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Abstract  

In epithelial context the aberrant expression of the mesenchymal FGFR2c 

isoform in epithelial cells induces impaired differentiation inhibition of 

autophagy as well as the induction of the epithelial-mesenchymal transition 

(EMT). Considering the widely proposed negative loop linking autophagy 

and EMT in the early steps of carcinogenesis, in this thesis work we 

investigated the possible involvement of FGFR2c aberrant expression and 

signalling in orchestrating this crosstalk. In human keratinocytes context, 

biochemical, molecular, quantitative immunofluorescence analysis and in 

vitro invasion assays, coupled to the use of specific substrate inhibitors and 

transient or stable silencing approaches, showed that AKT/MTOR and 

PKCε are the two hub signalling pathways, downstream FGFR2c, 

intersecting with each other in the control of both the inhibition of autophagy 

and the induction of EMT and invasive behavior. These results indicate that 

the out of context expression of FGFR2c, could represent a key upstream 

event responsible for the establishment of a negative interplay between 

autophagy and EMT.  

FGFR2 isoform switch is recognized as one of the oncogenic events 

occurring during pancreatic carcinogenesis, whose contribution in EMT 

induction and cell invasion, as well as in the dysregulation of autophagy still 

appears controversial.  

In fact, pancreatic ductal adenocarcinoma (PDAC) is a treatment-resistant 

malignancy characterized by a high malignant phenotype including 

acquired EMT signature and deregulated autophagy. Since we have 

previously described that the aberrant expression of the mesenchymal 

FGFR2c and the triggering of the downstream PKC signaling are involved 

in epidermal carcinogenesis, the aim of this work has been to assess the 

contribution of these oncogenic events also in the pancreatic context. 

Biochemical, molecular and immunofluorescence approaches showed that 

FGFR2c expression impacts on PDAC cell responsiveness to FGF2 in 

terms of intracellular signaling activation, upregulation of EMT-related 

transcription factors and modulation of epithelial and mesenchymal markers 

compatible with the pathological EMT. Moreover, shut-off via specific 
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protein depletion of PKC signaling, activated by high expression of FGFR2c 

resulted in a reversion of EMT profile, as well as in a recovery of the 

autophagic process. The detailed biochemical analysis of the intracellular 

signaling indicated that PKCε, bypassing AKT and directly converging on 

ERK1/2, could be a signaling molecule downstream FGFR2c whose 

inhibition could be considered as possible effective therapeutic approach in 

counteracting aggressive phenotype in cancer.  
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The fibroblast growth factor receptor family   

  

The fibroblast growth factor receptors (FGFRs) are receptor tyrosine 

kinases (RTKs) belonging to a family composed by four highly conserved 

transmembrane tyrosine kinase receptors (FGFR1, FGFR2, FGFR3 and 

FGFR4) encoded by four different genes. These are involved in the 

management of physiological key processes such as cell proliferation, 

differentiation, migration and survival and are expressed on several tissues 

(Turner and Grose, 2010; Goetz and Mohammadi, 2013). FGFRs are 

stimulated by fibroblast growth factor (FGF) family members, which are 18 

members grouped in five paracrine subfamilies and one endocrine 

subfamily. Paracrine FGFs are secreted glycoproteins immobilized by 

HPSGs in the extracellular matrix near the site of their secretion. These 

FGFs are released from the extracellular matrix by enzymes or specific FGF 

binding proteins in cooperation with HPSGs, that stabilize the FGF-FGFR 

interaction, forming a ternary complex. FGFRs structure consist of an 

extracellular domain, a singlepass transmembrane domain and an 

intracellular tyrosine kinase domain (Figure 1).  

The extracellular domain is made by three immunoglobulin (Ig)-like domains 

(I-III), an acid serine-rich box region linking I and II domains and a 

conserved charged binding site for heparin (Schlessinger et al., 2000). The 

first Ig-like domain, together with the acid box, seems to be involved in 

receptor autoinhibition (Olsen et al., 2004), while the second and third Ig-

like domains form the attaching site for FGF ligands (Mohammadi et al., 

2005). The ligand specificity of FGFR1, FGFR2 and FGFR3 is defined by 

the alternative splicing of the third Ig-like domain of these receptors, which 

generates FGFRb and FGFRc isoforms (Figure 1). For FGFR2 the N-

terminal portion of the Ig-III domain is encoded by the exon 7 (exon IIIa), 

while the C-terminal portion is encoded alternatively by exon 8 (exon IIIb), 

and 9 (exon IIIc), which determines respectively FGFR2IIIb and FGFR2IIIc 

isoforms with different ligand-binding specificities.  
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Figure 1: (modified from Tiong et al., 2013) The basic structure of FGFR and splice 
variants. The basic structure of a FGFR. The FGFRs are phylogenetically closely related 
to the VEGFRs and PDGFRs, consist of three extracellular immunoglobulin (Ig) domains 
(D1-D3), a single transmembrane helix, an intracellular split tyrosine kinase domain (TK1 
and TK2) and an acidic box. D2 and D3 form the ligand-binding pocket and have distinct 
domains that bind both FGFs and heparan sulfate proteoglycans (HSPGs). Acidic box is 
required for binding of bivalent cations for optimal interaction between FGFRs and HSPGs. 
The FGFRs isoforms are generated mainly by alternative splicing of the Ig III domain (D3). 
The D3 could be encoded by an invariant exon 7 (red) to produce FGFR-IIIa isofom or 
spliced to either exon 8 (green) or 9 (yellow) to generate the FGFR-IIIb or FGFR-IIIc 
isoforms, respectively. Epithelial tissues predominantly express the IIIb isoform and 
mesenchymal tissues express IIIc. FGFR4 is expressed as a single isoform that is 
paralogous to FGFR-IIIc. Hatched box represents a truncated carboxyl terminal.  

 

While FGFR2IIIb specifically binds FGF7/KGF (Rubin et al., 1989) and 
FGF10 (Igarashi et al., 1998), FGFR2IIIc binds FGF2 (Yayon et al., 1992) 
(Figure 2).  

 

 

Figure 2: (Modified from Turner and Grose 2010) FGFR2IIIb and FGFR2IIIb isoform 
specificity and structure. The specificity of the FGF-FGFR interaction is established 
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partly by the differing ligandbinding capacities of the receptor but also by alternative 
splicing of FGFR, which substantially alters ligand specificity. The Ig III is encoded by an 
invariant exon (IIIa), and the alternative splicing of exon IIIb or IIIc, both of which bind the 
transmembrane (TM) region. Epithelial tissues predominantly express the IIIb isoform and 
mesenchymal tissues express IIIc. Different ligand specificity of FGFR2 isoforms is shown. 
The FGFR2IIIb ligands are shown in blue and the FGFR2IIIc ligands are shown in purple. 
For exemple, FGF2 binds specifically to FGFR2IIIc and have essentially no binding to 
FGFR2IIIb 

 

The alternative splicing also affects the tissue specificity of the FGFRs. The 

FGFR2IIIb isoform is exclusively expressed in epithelial cells, while the 

FGFR2IIIc isoform is expressed physiologically in mesenchymal cells (Miki 

et al., 1992; Orr-Urtreger et al., 1993). FGFs-FGFRs binding induce 

receptor dimerization and the juxtaposition of the two intracellular kinase 

domains of the two receptors which brings to the phosphorylation of each 

other (Goetz and Mohammadi, 2013). The binding needs the presence of a 

cofactor, the heparan sulphate proteoglycan (HPSG), which enhances 

resistance to proteolysis and forming coupled ternary complex on the cell 

surface (Schlessinger et al., 2000). FGF/FGFR interaction induces receptor 

dimerization, which leads to a conformational change in receptor structure 

inducing the activation of the intracellular kinase domain, which triggers the 

intermolecular transphosphorylation of the tyrosine kinase domain and the 

carboxy-terminal tail (Turner and Grose, 2010; Brooks et al., 2012). Some 

tyrosine residues of the receptor can be auto phosphorylated (Lew et al., 

2009) then acting as docks for adaptor proteins, they can lead to activation 

of various signaling pathways (Turner and Grose, 2010). The central 

downstream substrates of FGFRs are the FGFR substrate 2 (FRS2) and 

the phospholipase Cγ (PLCγ).  

FRS2 family is composed by two members, FRS2α and FRS2β (Gotoh et 

al., 2008), both with a consensus sequence at the N-terminus for lipid 

binding in the plasma membrane (Gotoh et al., 2008), a phospho-tyrosine 

binding (PTB) domain and multiple tyrosine phosphorylation sites at the 

Cterminus, which need to bind RTKs. FRS2 proteins can bind a limited 

variety of RTKs, such as neurotrophic receptors, RET and ALK, but 

especially FGFRs. FRS2α acts as the most important mediator of 

intracellular signaling via FGFRs. The PTB domains of FRS2 binds 

constitutively to unphosphorylated peptides at the juxta membrane domain 

of the FGFR. FRS2α includes four tyrosine phosphorylation sites that 



 

12  

connect the adaptor protein growth-factorreceptor-bound protein 2 (Grb2) 

and has two binding sites for the SH2containing tyrosine phosphatase 

protein (Shp2). Grb2 can bind many proteins via two SH3 domains, such as 

Gab1, SOS and Cbl. The recruitment of Gab1 by Grb2 forms a ternary 

complex with FRS2α, which in turn recruits PI-3 kinase and allows activation 

of PI3K/AKT pathway (Figure 3) (Altomare and Testa, 2005). SOS is a 

guanine nucleotide exchange factor (GEF), which can activate Ras. The 

recruitment of Grb2-Sos on FGFR triggers Ras/mitogenactivated protein 

kinase (MAP kinase) pathway activation (Figure 3) (Eswarakumar et al., 

2005). The FRS2α-Shp2 binding, caused by FGF stimulation, induces 

tyrosine phosphorylation on Shp2, that provokes a strong activation of ERK, 

a component of MAP kinases family (Hadari et al., 1998). The activation of 

ERK induced by growth factors can be transient or sustained (Marshall et 

al., 1995). A not related FRS2 signaling, downstream FGF/FGFR, is the 

PLCγ pathway (Figure 3). This phospholipase auto phosphorylates through 

its Src homology 2 (SH2) domain and induces its own activation. 

Particularly, it has been demonstrated that the tyrosine 766 residue in the 

Cterminal of FGFR1 is required for PLCγ protein binding (Mohammadi et 

al., 1991), which corresponds to tyrosine 769 in FGFR2b (Ceridono et al., 

2005; Cha et al., 2009; Brooks et al., 2012). 
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Figure 3: (modified from Turner and Grose 2010) FGFR signaling pathway. FGFs 
induces FGFE-mediated signaling pathway by interacting with specific FGFRs and 
HSPGs. The macromolecular interactions mediate FGFRs, dimerization or oligomerization 
and activate multiple signal trasduction pathways, including those involving FRS2, RAS, 
p38 MAPKs, ERKs, JNKs, Src, PLCγ, Crk, PKC and PI3K.  
 

Several other pathways can be activated by FGFRs, such as signal 

transducer and activator of transcription signaling (STAT), ribosomal protein 

S6 kinase 2 (RSK2), the p38 MAPK and Jun Nterminal kinase pathways 

(Touat et al., 2015), which can be activated downstream RAS by the 

MAPKKs, MKK4 and MKK7 (Katz et al., 2007) but also via PKCδ (Liu et al., 

2006; Chen et al., 2008).  
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 Deregulation of FGFR2 signaling in cancer  

 

Deregulation of the FGF-FGFR axis can be involved in several tumors, at 

different stages. It can produce cell transformation, tumor progression and 

resistance to anticancer therapy. FGFR signaling influences oncogenesis 

through ligand-dependent and independent mechanisms as autocrine and 

paracrine signaling, angiogenesis, and epithelial–mesenchymal transition 

(EMT) (Babina and Turner, 2017) (Figure 4).  

