E, Kuroda H, Santoro M, Fusco A, 
Fagin JA. Conditional expression of RET/PTC induces a weak 
oncogenic drive in thyroid PCCL3 cells and inhibits thyrotropin action at 
multiple levels. Mol Endocrinol. 2003;17(7):1425-36.  

 Wang X, Roy PJ, Holland SJ, Zhang LW, Culotti JG, Pawson T. 
Multiple ephrins control cell organization in C. elegans using kinase-
dependent and -independent functions of the VAB-1 Eph receptor. Mol 
Cell. 1999;4(6):903-13. 

 Weinstein IB, Joe A. Oncogene addiction. Cancer Res. 2008;68(9):3077-
80 

 Wells SA Jr, Pacini F, Robinson BG, Santoro M. Multiple endocrine 
neoplasia type 2 and familial medullary thyroid carcinoma: an update. J 
Clin Endocrinol Metab. 2013;98(8):3149-64  

 Wells SA Jr, Santoro M. Update: the status of clinical trials with kinase 
inhibitors in thyroid cancer. J Clin Endocrinol Metab. 2014;99(5):1543-
55. 

 Wells SA Jr, Asa SL, Dralle H, Elisei R, Evans DB, Gagel RF, Lee N, 
Machens A, Moley JF, Pacini F, Raue F, Frank-Raue K, Robinson B, 
Rosenthal MS, Santoro M, Schlumberger M, Shah M, Waguespack SG; 
American Thyroid Association Guidelines Task Force on Medullary 
Thyroid Carcinoma. Revised American Thyroid Association guidelines 
for the management of medullary thyroid carcinoma. Thyroid. 
2015;25(6):567-610 

 Wu C, Schwartz JM, Brabant G, Nenadic G. Molecular profiling of 
thyroid cancer subtypes using large-scale text mining. BMC Med 
Genomics. 2014;10.1186/1755-8794-7-S3-S3. 



 

 108 

 Wu CF, Liu S, Lee YC, Wang R, Sun S, Yin F, Bornmann WG, Yu-Lee 
LY, Gallick GE, Zhang W, Lin SH, Kuang J. RSK promotes G2/M 
transition through activating phosphorylation of Cdc25A and Cdc25B. 
Oncogene. 2014;33(18):2385-94.   

 Wybenga-Groot LE, Baskin B, Ong SH, Tong J, Pawson T, Sicheri F. 
Structural basis for autoinhibition of the Ephb2 receptor tyrosine kinase 
by the unphosphorylated juxtamembrane region. Cell. 2001;106(6):745-
57. 

 Wybenga-Groot LE, McGlade CJ. RTK SLAP down: the emerging role 
of Src-like adaptor protein as a key player in receptor tyrosine kinase 
signaling. Cell Signal. 2015;27(2):267-74. 

 Wykosky J, Debinski W. The EphA2 receptor and ephrinA1 ligand in 
solid tumors: function and therapeutic targeting. Mol Cancer Res. 2008; 
6(12):1795-806.  

 Xavier GM, Miletich I, Cobourne MT. Ephrin Ligands and Eph 
Receptors Show Regionally Restricted Expression in the Developing 
Palate and Tongue. Front Physiol. 2016;7:60.  

 Xing M, Haugen BR, Schlumberger M. Progress in molecular-based 
management of differentiated thyroid cancer. Lancet. 
2013;381(9871):1058-69. 

 Xing M. Molecular pathogenesis and mechanisms of thyroid cancer. Nat 
Rev Cancer. 2013; 13(3):184-99. 

 Xing M, Alzahrani AS, Carson KA, Shong YK, Kim TY, Viola D, Elisei 
R, Bendlová B, Yip L, Mian C, Vianello F, Tuttle RM, Robenshtok E, 
Fagin JA, Puxeddu E, Fugazzola L, Czarniecka A, Jarzab B, O'Neill CJ, 
Sywak MS, Lam AK, Riesco-Eizaguirre G, Santisteban P, Nakayama H, 
Clifton-Bligh R, Tallini G, Holt  EH, Sýkorová V. Association between 
BRAF V600E mutation and recurrence of papillary thyroid cancer. J 
Clin Oncol. 2015;33(1):42-50.  

 Xu G, Zhang J, Cui L, Zhang H, Zhang S, Bai Y. High EphA2 protein 
expression in renal cell carcinoma is associated with a poor disease 
outcome. Oncol Lett. 2014;8(2):687-692. 

 Yamashita T, Ohneda K, Nagano M, Miyoshi C, Kaneko N, Miwa Y, 
Yamamoto M, Ohneda O, Fujii-Kuriyama Y. Hypoxia-inducible 
transcription factor-2alpha in endothelial cells regulates tumor 
neovascularization through activation of ephrin A1. J Biol Chem. 
2008;283(27):18926-36.  