 

 

Figure 4: (modified from Babina and Turner 2017) Deregulation of FGFR signaling in 
cancer. Deregulation of FGFR signaling may contribute to oncogenesis through some 
genetic mechanism such as FGFR gene amplification and consequently protein 
overexpression, activating mutations resultant in receptor dimerization or kinase domain 
constitutive activation also in the absence of the ligand, chromosomal translocations that 
may create FGFR aberrant fusion with other proteins at any carboxy terminus, leading to 
encreased receptor dimerization (blue fusion), or amino terminus, leading to receptor 
hyperactivation in a ligand-indipendent manner (grey fusion). Otherwise FGFRs can be 
overstimulated by their ligands secreted by the tumor cells (light blue) or stromal 
compartment (dark blue); these ligands may also induce tumor-associated angiogenesis. 
As a conseguence of a genetic mechanism or an extracellular stimulus, the FGFR IgIII 
domain can be alternatively spliced from the epithelial IIIb to the mesenchymal IIIc isoform, 
altering the receptor ligand specify and leading to autocrine signaling and EMT induction. 
Oncogenic deregulation of FGFR signaling may also be ascribed to gene amplification and 
consequentlu protein overexpression of FGFR binding partners such as FRS2 and PLCγ. 
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FGFR gene amplification often turns into protein overexpression, causing 

an increased receptor accumulation and triggering the downstream 

signaling pathways. Amplification can occur quite frequently for FGFR1 in 

squamous non-small-cell lung carcinoma (NSCLC) (Weiss et al., 2010; 

Yang et al., 2014), small-cell lung carcinoma (Peifer et al., 2012) and is 

considered an adverse prognostic marker in earlystage NSCLC (Cihoric et 

al., 2014) and in a significant percentage of hormone receptor-positive and 

triple negative breast cancer (Courjal et al., 1997; ReisFilho et al., 2006; 

Lee et al., 2014). Amplification of FGFR2 is less frequent than FGFR1 but 

has been described in aggressive subtype of gastric cancer (Matsumoto et 

al., 2012) and in 2% of breast cancer (Turner et al., 2010). Amplification of 

FGFR3 and FGFR4 are not frequently reported. Alternatively, to receptor 

gene amplification, FGFR activating mutations can induce increased 

receptor dimerization in the absence of ligand or constitutive activation of 

the kinase domain. FGFR2 mutations are found in 10–12% of endometrial 

carcinomas (Dutt et al., 2008; Helsten et al., 2015), approximately 4% of 

NSCLCs and gastric cancers (Greenman et al., 2007), and 2% of urothelial 

cancers (Gao et al., 2013). An alternative splicing event with welldefined 

cell type-specificity and functional effects is the oncogenic mechanism that 

provokes the mutually exclusive splicing of the FGFR IgIII loop from the 

epithelial IIIb to the mesenchymal IIIc isoform. This switch modifies the 

ligand specificity of the receptor, causing in altered autocrine signaling.  

The splicing from the epithelial FGFR2IIIb isoform to the aberrant 

mesenchymal FGFR2IIIc isoform makes the cell responsive to new ligands 

as FGF2 but not FGF7 and induce EMT in normal murine mammary cells 

(Shirakihara et al., 2011) and epithelial human cells (Ranieri et al., 2015; 

Ranieri et al., 2016) provoking tumorigenic features (Oltean et al., 2006; 

Zhao  et al., 2013; Ranieri et al., 2015; Ranieri et al., 2016). FGFs may play 

an active role in oncogenesis overstimulating their receptors in an autocrine 

or paracrine approach. FGF2 can trigger pathological EMT, wound healing 

(Broadley et al., 1989; Ortega et al., 1998; Ranieri et al., 2016) and 

angiogenesis by promoting cancer progression (Zhao et al., 2013; Oltean 

et al., 2006; Shirakihara et al., 2011) of epithelial cells alone (Ranieri et al., 

2018) or in combination with vascular endothelial growth factor (VEGF) 

(Pepper et al., 1998; Yan et al., 2008). It is known that the Epithelial Splicing 
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Regulatory Proteins 1 and 2 (ESRP1 and ESRP2) control alternative 

splicing events of several genes (Warzecha et al., 2009) including the 

FGFR2 (Warzecha et al., 2009). Splicing regulators are RNA binding 

proteins (RBPs) that exert alternative mRNAs transcripts from a single gene 

choosing between different exon sequences. This post-transcriptional 

regulation of the mRNAs encoding RBPs can also influence cell type-

specific splicing decisions. The epithelial isoform FGFR2b is controlled by 

ESRP1 and ESRP2 (Warzecha et al., 2009). It is widely demonstrated as 

the expression of ESRP1 and ESRP2 correlate with the expression of 

FGFR2IIIb and its silencing force the FGFR2IIIc isoform switch (Ranieri et 

al., 2015). One of the causes in epithelial context of downmodulation of 

ESRP1/2 proteins and the consecutive FGFR2 isoform switch toward 

mesenchymal phenotype is the HPV16 infection and in particular the 

expression of the viral oncoprotein E5 (16E5) (Ranieri et al., 2015). FGFR2 

aberrant isoform switch causes a modification in the downstream signaling 

that turns upside-down both morphology and cellular behavior. In the 

epithelial context, FGFR2b stimulated by FGF7 triggers divergent 

responses, such as autophagy through the JNK1-mediated signaling, 

MTOR-independent pathway (Russell et al., 2014; Nanni et al., 2018) as 

well as proliferation (Belleudi et al., 2011) and differentiation (Belleudi et al., 

2011; Rosato et al., 2018). FGFR2b/FGF7 signaling controls the early, and 

the late steps of keratinocyte differentiation (Belleudi et al., 2011; Purpura 

et al., 2013) by the sequential involvement of PKCδ and PKCα respectively 

(Rosato et al., 2018). Instead, the isoform switch of FGFR2b and the 

consequent expression, out of context, of the FGFR2c changes the cellular 

responsiveness to the ligand FGF2. FGFR2c/FGF2 axis not only induces 

EMT as above mentioned (Ranieri et al., 2015; Ranieri et al., 2016) but 

inhibits differentiation, promotes invasion (Ranieri et al., 2018) and has a 

negative impact on autophagy (Nanni et al., 2019). It has been recently 

demonstrated that, after FGF2 stimulation, the FGFR2c does not induce the 

activation of PKCδ, probably counteracting differentiation process, but has 

an impact on the activity of PKCε (Ranieri et al., 2020). PKCs are a class of 

finely regulated serine-threonine kinases that are essential for the control of 

intensity as well as spatial distribution of the signals (Isakov et al., 2018; 

Rosse et al., 2010). PKCs can be recruited to membrane protein scaffolds, 
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where these may control the behavior of protein complexes influencing their 

assembly state, their subcellular localization and their ability to recruit 

downstream effectors (Rosse et al., 2010).  Recent studies showed that the 

different specificity in PKC isoform activation displayed by FGFR2b and 

FGFR2c is consistent with the recent advanced hypothesis that the 

alternative splicing could represent a powerful mechanism to diversify 

FGFR signaling (Latko et al., 2019). PKCε has been found overexpressed 

in several carcinomas, including squamous cell carcinomas (SCCs) (Gorin 

et al., 2009; Isakov et al., 2018). Among PKC family members, PKCε shows 

the greatest oncogenic potential (Isakov et al., Semin, 2018), in fact its 

overexpression is a sufficient requirement to increase growth rate and 

motility in human keratinocytes (HKs) (Papp et al., 2004). PKCε regulates 

several cellular processes not only via the phosphorylation of its 

downstream substrates, but also through their intracellular re-localization 

(Newton et al., 2010) as well as it can induce EMT phenotype in normal 

breast cells (Jain et al., 2014a; Jain K et al., 2014b). Recently it has been 

demonstrated how PKCε, downstream FGFR2c, act upstream an 

oncogenic signaling network leading to the induction of EMT-related 

transcription factors such as STAT3, Snail1 and Fos-Related Antigen-1 

(FRA1), and Signal Transducer and Activator of Transcription 3 (STAT3), 

which are probably sequentially induced and cooperate with each other in 

triggering and sustaining the EMT program (Figure 5) (Ranieri et al., 2020).  
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Figure 5: (modified from Ranieri et al., 2020) Schematic drawing of FGFR2c 
downstream signaling of EMT induction. PKCε acts downstream FGFR2c upregulating 
three EMT-related trascription factors STAT3, Snail1 and FRA1 which are induced in 
cascade and cooperate with each other in triggering and sustaining the EMT program. 

 

 

 

 

Epithelial-Mesenchymal Transition  

  

The epithelial cells plasticity allows reversibly to have a transition into 

mesenchymal cells, either partially or fully. Even if the EMT process may 
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present some variations, which depend on the cell type, tissue context and 

activating signals, several processes remain unchanged during the EMT 

process (Zada et al., 2021). The epithelial cell–cell contacts such as tight 

junctions, adherents’ junctions, desmosomes and gap junctions 

disassembled and there is loss of cell polarity caused by the disruption of 

the Crumbs complex, a key regulator of cell polarity and cell shape 

(Lamouille et al., 2014). Cells that begin EMT reorganize their cortical 

actinic cytoskeleton in different structures such as actin stress fibers, sheet-

like protrusions called lamellipodia and spike-like extensions called filopodia 

at the edge of lamellipodia. This new actin structure facilitates dynamic cell 

extension, motility and employs a proteolytic function in ECM degradation 

(Lamouille et al., 2014). The expression of epithelial genes is inhibited, 

including those that encode cell junction complexes and at the same time 

mesenchymal genes are activated. In addition, the integrin composition 

changes, the epithelial α6β4 integrin that links cells with the basement 

membrane is inhibited, and the mesenchymal α3β1, α5β1, α1β1 integrins, 

that bind laminin, fibronectin and type I collagen respectively are 

upregulated. Moreover, the intermediate filament composition changes 

from epithelial to mesenchymal type, with the expression of vimentin that 

replaces cytokeratin (Lamouille et al., 2014). Gene reprogramming for the 

switch from the epithelial to the mesenchymal phenotype involves some 

master regulators, including Snail, Twist and ZEB transcription factors 

(Lamouille et al., 2014). Snail is uniquely required for triggering EMT, while 

Twist1, that directly bind E-boxes in promoters, activating ZEB1 (Zinc 

Finger E-Box Binding Homeobox 1), is determinant in EMT duration (Tran 

et al., 2011). A negative feedback loop is demonstrated between ZEB1 and 

miR 200 expression, in fact if ZEB protein down modulates miR 200, on the 

other hand miR 200 suppresses ZEB expression too (Brabletz and Brabletz, 

2010). Downmodulation in miR 200 expression results in increased ZEB1 

and ZEB2 levels and EMT progression (Brabletz and Brabletz, 2010). A 

similar feedback loop also occurs between miR-203 and Snail (Moes et al., 

2012). During EMT, Snail1 can be induced by the transcription factor STAT3 

which is which is upregulated in several human carcinomas, including head 

and neck squamous cell carcinoma (HNSCC), breast, ovary, prostate, and 

lung cancer (Chan et al., 2004; Kobielak and Fuchs 2006). FRA1 is a 
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member of the FOS family of transcription factors, is a transcriptional target 

of Twist and Snail and acts as an effector of the EMT program and is 

required for its execution (Tam et al., 2013).  

EMT has been classified into three different types depending on the tissue 

context and the type of cells that this transition generates (Debnath et al., 

2021; Kalluri and Weinberg, 2009; Zeisberg and Neilson, 2009) (Figure 6).  

 

Figure 6: (modified from Debnath et al., 2021) EMT: characteristics, markers and 
contexts. EMT is activated in different physiological contexts, thereby facilitating cellular 
movement. It is associated with both morphological and characteristic changes   

 

Type I EMT is associated with implantation, embryo formation and organ 

development; this process generates mesenchymal cells that have the 

potential to subsequently undergo the reverse process, MET, to generate 

secondary epithelia (Thiery et al., 2009). Type II EMT is associated with 

wound healing, tissue regeneration and organ fibrosis. In this case, the EMT 

program belongs to a series of repair-associated events that normally 

reconstruct tissues following trauma and inflammatory injury. In this case, 

cells undergoing EMT leave the epithelial layer, find their way through the 

basement membrane, and accumulate in the interstitial space of the tissue 

where they ultimately shed all their epithelial markers and gain a fully 

fibroblastic phenotype (Leopold et al., 2012). However, in contrast to type I 

EMT, type II EMT is associated with inflammatory stimulus and in 

physiological conditions, it ends once inflammation is attenuated. If 

inflammation persists, ongoing type II EMT continues unabated and the 
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process degenerates into a pathological condition, called fibrosis, leading 

eventually to organ destruction. EMT process is associated with fibrosis 

occurring in several organs like kidney, liver, lung, and intestine (Thiery et 

al., 2009; Kalluri and Weinberg, 2009; Zeisberg and Neilson, 2009). Type 

III EMTs has only a pathological implication since it occurs in neoplastic 

epithelial cells that have previously undergone genetic and epigenetic 

changes, affecting oncogenes and tumor suppressor genes. 

This already transformed cell takes advantage of EMT mechanism to 

acquire a malignant phenotype in order to achieve the subsequent steps of 

the invasion-metastasis cascade, such as invasion through the basement 

membrane, intravasation, transport through the circulation, extravasation, 

and finally formation of micro metastasis with life-threatening 

consequences. Metastasizing cancer cells must shed their mesenchymal 

phenotype via a MET during secondary tumor formation (Thiery et al., Cell 

2009; Kalluri and Weinberg, 2009; Zeisberg and Neilson, 2009).  