 Yoishida T, Yamada K, Azuma K, Kawahara A, Abe H, Hattori S, 
Yamashita F, Zaizen H, Kage M, Oshino T, Less S. Comparison of 
adverse events and efficacy between Gefitinib and Erlotinib in patients 



 

 109 

with non-small-cell lung cancer: a restrospective analysis. Medical 
Oncology. 2013;30:349.  

 Youngblood V, Wang S, Song W, Walter D, Hwang Y, Chen J, 
Brantley-Sieders D. Elevated Slit2 Activity Impairs VEGF-induced 
Angiogenesis and Tumor Neovascularization in EphA2-deficient 
Endothelium. Mol Cancer Res. Mol Cancer Res. 2015;13(3): 524–537. 

 Yu G, Lee YC, Cheng CJ, Wu CF, Song JH, Gallick GE, Yu-Lee LY, 
Kuang J, Lin SH. RSK promotes prostate cancer progression in bone 
through ING3, CKAP2, and PTK6-mediated cell survival. Mol Cancer 
Res. 2015;13(2):348-57.  

 Zantek ND, Azimi M, Fedor-Chaiken M, Wang B, Brackenbury R, 
Kinch MS. E-cadherin regulates the function of the EphA2 receptor 
tyrosine kinase. Cell Growth Differ. 1999;10(9):629-38. 

 Zelinski DP, Zantek ND, Stewart JC, Armando R, Irizarry R, Kinch S. 
EphA2 overexpression causes tumorigenesis of mammary epithelial 
cells. Cancer Res. 2001;61(5):2301-6. 

 Zevallos JP, Hartman CM, Kramer JR, Sturgis EM, Chiao EY. Increased 
thyroid cancer incidence corresponds to increased use of thyroid 
ultrasound and fine-needle aspiration: a study of the Veterans Affairs 
health care system. Cancer. 2015;121(5):741-6.  

 Zhou Y, Yamada N, Tanaka T, Hori T, Yokoyama S, Hayakawa Y, 
Yano S, Fukuoka J, Koizumi K, Saiki I, Sakurai H. Crucial roles of RSK 
in cell motility by catalysing serine phosphorylation of EphA2. Nat 
Commun. 2015; 6:7679 

 Zhuang G, Hunter S, Hwang Y, Chen J. Regulation of EphA2 receptor 
endocytosis by SHIP2 lipid phosphatase via phosphatidylinositol 3-
Kinase-dependent Rac1 activation. 2007;282(4):2683-94.  

 Zimmermann S, Moelling K. Phosphorylation and regulation of Raf by 
Akt (protein kinase B). Science. 1999;286(5445):1741-4. 

 Zou M, Baitei EY, Al-Rijjal RA, Parhar RS, Al-Mohanna FA, Kimura S, 
Pritchard C, Binessa HA, Alzahrani AS, Al-Khalaf HH, Hawwari A, 
Akhtar M, Assiri AM, Meyer BF, Shi Y. TSH overcomes BrafV600E-
induced senescence to promote tumor progression via downregulation of 
p53 expression in papillary thyroid cancer. Oncogene. 2015;10.1038.  



 

 110 

APPENDIX 
 

 
Publications summary 
 
 
MC Cantisani, A Parascandalo, M Perälä, C Allocca, V Fey, N Sahlberg, F 

Merolla, F Basolo, MO Laukkanen, OP Kallioniemi, M Santoro,
 MD 

Castellone – A Loss-of-Function Genetic Screening Identifies Novel 

Mediators of Thyroid Cancer Cell Viability, Oncotarget, in press 

In this study we have performed a loss of function screening by transfecting 

thyroid cancer cells (TPC1 cells) with a library of siRNA targeting the whole 

human kinome in order to discover kinases involved in thyroid cancer cell 

viability. Our data identify a novel set of thyroid cancer regulators, including 

several members of EPH receptor tyrosine kinase family as well as SRC and 

MAPK (mitogen activated protein kinases) families. 

 

 

G Vecchio, A Parascandolo, C Allocca, A Strazzulli, M Moracci, C 

Ugolini, F Basolo, MD Castellone, M Santoro, N Tsuchida – 

Downregulation of FUCA-1 in human thyroid anaplastic carcinomas - 

manuscript in preparation 

In this work we have studied the role of the alpha-L-Fucosidase-1 (FUCA-1) in 

thyroid cancer. This enzyme is involved in the removal of fucose from glycans 

and has been shown to be downregulated in highly aggressive and metastatic 

histotypes of human cancers. Our data demonstrate that the expression is 

significantly reduced in anaplastic thyroid cancer (ATC) as well as thyroid 

cancer cell lines. Moreover, the transfection of FUCA-1 in ATC cells is able to 

impair their tumorigenic properties. 