There is still an open-question about the comparison between tumor EMT 

and wound healing related-EMT; since EMT types II and III share a set of 

genetic and biochemical elements, it’s difficult to discriminate a 

physiological early event that transform a mature, differentiated 

keratinocyte into a migrating cell and the pathological initial transformation 

of a primary tumor cell into a metastatic tumor cell (Leopold et al., 2009). In 

both cases, cells must be able to change form, alter actin cytoskeleton, 

reprogram gene expression, modify the extracellular matrix and then, 

secrete proteases to help in the process. Rapid responses and ongoing 

development of the wound healing response is coordinated by a series of 

growth factors (Barrientos et al., 2008). In wounding of epidermal cells, 

platelet clot formation induces the release of a multitude of growth factors. 

These growth factors attract macrophages and leukocytes. They all 

together (keratinocytes, platelets, macrophages and leukocytes) release a 

variety of additional growth factors including epidermal growth factor (EGF), 

transforming growth factor α (TGFα), and transforming growth factor β1 and 

2 (TGFβ1, TGFβ2). Later other growth factors act on keratinocytes including 

TGFβ3 from macrophages, insulin-like growth factor (IGF) or FGF7 from 

fibroblasts and epidermal cells and hepatocyte growth factor (HGF). 
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Previous studies demonstrated that FGF7 promotes keratinocyte migration 

(Tsuboi et al., 1993; Ceccarelli et al., 2007; Belleudi et al., 2011) confirming 

its important contribution in wound healing and repair (Finch and Rubin, 

2004). In addition, several other growth factors such as platelet derived 

growth factor (PDGF) and TNFα are actively involved in wound healing 

(Leopold et al., 2012).   

The process of EMT for cancer cells shares with wound healing the central 

role of growth factors. Like wound healing, EMT is provoked by increased 

levels of EGF, TGFβ1 and PDGF. In addition, hepatocyte growth factor 

(HGF) triggers the c-MET pathway that is often part of the EMT program 

(Leopold et al., 2012; Lamouille et al., 2014). In addition to the similarity of 

growth factors and receptors involved, the intracellular signaling pathways 

are also matched and they include Rho activity, Ras/ERK/MAPK pathway, 

the PI3K/Akt/mTOR axis, p21 axis and GSK3 activities (Leopold et al., 

2012; Lamouille et al., 2014).  

On the other hand, a crucial difference between the two processes is on the 

type of cell movement: while type III EMT is characterized by the migration 

of isolated mesenchymal-like cells, already lacking strong adherent 

junction, during wound healing cells show a collective movement in which 

cell-junctions (and consequently E-cadherin expression) are conserved 

(Friendl and Wolf, 2009; Friendl and Gilmour, 2009). An important hallmark 

of tumor EMT is not only the downregulation of E-cadherin, to bolster the 

destabilization of adherent junctions, but also the concomitant de novo 

expression of mesenchymal neural cadherin (N cadherin), the so-called 

“cadherin switch” (Wheelock et al., 2008; Yilmaz and Christofori, 2009). 

Through this switch, the tumor cell loses contact with adjacent epithelial 

cells and acquires an affinity for mesenchymal cells through homotypic N-

cadherin interactions. These interactions are weaker than homotypic E 

cadherin interactions and facilitate cell migration and invasion (Lamouille et 

al., 2014). N-cadherin mediated cellcell adhesion causes the collective cell 

invasion mode in epithelial cells undergoing EMT (Shih et al., 2012).  

In addition to “cadherin-switch”, a transcription factor belonging to Snail 

family, Snail1, allows to distinguish wound healing from tumor EMT: while 

Snail2 is up-regulated in both wounded epithelium and in tumor cells 
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undergoing EMT (Savagner et al., 1997; Savagner et al., 2005; Arnoux et 

al., 2009; Kusewitt et al., 2009, Hudson et al., 2009;  Shirley et al., 2010), 

Snail1 is only involved in EMT (Ranieri et al., 2020) and has not been shown 

to be a major player in keratinocytes during wound healing (Savagner et al., 

2005; Sou et al., 2010). Finally, while the hemidesmosome component 

α6β4-integrin persists during wound healing where it translocated at the 

leading edge of migrating cells (Santoro and Gaudino, 2005; Maschler et 

al., 2005; Sehgal et al., 2006; Margadant et al., 2006) it down modulated 

during EMT.  

Previous works of our research group showed that while FGFR2b 

expression and signaling induce keratinocyte migration (Ceccarelli et al., 

2007; Belleudi et al., 2011), the out-of-context expression of FGFR2c in 

these cells triggers tumorigenic features and EMT, demonstrated by the 

downmodulation of epithelial markers (E-Cadherin and β4-integrin) and the 

upregulation of mesenchymal markers (N-Cadherin) (Ranieri et al., 2015; 

Ranieri et al., 2016; Ranieri et al., 2018). More recently  we better 

characterized the signaling pathway downstream FGFFR2c mainly 

involved, demonstrating that PKCε acts inducing in cascade the EMT-

related transcription factors STAT3, Snail1 and FRA1 (Ranieri et al., 2020).  

  

Autophagy   

  

Autophagy is a degradative pathway conserved from yeast to mammalians, 

used for recycling or discarding cytoplasmic components, such as damaged 

organelles, membranes and molecules, in order to preserve the cellular 

homeostasis or to fit the cells to stress conditions (Feng et al., 2014). There 

are three forms of autophagy: macro autophagy, micro autophagy and 

chaperone-mediated autophagy (Zada et al 2021). In macro autophagy 

substrates are isolated in autophagosomes, composed of double-

phospholipid membrane structure. This vesicle fuses with lysosome 

promoting the degradation of its inner membrane and the substrates on it 

by lysosomal enzymes (Mizushima et al., 2011). The second type of 

autophagy is chaperone-mediated autophagy (CMA). Here, the cytosolic 
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proteins are marked by a pentapeptide motif tag with a consensus 

sequence, then recognized and selectively caught to the lysosomal 

membrane by the chaperon protein Hsc70, which promotes the 

translocation into the lysosomal lumen through the binding to LAMP-2A. 

The third type is micro autophagy, and it is used when part of the cytoplasm 

is engulfed by direct invagination of the lysosomal membrane (Ravikumar 

et al., 2010; Mizushima et al., 2011).  

Macro autophagy, commonly called autophagy, plays an important role in 

maintaining cellular homeostasis, is the most extensively studied 

membrane pathway and is present at basal level. This process can be up-

regulated by several stimuli as a cytoprotective response against nutrient 

starvation (glucose or amino-acid withdrawal), hypoxia, oxidative stress, 

pathogen infection, radiation and anticancer drug treatment (Yang and 

Klionsky, 2010). Macro autophagy can also be a selective process to 

remove specific damaged organelles, such as mitochondria (mitophagy) 

and peroxisomes (pexophagy) (Deffieu et al., 2009; Dunn et al., 2005), or 

invasive pathogens (xenophagy) (Levine et al., 2011) to the lysosomal 

compartment (Figure 7).   
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Figure 7: (modified from Zada et al., 2021) Autophagy steps. Autophagy  involves 
multiple steps: induction, nucleation, vescical expansion and lysosomal fusion. A few 
critical signal complexes are involved in the regulation of autophagy induction. The ULK1/2 
complex regulates the initiation of autophagy together with PI3KC3 (class III PI3K) 
complex. It is composed of several proteins, including ATG13, ATG10, AMBRA1 and 
FLIP200. The ULK1/2 complex is controlled by either activator (e.g. AMPK) or inhibitor 
signals (e.g. mTOR pathway or PKA). thePI3KC3 complex, comprising classIII PI3K with 
BECN1, UVRAG, PIK3R4 and ATG14 proteins, is specifically inhibited by chemical 
compounds such as 3.methylaldenine (3-MA) and wortmannin, as well as protein such as 
BL2 or RUBICON. LC3 is lipidated to phosphatidylethanolamine (PE) via two ubiquitin-like 
conjugation proteins. PE-conjugated LC3s (LC3-II form) are formed via nucleation and 
vesical expansion resulting in autophagosomes, followed by fusion with lysosomes 
facilitated by other proteins such as SNARE or Rabs to degrade its contents for energy 
recycling. The fusion with lysosomes is inhibited by compounds such as chloroquine (CQ), 
hydroxychloroquine (HCQ) and bafilomycin A1 (Baf-A1)  

 

The autophagic machinery consists of about 40 autophagy-related genes 

(ATGs) originally identified in yeast. Many of these genes have orthologs in 

mammalians. Even if they show important differences in biology and 

architecture, they have been defined as the core autophagy genes, involved 

in autophagosome biogenesis (Lamb et al., 2013; Bento et al., 2016). The 

process for the formation of a mature autophagosome can be divided in 

three step: the initiation, that is the transmission of the signal to the 

membrane, with consequent recruitment of the initiating complexes; the 

nucleation, that leads to the formation of the isolation membrane from the 

membrane source of the signal; the expansion, where the isolation 

membrane expands until close completely, forming the autophagosome 

(Mizushima et al., 2011; Lamb et al., 2013; Feng et al., 2014).   

The first involved in the stage of initiation is the ULK1/2 complex. The ULK 

complex is made of ULK1/2, ATG13, FIP200 and ATG101. ULK1/2 

cooperates with ATG13, which directly binds FIP200 (Hosokawa et al., 

2009; Jung et al., 2009). The ULK1/2 complex can be activated in an AMP-

activated protein kinase (AMPK)-dependent way for glucose starvation in 

Ser317 and Ser777 or for amino acid starvation in AMPK-independent 

manner. Under fed conditions the ULK1/2 complex is inhibited by the 

binding with mTORC1 and phosphorylation on Ser757.  

On the contrary, upon nutrient starvation or treatment with the mTOR 

inhibitor, rapamycin, mTORC1 (see below) is released from the ULK1/2 

complex leading to its activation and autophagy initiation (Ganley et al., 

2009; Hosokawa et al., 2009; Jung et al., 2009; Kim et al., 2011). Another 
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important complex required for the initiation step of autophagosome 

formation is the class III phosphatidylinositol (PI) 3-kinase (PI3K) complex 

made of p150, Beclin 1 and ATG14. This complex is essential for the 

generation of phosphatidylinositol 3-phosphate (PI3P) (Mizushima et al., 

2011). Beclin 1 is a key protein of the PI3K complex since it interacts with 

Vps34 and enhances its activity. Many other proteins can interact with 

Beclin 1 positively regulating autophagy, such as AMBRA1 and Bif-1, or 

negatively like BCL-2 that inhibits autophagy by sequestering Beclin 1 from 

the PI3K complex (Funderburk et al., 2010). During the nucleation step 

ULK1/2 and the PI3K complexes are recruited to the membrane site of 

autophagosome initiation. Here the ULK1/2 complex can phosphorylate 

different proteins like Beclin 1 and its interacting protein AMBRA1 at Ser 

and Thr residues, which in turn enhance the activity of the PI3K complex (Di 

Bartolomeo et al., 2010; Russell et al., 2013). The PI3K complex generates 

a pool of PI3P in the membrane, necessary for the recruitment of other ATG 

proteins or autophagyspecific effectors. In the elongation, two ubiquitin-like 

proteins are involved in the autophagosome membrane expansion and 

closure: ATG12 and LC3.  

ATG12 is conjugated to ATG5 through a mechanism that requires ATG7, 

an E1-like enzyme, and ATG10, an E2-like enzyme (Mizushima et al., 

1998). The ATG12-ATG5 complex interacts with ATG16L1, forming the 

ATG12-ATG5ATG16L1 complex, which is recruited to the outer side of the 

isolation membrane.  At the same time cytosolic LC3 is cleaved in the C-

terminal by the cysteine protease ATG4, leaving a glycine residue, which is 

subsequently activated by ATG7. Finally, the E2-like enzyme ATG3 and the 

ATG12-ATG5- ATG16L1 complex promote the conjugation of LC3 to the 

phosphatidylethanolamine (PE), generating lipidated LC3 (LC3-II), which 

associates to the autophagosomal membrane (Kabeya et al., 2004; Sakoh-

Nakatogawa et al., 2013). This complex is released upon the 

autophagosome closure (Mizushima et al. 2001), while the LC3-II localized 

in the inner membrane of the autophagosome is retained (Kabeya et al., 

2004). Recent evidence has shown also a role for actin filaments in 

autophagosome shaping. During the nucleation step, the actin-capping 

protein (CapZ) binds to PI3P and stimulates actin polymerization and 

branching, in the inner face of the isolation membrane (Aguilera et al., 2012; 
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Mi et al., 2015). This evidence strongly suggests a new important role for 

actin in the autophagosome biogenesis. The origin of the autophagosomal 

membrane remains unclear. Among the different possible membrane 

sources, the ER seems to be the best candidate, while the other organelles 

may contribute to the autophagosomal membrane expansion during the 

elongation step (Lamb et al., 2013; Ktistakis and Tooze, 2016; Bento et al., 

2016). Other membrane sources seem to be required for autophagosome 

formation like mitochondria and particularly the outer membrane of these 

organelles. In fact, during serum-starvation autophagy, ATG5 and LC3 

colocalize with mitochondria, and their membranes seem to be in contact 

with the autophagosome (Hailey et al., 2010). Moreover, another theory 

about the autophagosome biogenesis proposes the ER-mitochondria 

contact site as a candidate in this process, since ATG14 and ATG5 were 

found localized in this site (Hamasaki et al., 2013).   

Many signaling pathways can control the autophagic process after serum 

deprivation, hypoxia or stress conditions but the most important is the 

mTOR pathway (Ravikumar et al., 2010; Russel et al., 2014). mTOR 

(mammalian target of rapamycin) is a serine/threonine kinase, which can 

form two different complexes, mTORC1 and mTORC2, among which only 

the mTORC1 complex is involved in autophagy regulation (Jewell et al., 

2013). mTORC1 complex consists of five subunits: TOR, RAPTOR 

(regulatory-associated protein of mTOR), mLST8 (mammalian lethal with 

SEC13 protein), DEPTOR (DEP domain-containing mTOR-interacting 

protein) and PRAS40 (40 kDa Pro-rich AKT substrate) (Laplante and 

Sabatini, 2012). Under nutrient-rich conditions mTORC1 is active and 

associated to lysosomes. Here mTORC1 is activated by the small GTPase 

Rheb (Garami et al., 2003; Inoki et al., 2003; Tee et al., 2003). During 

growth factors stimulation, the main pathway involved in Rhebmediated 

activation of mTORC1 is the PI3K/AKT pathway, (Inok et al., 2002; Potter 

et al., 2002). mTORC1 activation acts as a powerful inhibitor of the 

autophagic process. In fact, active mTORC1 can inhibit the two autophagic 

complexes involved in autophagy initiation, ULK1/2 complex and PI3K 

complex (Russel et al., 2014). A way to inhibit mTORC1 and induce the 

autophagic process is via the serine/threonine kinase AMPK. This kinase 

inhibits mTORC1 by the activation of TSC, a complex involved in the 
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release of mTORC1 from lysosomes and consequently in its inhibition. 

AMPK can also directly inhibit mTORC1 via its phosphorylation (Gwinn et 

al., 2008) or directly activating ULK1 on Ser317 and Ser777 (Kim et al., 

2011; Bach et al., 2011), or Vps34, through Beclin 1 phosphorylation on 

Ser91 and Ser94 (Kim et al., Cell 2013). Upon serum starvation AMPK 

provokes a transient activation of MAPK/ERK pathway, the consequent 

increase of Beclin 1 expression, mTORC1 disassembly and so the 

autophagy induction as cytoprotective mechanism. Autophagy induced by 

serum starvation can also be activates via c-Jun N-terminal protein kinase 

1 (JNK1) which phosphorylates BCL-2 and allows the release of Beclin 1 

from the autophagic inhibitor complex BCL2/Beclin 1 (Wei et al., 2008).  

Several GF/RTKs signaling pathways, including those activated by 

FGF/FGFRs can employ a regulatory control on the autophagic process. 

Insulin-like growth factor-1 (IGF1) (Sobolewska et al., 2009) as well as 

plateletderived growth factor (PDGF) (Takeuchi et al., 2004), negatively 

regulate autophagy through the activation of the PI3K/AKT/mTOR pathway. 

It has been defined that PDGF can induce autophagy in vascular smooth 

muscle cells (VSMCs) via a PI3K/AKT/mTOR-independent pathway 

(Salabei et al., 2013).  

In addition, an inhibitor role on autophagy through a canonical 

mTORdependent mechanism has been shown also for the epidermal 

growth factor (EGF) (Sobolewska et al., 2009). A further mTOR-

independent inhibitory mechanism on autophagy, which directly affects 

Beclin 1 inhibition, has been described for EGF/EGFR (Wei et al., 2013). 

Some evidence proved contrasting roles for FGFRs on autophagy 

regulation. It has been shown that FGFR2b has a key function in the 

regulation of epidermal early differentiation as mentioned above and 

downstream in this process is involved the phosphoinositide 3-kinase 

(PI3K/AKT) signaling (Belleudi et al., 2011). Much evidence demonstrated 

a close interplay between differentiation and autophagy for many cell types, 

including keratinocytes (Haruna et al., 2008;  

Moriyama et al., 2014; Akinduro et al., 2016; Belleudi et al., 2014; Chikh et 

al., 2014).  The activation of FGFR2b by FGF7 triggers autophagy in 

keratinocytes (Belleudi et al., 2014) and this effect depends on FGFR2b 
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expression and activation through a PI3K/AKT/mTOR-independent 

pathway (Belleudi et al., 2014; Belleudi et al., 2015). JNK1 is a signaling 

hub that regulates autophagy downstream FGFR2b signaling in 

keratinocytes (Nanni et al., 2018) and in other contexts as the bone growth 

(Cinque et al., 2015). JNK1 signaling triggers an mTOR-independent 

autophagy via BCL-2 phosphorylation and consequent beclin-1 release 

from its inhibitory complex (Wei et al., 2008; Russell et al., 2014; Zhou et 

al., 2015).  However, autophagy not only regulates several biological 

functions, such as cell differentiation, but can also play either onco-

suppressive or oncogenic roles in cancer, depending on its stage  (see 

below). In particular, while during the initial steps of tumorigenesis 

autophagy appears to be linked to a negative loop to EMT, in established 

tumors this process has a pro-survival effect and its possible interplay with 

EMT remains still debated (see below). Therefore, keeping in mind the role 

of FGFR2c in driving EMT (Ranieri et al., 2015; Ranieri et al., 2016; Ranieri 

et al., 2018; Ranieri et al., 2020), a recent work of our research group 

established the role of the aberrant expression of FGFR2c in autophagy, 

demonstrating that this receptor and its signaling in epithelial context 

negatively interfere with the autophagic process, also suggesting that this 

interference could significantly contribute to cancerogenesis (Nanni et al., 

2019). FGFR2c-induced repression of autophagy involves the AKT/MTOR 

pathway, which also inhibits JNK1 signaling (Nanni et al., 2019) another 

pathway which activates autophagy via BCL-2 phosphorylation and 

consequent direct release of Beclin-1. In fact, JNK1 and BCL-2 

phosphorylation appeared repressed by FGFR2c activation, but strongly 

activated upon AKT/MTOR shut-off resulting in autophagy stimulation 

(Nanni et al., 2019).  Indeed, the obtained observations are in line with 

previous findings showing that AKT and JNK can be interplaying pathways, 

with AKT signaling able to inhibit JNK activation (Zhao, 2015), possibly 

antagonizing the formation of the MAPK8IP1/JIP1-JNK complex (Kim et al., 

2002; Pan et al., 2006).  
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Crosstalk between autophagy and EMT in cancer  

 

Context-dependent opposite roles in cancer have been recently proposed 

for the degradative pathway of autophagy (reviewed in Chen et al., 2019; 

Zada et al., 2021; Gundamaraju et al., 2022). In fact, this process can 

prevent cancer initiation by removing intracellular mutagens and damaged 

mitochondria (which release high quantity of mutagenic ROS), but it can 

also adjuvate cancer development, for instance providing nutrients for tumor 

cell metabolism and precursors for the rapid macromolecule biogenesis, 

required during cancer cell proliferation. Also, in the specific context of 

pancreatic adenocarcinoma (PDAC), most evidence point to autophagy as 

survival strategy contributing to the malignant progression (Piffoux et al., 

2021; Mollinedo and Gajate 2019; New and Tooze 2019), even if some 

findings have suggested a tumor suppressive role for this process, 

preventing cancer development at its early stages (Rosenfeldt et al., 2013; 

New and Tooze 2019). Autophagy and EMT are recognized as the major 

key biological events in cancer pathogenesis and several observations have 

highlighted that they are linked by a tumor type- and tumor stage-dependent 

crosstalk, which involve several intersecting oncogenic signaling pathways 

(reviewed in Chen et al., 2019; Zada et al., 2021; Gundamaraju et al., 2022) 

(Figure 8 A). For these reasons, to clarify the molecular mechanisms 

underlying this crosstalk is a very hard work, but it represents an essential 

goal to identify novel targets, for more effective cancer therapies. The 

relationship between EMT and autophagy is complex because 

accumulating findings have recently suggested that autophagy may be 

activated or inhibited by EMT-related signaling pathways. On the other 

hand, autophagy may also play an important “double edge sword” role in 

the initiation and in the suppression of EMT (reviewed in Chen et al., 2019; 

Zada et al., 2021; Gundamaraju et al., 2022) (Figure 8 B). In fact, autophagy 

has been found to be able to selectively degrade key transcription factors 

of EMT and to stabilize cell-cell tight junctions in transitioning cells (Figure 

8 B). Thus, at the early stage of tumor development, active autophagy 

appears to play a tumor suppressive role counteracting the transition to 

mesenchymal phenotype. By contrast, in some advanced tumors, sustained 
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autophagy appeared not only to improve cell survival and metabolism, as 

reported above, but also to govern the balance between EMT and the 

opposite process MET via the regulation of EMT protein levels (reviewed in 

Chen et al., 2019; Zada et al., 2021; Gundamaraju et al., 2022) (Figure 8 

B). Therefore, in these cancer types, autophagy inhibition might result in an 

useful strategy to counteract advanced EMT and tumor metastatic 

progression. 
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Figure 8: (modified from Zada et al., 2021) The crosstalk between autophagy and 
cancer-associated signaling pathways in cancer. A. During cancer progression (EMT 
and cancer metastasis), any signaling pathways are functionally connected during the 
inhibition or activation of autophagy. Activation and inhibition of proteins or pathways is 
indicated by arrows and bar-heads, respectively. B. Epithelial-like cells are transformed to 
mesenchymal-like cells by oncogenic signals via the activation of EMTassociated 
transcription factors such as SNAI1, SLUG, ZEB1, TWIST, and NOTCH1. The intracellular 
level or activation of these mediators is partly regulated by autophagy. EMT induces an 
increase in mesenchymal markers such as N-Cadherin and Vimentin and a decrease in 
epithelial markers such as E-Cadherin and Claudins. Mesenchymal-like cells exhibit 
specific cellular properties: Anoikis resistance, invasion and migration, anti-apoptosis, drug 
resistance, and cancer stemness. These mesenchymal properties are functionally 
associated with the regulation of autophagy in cancer cells. 

 

On the base of its ability to differently regulate EMT, now several drugs 

targeting autophagy (activators and inhibitors) are under investigation for 

clinical trials in cancer diseases. Among them, autophagy inhibitors as 

adjuvants for classical chemotherapies is the most experimented. In 

particular, hydroxychloroquine (HCQ) (which is a derivative of chloroquine 

showing less toxicity), that inhibits autophagy by preventing lysosomal 

acidification, is widely studied in a variety of solid and blood tumors.  

On the light of previous data collected by our research group demonstrating 

the ability of the aberrant expression of the mesenchymal FGFR2c isoform 

in inducing EMT signature (Ranieri et al., 2016; Ranieri et al., 2018), as well 

as the inhibition of autophagy (Nanni et al., 2019), in this project we 

wondered if this receptor might be able to upstream activate a complex 

oncogenic signaling network, resulting in the establishment and in the 

control of a negative crosstalk between EMT and autophagy and we 

investigated this possibility in both human keratinocyte and PDAC context.  

  

 

Pancreatic Ductal Adenocarcinoma (PDAC) and FGFR2 

isoform switch  

  

Tumors affecting the exocrine glands are called adenocarcinomas. The 

majority of pancreatic cancer (about 95% of pancreatic cancers) involves 

the exocrine pancreas and initiates in the ducts when the exocrine cells start 

to grow out of control (Singhi and Wood 2021). Pancreatic ductal adeno 
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carcinoma (PDAC) is the most lethal of all common cancers, with the 

highest mortality-to-incidence ratio, being an indolent tumor difficult to treat 

that shows a rapid progress from diagnosis to death. Pancreatic cancer is 

a deadly disease with a poor prognosis, with a 5-year survival rate of only 

10%, the lowest of common solid tumors. Almost 90% of PDACs are 

diagnosed after they have spread beyond the pancreas, with systemic 

metastases in >50%. PDAC is most often diagnosed at a late stage, after it 

has spread beyond the pancreas and is no longer curable by surgery 

(Singhi and Wood 2021). Complete surgical resection remains the only 

potential therapeutic treatment, but only 10–20% of pancreatic cancers are 

resettable at the time of diagnosis, and even the 5-year survival rate for 

PDAC after surgery remains rather low (15–20%), mainly due to metastatic 

disease or local recurrence.  

PDAC arises from non-invasive precancerous lesions, that have not yet 

invaded beyond the basement membrane and represent a key target for 

early detection approaches. There are two categories of precancerous 

lesions in the pancreas: microscopic and macroscopic. The majority of 

PDACs arise from microscopic pancreatic intraepithelial neoplasia (PanIN). 

These neoplasms are confined to the pancreatic ductal system, most 

frequently the small pancreatic ducts. On the other hand, an important 

minority of PDACs arise from larger macroscopic precursor lesions (IPMN), 

which are frequently identified on imaging studies as pancreatic cysts. In 

addition, a less common type of precancerous macroscopic lesion, 

mucinous cystic neoplasm (MCN), does not involve the duct system. The 

grade of dysplasia in PanIN, IPMN and MCN is determined based on the 

architectural and cytological atypia of the epithelial cells. Precancerous 

lesions are graded based on the highest (rather than the predominant) 

grade of dysplasia present in the neoplasm. KRAS hotspot mutations and 

telomere shortening are the earliest alterations found in pancreatic 

tumorigenesis, occur at high prevalence even in early lesions, with >90% of 

low-grade PanINs. Alteration in key oncosuppressor genes as CDKN2A 

and TP53 rises with increasing dysplasia grade and occurs at significant 

prevalence in high-grade PanINs. More than 90% of PDAC cases at all 

grades carry a defective KRAS gene, and none of the most commonly 
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mutated genes in PDAC [KRAS, CDKN2A (encoding p16), TP53 and 

SMAD4] are currently druggable (Kleeff et al., 2016). Palliative gemcitabine 

has been the standard treatment for pancreatic cancer for many years with 

a modest survival benefit of about 3 months. At present the first-line therapy 

in pancreatic cancer includes FOLFIRINOX and nab-paclitaxel plus 

gemcitabine, but in all cases the survival outcomes of pancreatic cancer 

remain poor.   

PDAC is the epitome of a treatment-resistant malignancy, driven by a so far  

“undruggable” oncoprotein, KRAS (Papke and Der, 2017; Hajatdoost et al.,  

2018). Activating mutations in KRAS are a hallmark in PDAC, occurring in 

90– 95% cases of the deadly and highly metastatic adenocarcinoma. KRAS 

encodes a small GTPase that is activated through binding of GTP and 

translocation to the plasma membrane, in a cycling way of active (GTP) and 

inactive (GDP) form. The majority of KRAS mutations occur at codons 12, 

13 and 61, leading to constitutive activation; the protein becomes 

insensitive to GTPase-activating proteins (GAPs), that let the protein 

inactivation. It is widely demonstrated that the downstream signaling of 

KRAS involves both the RAF/MEK/ERK signaling and PI3K/AKT/mTOR. In 

cooperation these two pathways strongly intersect with each other and are 

involved in the control of several oncogenic outcomes, including cell growth 

dysregulation, EMT induction and autophagic enhancement (Butler et al., 

2015; Mollinedo et al., 2019; Safa 2020).  

Focusing on the impact on EMT signature, Hotz and coworkers suggest that 

the lethal behavior in PDAC is at least partially correlated to EMT activation, 

in fact, IHC on resected PDAC tissues showed altered expression of EMT-

TFs in tumor compared to parenchyma (Hotz et al., 2007). A study of 174 

patients with PDAC showed a strong link between high levels of EMT-TFs 

and the incidence of lymph node metastasis or portal vein invasion 

(Yamada et al., 2013). Meta-analysis has corroborated the evidence of the 

vital role of EMT in the tumor budding (TB) and confirmed the considerable 

association between high grade TB and enhanced risk of death or disease 

recurrence. (Lawloret al., 2019; Chouat et al., 2018). Transforming growth 

factor-β (TGF-β) is the most important EMT-activator in many cancer 

subtypes, including PDAC (Alvarez, et al., 2019) and its role in pancreatic 
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cancer progression is cellular context dependent. Induction of TGF-b β 

directly stimulates Slug, Snail, Twist, and Zeb1 expression allowing to EMT 

initiation, and consequently reducing proliferation by cell-cycle arrest and 

promoting invasion (Siegel and Massague, 2003; Lamouille et al., 2009). 

Moreover, EMT seems to be equally important in all stages of tumors 

progression because it is a hub process of cellular plasticity and intra-

tumoral heterogeneity. Single cell analyses of tumors obtained from human 

PDAC surgical samples, found many phenotypic cancers cell clusters, them 

were classified into groups along the epithelial-tomesenchymal process 

based on their gene expression profile. The epithelial clusters revealed an 

increase of the genes linked to differentiation and proliferation, but the 

mesenchymal one showed an EMT-related profile (Palamaris et al., 2021).  

FGFR2 isoform switch is an additional oncogenic event occurring during 

pancreatic carcinogenesis, whose contribution in EMT induction and cell 

invasion (Ishiwata et al., 2012; Ueda et al., 2014; Ishiwata et al., 2018) as 

well as in the dysregulartion of autophagy still appears controversial.  

The importance of the deregulation of FGF/FGFR axis and possibly of 

FGFR2 isoform switch in PDAC is suggested by the relevance 

demonstrated by FGF2, secreted by CAFs, in the modulation of both cell 

survival and motility (Awaji et al., 2019). In addition, several reports pointed 

on the aberrant expression of FGFR2c as important event in pancreatic 

carcinogenesis.  

In fact, while the  expression of either the epithelial FGFR2b isoform or the 

FGFR2c mesenchymal variant has been reported in PDACs (Cho et al., 

2007; Ishiwata et al., 2012) and FGFR2c expression was detected in 

several pancreatic cancer cell lines (Ishiwata et al., 2012), the transfection 

of FGFR2c in whose Pancreatic cancer cell lines expressing low levels of 

this receptor increased cell proliferation as well as sphere formation ability 

in vitro,  as well as  tumour growth in vivo (Ishiwata et al., 2012). However, 

the treatment with anti-FGFR2c antibody in those cell lines expressing high 

levels of FGFR2c failed to interfere with their invasive behavior (Ishiwata et 

al., 2012), condition that was reached, on the other hand, by the transfection 

of ESRP1 (Ueda et al., 2014), the epithelial splicing regulatory protein 
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responsible for FGFR2 isoform splicing in favor of FGFR2b expression 

(Warzecha et al., 2009). Therefore, even if the role of FGFR2c expression 

on cancer cell and tumor growth appear to be assessed, its relevance in the 

control of cell invasion remains to be further defined. Further investigations 

will be also required to establish the possible role of FGFR2c and its 

downstream oncogenic signaling mediated by PKCε in the control of both 

EMT and autophagy, two key events involved in PDAC development and 

progression, whose complex crosstalk we have recently proposed to be 

under the control of FGFR2c, at least in the context of human keratinocytes.  
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Aims  

  

On the light of all these evidences, in this thesis project we have proposed:   

 

To further characterize the molecular mechanisms underlying 

EMT/autophagy negative crosstalk during carcinogenesis, investigating the 

possible involvement of the aberrant FGFR2c expression and signaling in 

this interplay;  

 

 To investigate the role of FGFR2c and Its PKCε downstream signaling in 

the control of EMT and autophagy in the context of the Pancreatic Ductal 

Adenocarcinoma (PDAC).     
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Materials and Methods 
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Cells and treatments  

  

The human keratinocyte cell line HaCat, stably expressing FGFR2c (pBp- 

FGFR2c), or the empty vector (pBp) and the pancreatic adenocarcinoma 

cell line PANC-1 and MIA PaCa-2, purchased from American Type Culture 

Collection (ATCC), were cultured in DMEM 10% bovine fetal serum (FBS) 

plus antibiotics. For MTOR, PKCε and FGFR2 silencing, clones were 

transiently transfected with MTOR small interfering RNA (MTOR siRNA) 

(Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA; SC35409), or stably 

transfected with PKCε Plasmid shRNA (h) vector (Santa Cruz 

Biotechnology, Inc., CA, USA; SC-36251-SH), with Bek/FGFR2 shRNA (h) 

(Santa Cruz, SC-29218-V) or an unrelated siRNA/shRNA as a control, using 

Lipofectamine 2000 transfection reagent (Life Technologies, Carlsbad, CA, 

USA; 11668-019). For growth factor stimulation, cells were left untreated or 

incubated with FGF2 (PeproTech, London, BFGF 100-188) 100 ng/mL for 

24 hours at 37°C. For inhibition of FGFR2 tyrosine kinase activity, cells were 

pre-incubated with a specific FGFR2 tyrosine kinase inhibitor, SU5402 25 

μmol/L (Calbiochem, Nottingham, UK; 572 630) for 1 hour before treatments 

with growth factors (GFs). To inhibit AKT or MTOR, cells were incubated 

with AKT-specific inhibitor AKT-I-1/2 (1 μmol/L; Calbiochem, 124 005) or 

with the specific MTOR inhibitor rapamycin (100 nmol/L; Cell Signaling 

Technology, Beverly, MA, USA; 9904), respectively, for 1 hour at 37°C 

before being treated with FGF2 in the presence of each inhibitor. For RNA 

interference and consequent specific FGFR2b or FGFR2c silencing, cells 

were transfected with a FGFR2b siRNA sequence (5’-

AATTATATAGGGCAGGCCAAC-3’) (Qiagen, Valencia, CA, USA) or 

FGFR2c siRNA sequence (5’-GGAATGTAACTTTTGAGGA-3’) (Qiagen) or 

with a control sequence (5’-AATTCTCCGAACGTGTCACGT-3’)  

(Qiagen) using Lipofectamine 2000 Transfection Reagent (Invitrogen, 

Carlsbad, CA, USA 11668030) according to the manufacturer’s protocol.  
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Immunofluorescence  

  

Cells were grown on coverslips, fixed with 4% paraformaldehyde in PBS for 

30 min at 25 °C followed by treatment with 0.1 M glycine for 20 min at 25 

°C and with 0.1% Triton X-100 for an additional 5 min at 25 °C to allow 

permeabilization. Cells were then incubated with the following primary 

antibodies: mouse monoclonal anti-LC3 (1:100 in PBS, 5F10 Nanotools, 

Teningen, Germany, 0231), polyclonal anti-vimentin (1:50 in PBS; Dako, 

Glostrup, Denmark; M0725) for 1 h at 25 °C and then with a goat anti-mouse  

IgG-Alexa Fluor 488 (1:200 in PBS, Life Technologies, Carlsbad, CA, USA; 

A11001) for 30 min at 25 °C. Nuclei were stained with DAPI (Sigma-Aldrich, 

Saint Louis, MO, USA; D9542). All fluorescence signals were analyzed by 

scanning cells in a series of sequential sections with an ApoTome System 

(Zeiss, Oberkochen, Germany) connected with an Axiovert 200 inverted 

microscope (Zeiss); image analysis was performed by the Axiovision 

software (Zeiss), and images were obtained by 3D reconstruction of the 

total number of the serial optical sections. Quantitative analysis of LC3-

positive dots per cell was performed analyzing 100 cells for each sample in 

5 different microscopy fields from 3 different experiments. Results are 

shown as means ± standard deviation (SD).  

  

  

Western blot analysis  

  

Cells were lysed in a buffer containing 50 mM HEPES, pH 7.5, 150 mM 

NaCl, 1% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 5 mM EGTA, 

supplemented with protease inhibitors (10 g/mL aprotinin, 1 mM 

phenylmethylsulphonyl fluoride  

[PMSF], 10 μg/mL leupeptin) and phosphatase inhibitors (1 mM sodium 

orthovanadate, 20 mM sodium pyrophosphate, 0.5 M NaF). A range of 20 

to 50 μg of total protein was resolved under reducing conditions by 8 or 12% 
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SDS-PAGE and transferred to reinforced nitrocellulose (BA-S 83; 

Schleicher & Schuell, Keene, NH, USA; BA-S83). The membranes were 

blocked with 5% nonfat dry milk (Bio-Rad Laboratories, Hercules, CA, USA, 

170-6404) in PBS 0.1% Tween 20 (Bio-Rad, 170-6531) and incubated with 

anti-SQSTM1 (BD Bioscience, San Josè, CA, USA, 610 833), anti-LC3 

(MBL, Woburn, MA, USA; PD014), anti-p-FGFR (55H2, Y653/654, Cell 

Signaling, 3476S), anti-p-AKT (Ser 473; Cell Signaling, 9271), anti-p-MTOR 

(Ser 2448; Cell Signaling, 5536S), anti-p-S6K (ser 371, Cell Signaling, 

#9208), anti p-PKCε (Ser729, Abcam, Cambridge, UK; ab63387), anti-p-

p44/42 mitogen-activated protein kinase (MAPK) (p-ERK1/2) 

(Thr202/Tyr204; Cell Signaling, 9101S), anti-E- cadherin (Dako, 

Carpinteria, CA, USA; NCH-38) and anti-vimentin (M0725, Dako, Glostrup, 

Denmark) , followed by enhanced chemiluminescence (ECL) detection 

(Thermo Scientific, Rockford, IL, USA; 34 580). The membranes were 

rehydrated by washing in PBS/Tween-20, stripped with 100 mmol/L β- 

mercaptoethanol and 2% SDS for 30 minutes at 55°C and probed again 

with, anti-FGFR2 (C17, Santa Cruz Biotechnology, sc-122), anti-PKCε 

(Abcam, ab124806), anti-AKT (H-136; Santa Cruz Biotechnology, sc-8312), 

anti- α/β- Tubulin (Cell Signaling, 2148S), anti-S6K (Cell Signaling, #9202) 

polyclonal antibodies or with anti-MTOR (7C10, Cell Signaling, 2983S), anti-

ACTB (Sigma-Aldrich, A5441), anti-GAPDH (6C5, Santa Cruz 

Biotechnology, sc-32233) monoclonal antibody to estimate the protein 

equal loading. Densitometric analysis was performed using Quantity One 

Program version 4.6.8 (Bio-Rad). The resulting values from three different 

experiments were normalized, expressed as fold increase respect to the 

control value and reported in graph as mean values ± standard deviation 

(SD). Student's t test was performed, and significance levels have been 

defined as P < .05.  
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RNA extraction and cDNA synthesis  

  

Total RNA from HaCat, PANC-1 and MiaPaCa-2 cells was extracted using 

the TRIzol method (Invitrogen, 15596018) according to the manufacturer’s 

instructions and eluted with 0.1% diethylpyrocarbonate (DEPC)-treated 

water. Each sample was treated with DNase I (Invitrogen, 18068-015). The 

total RNA concentration was quantitated by spectrophotometry; 1 μg of total 

RNA was used for reverse transcription using the iScriptTM cDNA synthesis 

kit (Bio-Rad, 170-8891) according to the manufacturer’s instructions.  

  

  

Primers  

  

Oligonucleotide primers necessary for target genes and the housekeeping 

gene were chosen by using the online tool Primer-BLAST (Ye J. et al., 2012) 

and purchased from Invitrogen. The following primers were used: for the 

Ecadherin target gene: 5′-TGGAGGAATTCTTGCTTTGC-3′ (sense), 

5′CGCTCTCCTCCGAAGAAAC-3′(antisense); for the vimentin target gene: 

5′-AAATGGCTCGTCACCTTCGT-3′(sense), 5′-

AGAAATCCTGCTCTCCTCGC -3′ (antisense); for the Snail1 target gene: 

5′GCTGCAGGACTCTAATCCAGA-3′ (sense), 5′-

ATCTCCGGAGGTGGGATG3′ (antisense); for the STAT3 target gene: 5′-

CAGAGATGTGGGAATGGGGG3′ (sense), 5′-TGGCAAGGAG 

TGGGTCTCTA-3′ (antisense); for the FRA1 target gene: 5′-

GCAGGCGGAGACTGACAAA-3′ (sense), 5′- 

GATGGGTCGGTGGGCTTC-3′; for FGFR2b target gene: 

5′CGTGGAAAAGAACGGCAGTAAATA-3′ (sense), 5′-

GAACTATTTATCCCCGAGTGCTTG-3′ (antisense); for FGFR2c target 

gene: 5′-TGAGGACGCTGGGGAATATACG-3′ (sense),  5′- 

TAGTCTGGGGAAGCTGTAATCTCCT-3′ (antisense) ; for the 18S rRNA 

housekeeping gene: 5′-CGAGCCGCCTGGATACC-3′ (sense) and 
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5′CATGGCCTCAGTTCCGAAAA-3′ (antisense). For each primer pair, we 

performed no-template control and no-reverse-transcriptase control 

(reverse transcription [RT]-negative) assays, which produced negligible 

signals.  

  

  

PCR amplification and Real-Time quantification  

  

Real-time RT-PCR was performed using the iCycler real-time detection 

system (iQ5 Bio-Rad) with optimized PCR conditions. The reactions were 

carried out in a 96-well plate using iQ SYBR green super mix (Bio-Rad, 

1708882), adding forward and reverse primers for each gene and 1 μL of 

diluted template cDNA to a final reaction mixture volume of 15 μL. All assays 

included a negative control and were replicated three times. The thermal 

cycling program was performed as described previously (Persechino et al., 

2021). Real-time quantitation was performed with the help of the iCycler IQ 

optical system software, version 3.0a (Bio-Rad), according to the 

manufacturer’s manual. Results are reported as mean values ± SD from 

three different experiments in triplicate.  

  

  

Transmission electron microscopy  

  

PANC-1 and PANC-1 PKCε shRNA cells left untreated or stimulated with 

FGF2 for 24 h as above were washed three times in PBS and fixed with 2% 

glutaraldehyde (Electron Microscopy Science, 16300) in PBS for 2 h at 4 

°C. Samples were postfixed with 1% osmium tetroxide in veronal acetate 

buffer (pH 7.4) for 1 hr at 25 °C, stained with uranyl acetate (5 mg/mL) for 1 

h at 25 °C, dehydrated in acetone and embedded in Epon 812 (EMbed 812, 

Electron Microscopy Science). Ultrathin sections were examined unstained 
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or poststained with uranyl acetate and lead hydroxide, under a Morgagni 

268D transmission electron microscope (FEI, Hillsboro, OR, USA) equipped 

with a Mega View II charge-coupled device camera (SIS, Soft Imaging 

System GmbH, Munster, Germany) and analyzed with AnalySIS software 

(SIS).  

  

  

Invasion assay  

  

Migration assay was performed using 24-well transwell migration Boyden 

chambers (8 μm pore size; Costar, Cambridge, MA, USA) pre- coated with 

matrigel (dilution 1:2 in DMEM; BD Biosciences, Bedford, MA, USA) as 

reported (Ranieri et al., 2016). Quantitative analysis was assessed counting 

for each sample the migrated cells in 10 microscopic fields (objective used: 

20X) from three independent experiments. Results have been expressed 

as mean values ± SD. p values were calculated using Student's t test, and 

significance level has been defined as P > .05.  

  

  

Statistics  

  

The data were analyzed using analysis of variance (ANOVA) to test for differences 

amongst all means. A Tukey’s multiple comparison test was used to determine 

differences between selected groups. The significance levels were defined as p 

values ≤ 0.05.  
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Part 1  

   

The forced reactivation of autophagy reverses 

FGFR2c-induced EMT program and inhibits receptor-

mediated cell invasion.  

  

Since MTOR is the main pathway involved in the inhibition of autophagy 

induced by aberrant FGFR2c expression in human keratinocytes (Nanni et al., 

2019), we first assessed if a negative crosstalk between receptor-controlled 

autophagy and EMT does exist in these cells using rapamycin, the widely 

accepted general inhibitor of MTOR-dependent autophagy. To this aim, we 

assessed Western blot analysis in HaCaT human keratinocytes stably 

espressing FGFR2c (HaCaT pBp-FGFR2c) and in HaCaT clones transduced 

with the empty vector (HaCaT pBp), used as control.  The cultures were left 

untreated or stimulated with FGF2, the ligand which does not bind to FGFR2b, 

but is able to activate other FGFRs including FGFR2c. The results showed 

that rapamycin was able to interfere with the phosphorylation of MTOR at Ser 

2448, as well as with that of its downstream substrate S6K, at Ser 371, both 

induced only in pBp-FGFR2c clones by ligand stimulation (Figure 9 A). In these 

cells, rapamycin also turned the decrease of the widely recognized autophagic 

marker LC3-II into a significant increase (Figure 9A). As previously speculated 

by us, this effect is possibly attributable to the negative interplay between 

MTOR pathway and JNK1 signaling, that causes JNK1-dependent activation 

of autophagy in consequence of MTOR signaling shut-off (Nanni et al., 2019). 

In addition to the impact on LC3-II decrease, rapamycin also reversed the 

accumulation of the autophagic substrate SQSTM1/p62, detectable only in 

HaCaT pBp-FGFR2c clones stimulated by FGF2, confirming the reactivation 

of the autophagic flux (Figure 9A). Thus, rapamycin efficiently counteracted 

the repression of autophagy orchestrated by FGFR2c activation.  
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Figure 9: Reactivation of MTOR-dependent autophagy negatively impact on FGFR2c-
mediated EMT and cell invasion. A, HaCaT pBp-FGFR2c and HaCaT pBp clones were left 
untreated or stimulated with FGF2 in presence or not of rapamycin. Western blot analysis 
shows that, only in FGF2-stimulated pBp-FGFR2c clones, rapamycin negatively interferes with 
MTOR and S6K phosphorylation, with LC3-II decrease (turning it into an increase) and 
SQSTM1 accumulation and reverses the repression of the epithelial markers E-cadherin and 
β4-integrin, as well as the appearance of the mesenchymal marker N-cadherin. For the 
densitometric analysis, the values from 3 independent experiments were normalized, 
expressed as fold increase and reported in graph as mean values ± standard deviation (SD). 
Student t test was performed as reported in Materials and Methods, and significance levels 
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have been defined as P < .05: *P < .05, ** P < .01. B, HaCaT clones were seeded on matrigel 
pre-coated transwell Boyden chamber filters and FGF2 was added in the bottom chamber, in 
the presence or not of rapamycin, to stimulate cell chemotaxis. Results shows that, in FGFR2c 
cultures, the increase of the number of invading cells induced by FGF2 is counteracted by 
rapamycin. Quantitative analysis was assessed as reported in Materials and Methods. Results 
are expressed as mean values ± standard deviation (SD). Student's t test was performed as 
reported in Materials and Methods, and significance level has been defined as P < .05: ***P < 
.001. Bar: 50 μm. C, HaCaT clones were transiently transfected with MTOR siRNA or with an 
unrelated siRNA(Cx RNA), as negative control, and then left untreated or stimulated with 
FGF2 as above. Western blot analysis shows that MTOR silencing reverses the decrease of 
LC3-II, the accumulation of SQSTM1 and the modulation of the epithelial markers E-cadherin 
and β4-integrin and that of the mesenchymal marker N-cadherin induced by FGF2 stimulation 
in FGFR2c expressing clones. Densitometric analysis was performed as above. *P < .05, ** P 
< .01  

 

Then, we analyzed the impact of autophagy reactivation on FGFR2c-controlled 

EMT program. To this aim, we focused our attention on EMT markers 

expression, observing that rapamycin efficiently reversed the decrease of the 

epithelial markers E-cadherin and β4-integrin, as well as the appearance of 

the mesenchymal marker N-cadherin, both caused in pBp-FGFR2c clones by 

FGF2 treatment (Figure 9 A). We then investigated the impact of MTOR 

inhibition on the invasive behavior of   HaCaT pBp-FGFR2c clones, previously 

described by us (Ranieri et al., 2016; Ranieri et al., 2018), using the in vitro 

assay of matrigel pre-coated transwell Boyden chambers. Upon cell seeding, 

FGF2 was added in the bottom chamber, in the presence or not of rapamycin, 

to stimulate cell chemotaxis. The results showed that the significant increase 

of invading cells, observed in pBp-FGFR2c cultures only in response to FGF2 

(Figure 9 B), was clearly impaired by the presence of rapamycin (Figure 9 B).  

In order to further assess the outcome of forced reactivation of 

MTORdependent autophagy on FGFR2c-mediated EMT in epithelial context, 

MTOR protein depletion was carried out in HaCaT clones by specific siRNA 

transfection. Western blot analysis showed that, similarly to what observed in 

the presence of rapamycin, in HaCaT pBp-FGFR2c cells stimulated with 

FGF2, MTOR silencing was not only sufficient to reverse the decrease of LC3II 

in an increase and to block SQSTM1 accumulation (Figure 9 C), confirming 

the reactivation of autophagy, but also was effective in counteracting the 

FGF2-mediated modulation of the epithelial/mesenchymal markers (Figure 9 

C), confirming the impairment of EMT program.   

Since AKT is the substrate acting upstream MTOR in FGFR2c-mediated 

inhibition of autophagy (Nanni et al, 2019), we also checked the effects of its 
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inhibition on FGFR2-driven EMT. Western blot analysis showed that AKT 

signaling shut-off by the previously tested AKT-I-1/2 inhibitor (Nanni et al, 

2019) efficiently reversed the decrease of LC3-II levels, the accumulation of 

SQSTM1 and the modulation of the EMT-related markers induced by FGF2 

only in FGFR2c expressing clones (Figure 10). These results confirm the 

involvement of the entire AKT/MTOR signaling cascade at the crossroad 

between autophagy regulation and EMT processes.  

 

Figure 10: The inhibition of AKT signaling represses FGFR2c-induced EMT. HaCaT pBp-
FGFR2c and HaCaT pBp clones were left untreatedor stimulated with FGF2 in presence or 
not of AKT-I-1/2 inhibitor. Western blot analysis shows that AKT inhibitor reverses the 
decrease of LC3-II levels, the accumultion of SQSTM1 and the modulation of all the EMT-
related markers induced by FGF2 stimulation in FGFR2c expressing clones. The 
densitometric analysis and Student t test were performed as reported in Figure 1a: *p<0.05, 
** p<0.01. 

 

Since FGFR2c-triggered EMT is driven by PKCε-dependent induction of 

Snail1, STAT3 and FRA1 (Ranieri et al., 2016; Ranieri et al., 2018), we 

wondered if and how the forced reactivation of autophagy could impact on the 
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expression of these EMT-related transcription factors. Real-time RT-PCR 

showed that both MTOR silencing via siRNA (Figure 11 A) and PKCε stable 

depletion by shRNA (Figure 11 B) were able to counteract the increase of 

mRNA levels of all these transcription factors, evident in pBp-FGFR2c clones 

in response to FGF2 (Figure 11 A, B). Thus, the forced reactivation of the 

autophagic process appears to negatively affect the induction of EMT-related 

transcription factors in a comparable way to PKCε signaling shut-off.    

 

 Figure 11 : mTOR silencing and PKCε depletion. mTOR silencing and depletion similarly 
interfere with FGFR2c mediated induction of the EMT-related transcription factors STAT3, 
Snail and FRA1. HaCat pBp and HaCat pBp-FGFR2c clones were transiently transfected with 
mTOR siRNA (A) or stably trasfected with PKCεshRNA (B) and then left untreated or 
stimulated with FGF2. Unrelated siRNA (Cx siRNA) and shRNA (Cx shRNA) were respectively 
used as negative controls. Both mTOR transient silencing (A) and PKCε depletion (B) 
counteract the increase of mRNA Snail1, FRA1 and STAT3 levels induced in FGFR2c 
expressing clones in response to FGF2 stimulation. Results are expressed as mean value ± 
SD. Student’s test reported was performed as in materials and Methods and significance level 
was defined as p<0.05*; p<0.005; p<0.01**. 
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Selective PKCε shut-off efficiently reverses the 

negative impact of FGFR2c signaling on autophagy.  

  

The possibility that FGFR2c could orchestrate a fine interplay between 

autophagy and EMT in epithelial context is also sustained by the evidence that 

protein kinase C isozymes, including PKCε, are also key regulators of the 

autophagic pathway (Kaleli et al., 2020) Thus, we investigated the possible 

contribution of PKCε signaling on FGFR2c-mediated repression of the 

autophagic process in human keratinocytes by shRNA approaches. The 

impairment of FGF2-induced EMT program in FGF2-stimulated FGFR2c 

clones after PKCε depletion was confirmed by the recovery of the epithelial 

marker E-cadherin (Figure 12A), while LC3-II increase indicated the activation 

of autophagy (Figure 12A). In addition, the expected accumulation of the 

autophagy substrate SQSTM1 in FGFR2c clones stimulated by FGF2, was 

significantly dampened by PKCε depletion (Figure 12A), suggesting a 

reactivation of the autophagic flux. Finally, quantitative immunofluorescence 

approaches showed that the expected reduction of LC3 positive dots per cell 

in HaCaT pBp-FGFR2c clones stimulated with FGF2 (Figure 12B) was 

completely reversed by stable depletion of PKCε, resulting in a visible increase  

(Figure 12B). Thus, PKCε signaling appears to be involved in the inhibition of 

autophagy orchestrated by FGFR2c, when this receptor is aberrantly 

expressed in human keratinocytes.  

As last step, to confirm the central role of FGFR2c in regulating all the 

observed, intersected effects between autophagy and EMT, we used the 

FGFR2 tyrosine kinase inhibitor SU5402. In HaCaT pBp-FGFR2c clones the 

presence of SU5402 was sufficient to abolish all the responses to FGF2, not 

only in terms of FGFR2c, PKCε and MTOR/S6K phosphorylation (Figure 12C), 

as expected (Nanni et al., 2019; Ranieri et al., 2020), but also in term of 

Ecadherin/N-cadherin modulation and repression of LC3 -II, as well as 

SQSTM1 accumulation (Figure 12C). Overall, our findings appear to confirm 

that a crosstalk between autophagy and EMT does exist in human 

keratinocytes, which appears to be upstream established by the aberrant 

expression and signaling of FGFR2c. 
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Figure 12. PKCε signaling shutoff restores the autophagic process and FGFR2c 
signaling underly EMT/autophagy negative crosstalk. HaCaT pBp-FGFR2c and HaCaT 
pBp clones were stably transfected with PKCε shRNA or with an unrelated shRNA, as negative 
control, and then left untreated or stimulated with FGF2 as above. A, Western blot analysis 
shows that PKCε depletion reverses all the effects induced by FGF2 on the expression of E-
cadherin, LC3-II and SQSTM1 in HaCaT pBp-FGFR2c clones. Densitometric analysis and 
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Student t test were performed as reported in Figure 1A. *P < .05, **P < .01. B, Quantitative 
immunofluorescence analysis shows that PKCε depletion reverses the decrease of LC3 
positive dots per cell induced in HaCaT pBp-FGFR2c cells by the stimulated with FGF2. 
Quantitative analysis of LC3 positive dots per cell was performed as described in Materials 
and Methods, and the results are expressed as mean values ± standard errors (SE). Student's 
t test was performed, and significance level was defined as P < .05: *** P < .001. Bar: 20 μm. 
C, HaCaT pBp-FGFR2c and HaCaT pBp clones were left untreated or stimulated with FGF2 
in presence or not of the FGFR2 kinase inhibitor SU5402. Western blot analysis shows that 
SU5402 abolishes FGFR2c, PKCε, MTOR and S6K phosphorylation, and reverses both the 
modulation of E-cadherin and N-cadherin markers, the repression of LC3-II and the 
accumulation of SQSTM1 induced by FGF2 in HaCaT pBp-FGFR2c clones. Densitometric 
analysis and Student t test were performed as above. *P < .05, ** P < .01 
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Part 2 

   

FGFR2c Aberrant Expression Affects the Intracellular 

Signaling  

  

We first investigated to what extent the aberrant expression of the 

mesenchymal FGFR2c isoform in PDAC cell lines could impact on the 

intracellular signaling activation in response to FGFs. To this aim, we assessed 

the expression levels of the epithelial and the mesenchymal variants of FGFR2 

(FGFR2b and FGFR2c, respectively) in PANC-1 and MiaPaCa-2 pancreatic 

tumor cell lines, selected for different levels of FGFR2c (Ishiwata et al., 2012; 

Ueda et al., 2014), and we compared them with those observed in human 

keratinocyte HaCaT cell line and normal human fibroblasts (HFs), used as 

positive controls for FGFR2b and FGFR2c expression, respectively. mRNA 

levels were assessed by real time RT-PCR and normalized respect to 

18SrRNA. Results showed that FGFR2c expression was significantly higher in 

PANC-1 cells, compared to Mia-PaCa-2 cells (Figure 13A, right panel), while 

no appreciable levels of FGFR2b mRNA were detected in both PDAC cell 

lines, compared to HaCaT cells (Figure 13A, left panel). Then, in the two 

selected PDAC cells expressing different levels of FGFR2c, we investigated 

the activation of the intracellular signaling in response to FGF2, the FGF family 

member, which does not bind the epithelial FGFR2b, but interacts with other 

FGFRs, including FGFR2c. Particular attention was paid to MEK/ERK and 

AKT/MTOR, which are the two main signaling pathways responsible not only 

for cell growth deregulation and survival, but also for EMT induction (Huang et 

al., 2021; Safa 2020) and for the modulation of autophagy (Mollinedo and 

Gajate 2019) in pancreatic cancer cells. Western blot analysis showed that an 

enhancement of the basal phosphorylation of ERK1/2 after FGF2 stimulation 

was higher in PANC-1 respect to Mia PaCa-2 cells (Figure 13B) while that of 

AKT was exclusively in PANC-1 cells (Figure 13C). The treatment with the 

FGFR2 kinase inhibitor SU5402 was able to abrogate these effects (Figure 

13B,C), confirming their dependence from FGFR2c activation. The higher 

sensitivity of PANC-1 cells to FGF2 was also evident, downstream AKT, as it 
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increased phosphorylation of MTOR (Figure 13D) and of its substrate S6K 

(Figure 13E), both events that were abolished by the presence of SU5402 

(Figure 13D,E). Therefore, a higher expression of FGFR2c resulted in a more 

pronounced responsiveness of tumor cells to FGF2 in terms of intracellular 

signaling activation.  

 

Figure 13. FGFR2c expression affects the susceptibility of ERK1/2 and AKT signaling 
to FGF2. PANC-1 and Mia PaCa−2 pancreatic tumor cell lines were left untreated or 
stimulated with FGF2 in the presence or absence of the FGFR2 tyrosine kinase inhibitor 
SU5402, as described in material and methods. (A) Real−time RT−PCR was performed 
normalizing mRNA levels respect to 18SrRNA. FGFR2c mRNA levels are significantly higher 
in PANC−1 cells compared to Mia PaCa−2. No appreciable levels of FGFR2b mRNA are 
detected in both PDAC cell lines. Human HaCaT keratinocyte cell line and normal human 
fibroblasts (HFs) are used as positive controls for FGFR2b and FGFR2c expression, 
respectively. Results are expressed as mean value ± SD (n = 3). ANOVA with Tukey’s multiple 
comparison test: * p ≤ 0.05. (B–E) Western blot analysis shows that the enhancement of 
ERK1/2 phosphorylation after FGF2 stimulation is higher in PANC−1 than in Mia PaCa−2 cells 
(B), while that of AKT was exclusively visible in PANC−1 cells (C). The treatment with SU5402 
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abrogates these effects (B, C). An increase of both MTOR and S6K phosphorylation upon 
FGF2 treatment is detectable only in PANC−1 cells and it is abolished by SU5402 (D, E). 
Equal loading was assessed with anti−actin or tubulin antibodies. Results are expressed as 
mean value ± SD (n = 3). Densitometric analysis was performed as reported in material and 
methods. ANOVA with Tukey’s multiple comparison test: * p ≤ 0.05.   

 

 

FGFR2c Expression Enhances the EMT Phenotype in 

Response to FGF2  

  

Then, we shifted our attention to EMT-related gene profile expressed in PDAC 

cells expressing different levels of FGFR2c. We found that the expression 

levels of the transcription factors Snail1, FRA1 and STAT3, which we 

previously identified as involved in FGFR2c-mediated EMT (Ranieri et al., 

2020; Ranieri et al., 2021) overlapped with those of FGFR2c, appearing 

significantly higher in PANC-1 cells, compared to MiaPaCa-2 cells (Figure 

14A). 

 Consistent with what was observed for the EMT-related transcription factors, 

the modulation of epithelial/mesenchymal markers compatible with EMT also 

appeared to overlap FGFR2c expression, displaying a more pronounced 

downregulation of the epithelial markers E-cadherin and a higher expression 

of the mesenchymal marker vimentin in PANC-1 cells compared to Mia PaCa-

2 cells (Figure 14B). HaCaT cells and the primary culture of human fibroblasts 

(HFs) were used as positive controls for the expression of epithelial and 

mesenchymal markers, respectively (Figure 14B) Thus, in PDAC cells, the 

EMT expression profile appears to be related to the extent of FGFR2c 

expression.  
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Figure 14: EMT-related expression profile in PDAC cells expressing different levels of 
FGFR2c. (A) Realtime RT-PCR demonstrated that the expression levels of EMT-related 
transcriptio factors Snail1, FRA1 and STAT3 are significantly higher in PANC-1 cells, 
compared to MIA PaCa-2 cells. (B) The expression of the epithelial marker E-cadherin is lower 
and the mesenchymal marker Vimentin is higher in PANC-1 cells compared to MIA PaCa2 
cells. HaCaT cells and primary culture of human fibroblast (HFs) are used as positive controls 
for the expression of epithelial and mesenchymal markers, respectively. Results are 
expressed as mean value ± SD (n=3). ANOVA with turkey’s multiple comparison test: *p<0.05    

  

To assess to what extent the expression level of FGFR2c could impact on the 

enhancement of EMT features in response to microenvironmental factors, we 

analyzed the modulation of the EMT-related transcription factors Snail1, FRA1 

and STAT3 after FGF2 stimulation. Real time RT-PCR showed that all the 

three transcription factors were highly induced by growth factor stimulation in 

PANC-1, but not in MiaPaCa-2 cells (Figure 15A), and this effect was efficiently 

counteracted by SU5402 (Figure 15A) confirming its dependence on FGFR2 

signaling. Biochemical analysis was performed to assess the contribution of 

FGFR2c expression and signaling on epithelial/mesenchymal marker 

modulation. The results showed that, only in PANC-1 cells, the very low levels 

of the epithelial marker E-cadherin and the high levels of the mesenchymal 

marker vimentin appeared further decreased and increased, respectively, by 

FGF2 stimulation (Figure 15B). Again, the efficiency of SU5402 in reversing 

these effects (Figure 15B) confirmed the dependence on FGFR2c activation 

and signaling. In contrast, the hardly detectable levels of E-cadherin, as well 



 

58  

as the lower levels of vimentin observed in Mia PaCa-2 cells compared to 

PANC-1 cells (Figure 15B), appeared not significantly affected by FGF2 

treatment (Figure 15B). Our biochemical findings were also validated by 

immunofluorescence approaches, which showed how FGF2 stimulation did 

not substantially impact on Mia PaCa-2 morphology (Figure 15C), while it 

forced PANC-1 cells to detach from each other and to assume a spindle shape 

(Figure 15C). In addition, the immunostaining with anti-vimentin appeared 

significantly increased by FGF2 and abrogate by SU5402 only in PANC-1 cells 

(Figure 15C).  

 

Figure 15. FGFR2c expression impacts on the enhancement of EMT phenotype in 
response to FGF2. PANC−1 and Mia PaCa−2 cells were left untreated or stimulated with 
FGF2 in the presence or absence of SU5402, as above. HaCaT cells and HFs were used as 
controls for the expression of E−cadherin and vimentin, respectively. (A) Real−time RT−PCR 
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shows the induction of the EMT−related transcription factors Snail1, STAT3 and FRA1 by 
FGF2 stimulation only in PANC−1 and its reversion by SU5402. Results are expressed as 
mean value ± SD (n = 3). ANOVA with Tukey’s multiple comparison test: * p ≤ 0.05. (B) 
Western blot analysis shows that, only in PANC−1 cells, the very low levels of the epithelial 
marker E−cadherin and the high levels of the mesenchymal marker vimentin are further 
decreased and increased, respectively, by FGF2 stimulation. The presence of SU5402 
reverses these effects. E−cadherin and vimentin expression are not significantly changed by 
FGF2 treatment in Mia PaCa−2 cells. Equal loading was assessed with the anti−actin 
antibody. Results are expressed as mean value ± SD (n = 3). The densitometric analysis was 
performed as reported above. ANOVA with Tukey’s multiple comparison test: * p ≤ 0.05. (C) 
Immunofluorescence analysis shows that FGF2 stimulation leads PANC−1 cells to detach 
from each other and to assume a spindle shape, while Mia PaCa−2 morphology remains 
unchanged. The anti−vimentin immunostaining is increased by the stimulation only in PANC−1 
cells. All the effects are abrogated by SU5402. Nuclei were stained with DAPI. Bar: 10 μm. 

 

To definitely confirm that the greater responsiveness displayed by PANC-1 

cells to FGF2 in terms of acquisition of a more pronounced mesenchymal 

expression profile and morphology might be ascribed to a higher expression 

of FGFR2c, we performed a stable protein depletion of FGFR2 by specific 

short hairpin RNA (FGFR2 shRNA) transfection, whose efficiency was verified 

by biochemical approaches (Figure 16A). Parallel experiments performed 

using isoform specific small interfering RNAs showed that, especially in 

PANC1 cells, the transfection with FGFR2c siRNA, but not that with FGFR2b 

siRNA, induced a decrease of the band at the molecular weight of 100kDa 

(Figure 16B), which was comparable to that obtained using the generic FGFR2 

shRNA (Figure 16A). These results confirmed that the transfection with the 

FGFR2 shRNA actually results in an efficient depletion of the receptor 

mesenchymal variant. It is worth noting that, as expected (Ishiwata 2018) 

PDAC cell lines and HaCaT keratinocytes, used as positive control for 

FGFR2b expression, expressed two different variants of FGFR2 isoforms, 

differing for the presence or not of the first Ig loop in the extracellular domain, 

which implies different molecular weights (100 and 140 kDa, respectively) 

(Tiong et al., 2013). Then, analyzing the expression of the EMT-related 

transcription factors Snail1, STAT3 and FRA1 by real-time RT-PCR, we found 

that their increase, induced only in PANC-1 by FGF2 stimulation (Figure 16C), 

was abolished by the receptor depletion (Figure16C).  
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Figure 16. FGFR2c depletion affects the responsiveness of PANC−1 cells to FGF2 in 
terms of enhancement of the mesenchymal expression profile. PANC−1 and Mia PaCa−2 
cells were stably transduced with FGFR2 shRNA or alternatively transfected with specific 
FGFR2b siRNA or FGFR2c siRNA. Unrelated shRNA (Cx shRNA) or siRNA (Cx siRNA) were 
used as negative control. Cells were left unstimulated or stimulated with FGF2 as above. 
HaCaT cells were used as positive control for the expression of FGFR2 and E−cadherin, while 
HFs for that of vimentin. (A) Western blot analysis shows the efficiency of the stable protein 
depletion of FGFR2 by shRNA transduction. (B) Especially in PANC−1 cells, the transfection 
with FGFR2c siRNA, but not that with FGFR2b siRNA, induces a decrease of FGFR2 band, 
which is comparable to that obtained using the generic FGFR2 shRNA (shown in A). Equal 
loading was assessed with the anti−actin antibody. Results are expressed as mean value ± 
SD (n = 3). The densitometric analysis was performed as reported above. ANOVA with 
Tukey’s multiple comparison test: * p ≤ 0.05. (C) Real−time RT−PCR shows that FGFR2 
depletion abolishes the increase of Snail1, STAT3 and FRA1 induced only in PANC−1 cells 
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by FGF2 stimulation. Results are expressed as mean value ± SD (n = 3). ANOVA with Tukey’s 
multiple comparison test: * p ≤ 0.05. (D) Western blot analysis shows that the stable depletion 
of FGFR2 makes PANC−1 unresponsive to FGF2, in terms of further repression of E−cadherin 
and vimentin enhancement. Equal loading was assessed with the anti−actin antibody. Results 
are expressed as mean value ± SD (n = 3). The densitometric analysis was performed as 
reported above. ANOVA with Tukey’s multiple comparison test: * p ≤ 0.05. (E) 
Immunofluorescence analysis shows that, in PANC-1 cells, the enhancement of vimentin 
immunostaining and the tendency to assume a spindle−shaped morphology in response to 
FGF2 are abolished by FGFR2 depletion. Bar: 10 μm.   

 

Comparable results were obtained in biochemical and immunofluorescence 

experiments, performed to assess the impact of FGFR2c depletion on the 

modulation of the epithelial/mesenchymal markers and on the changes in cell 

morphology in response to FGF2. In fact, in line to what was observed in the 

presence of SU5402, the stable depletion of FGFR2 abolished PANC-1 

responsiveness to FGF2, in terms of E-cadherin repression and vimentin 

enhancement (Figure 16D,E). In addition, these cells lost the tendency to 

assume a spindle-shaped morphology in response FGF2 stimulation, 

conserving their cobblestone shape and the ability to growth in packed 

colonies (Figure 16E). Thus, the different responsiveness of PANC-1 and Mia 

PaCa-2 cells to paracrine FGFs in terms of acquisition of EMT phenotype 

appears to be mostly attributable on their different expression of FGFR2c.  

  

  

The Activation of PKCε Is the Key Molecular Event 

Downstream FGFR2c Underlying EMT Induction  

  

Since we recently found that PKCε is the main signaling substrate contributing 

to FGFR2c-mediated induction of EMT in human keratinocytes (Ranieri et 

al.,2020; Ranieri et al 2021), the possible involvement of this signaling 

substrate also in the context of pancreatic cancer has been investigated in this 

work. To this aim, the extent of PKCε activation in the selected PDAC cell lines 

was firstly assayed by analyzing the phosphorylation of its Ser 729 site, which 

depends on the internal catalytic activity and is a widely recognized indicator 

of PKCε activation (Lau et al., 2012; Karavana et al., 2014). Western blot 

analysis showed that an appreciable increase of phosphorylation of PKCε at 

this autophosphorylation site was detected only in PANC-1 cells upon FGF2 
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stimulation (Figure 17A), which was abolished by SU5402 (Figure 17A), 

confirming its close dependence on FGFR2c activation. In addition, the 

absence of a detectable increase of phosphorylation in MiaPaCa-2 cells also 

suggests that PKCε activation could be dependent on FGFR2c expression 

levels. On the other hand, differently from what observed in human 

keratinocytes (Ranieri et al.,2020),  

FGF2 stimulation did not induce appreciable changes in PKCε protein levels 

(Figure 17A). Then, we analyzed the role exerted by PKCε in the establishment 

of EMT phenotype, generating PANC-1 and Mia PaCa-2 cell lines stably 

depleted for PKCε by transfection with specific shRNA. The efficiency of PKCε 

gene silencing was confirmed by Western blot analysis (Figure 18). Real time 

RT-PCR showed that the induction of the three EMT-related transcription 

factors downstream FGFR2c, induced in PANC-1 cells by FGF2 (Figure 17B), 

was significantly repressed by PKCε depletion (Figure 17B).  

In addition, biochemical experiments highlighted that PKCε knockdown also 

counteracted the repression of E-cadherin, as well as the upregulation of 

vimentin induced by FGF2 in these cells (Figure 17C), confirming the 

interference with EMT induction. Finally, immunofluorescence approaches 

showed how PKCε depletion was able to counteract either the enhancement 

of vimentin expression (Figure 17D) or the morphological changes in favor of 

the mesenchymal feature displayed by PANC-1 cells in response to FGF2 

(Figure 17D). These results indicated that PKCε-mediated signaling 

downstream FGFR2c significantly contribute to the establishment of receptor-

dependent EMT phenotype.  
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Figure 17: The depletion of PKCε interferes with FGF2−triggered EMT phenotype. 
PANC−1 and Mia PaCa−2 cells were left untransduced or stably transduced with PKCε shRNA 
or with an unrelated shRNA, as negative control. Cells were left untreated or stimulated with 
FGF2 in presence or absence of SU5402 as above. HaCaT cells and HFs were used as 
positive controls for epithelial/mesenchymal marker expression, as reported above. (A) 
Western blot analysis shows that the increase of phosphorylation of PKCε is observed upon 
FGF2 stimulation only in PANC−1 cells and this effect is abolished by SU5402. Equal loading 
was assessed with the anti−actin antibody. Results are expressed as mean value ± SD (n = 
3). The densitometric analysis was performed as reported above. ANOVA with Tukey’s 
multiple comparison test: * p ≤ 0.05. (B) Real−time RT−PCR shows that the induction of Snail1, 
STAT3 and FRA1 only in PANC−1 cells in response to FGF2 is repressed upon PKCε 
depletion. Results are expressed as mean value ± SD (n = 3). ANOVA with Tukey’s multiple 
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comparison test: * p ≤ 0.05. (C) Western blot analysis highlights that PKCε knockdown also 
counteracted the repression of E−cadherin, as well as the upregulation of vimentin induced by 
FGF2 in PANC−1 cells. Equal loading was assessed with the anti−actin antibody. Results are 
expressed as mean value ± SD (n = 3). The densitometric analysis was performed as reported 
above. ANOVA with Tukey’s multiple comparison test: * p ≤ 0.05. (D) Immunofluorescence 
analysis shows that PKCε silencing interferes with the enhancement of vimentin expression, 
as well as with the tendency of PANC−1 cells to assume the mesenchymal morphology in 
response to FGF2. Bar: 10 μm. 

 

 

 

 

Figure 18: Efficiency of PKCε depletion by specific shRNA.  PANC-1 and MIAPaCa-2 cells 

were stably trasduced with PKCε shRNA or with an unrelated shRNA, as negative control. 

HaCaT cells were used as positive control for PKCε expression. Western blot analysis shows 

the efficiency of PKCε gene silencing. Equal loading was assessed with anti actin antibody. 

Results are expressed as mean value ± SD. The densitometric analysis was performed as 

reported in materials and methods. ANOVA with Tukey’s multiple comparison test: * p ≤ 0.05 

  

 

 

PKCε Signaling Negatively Impacts on the Autophagic 

Process  

  

We have recently proposed a role of PKCε-mediated signaling not only in 

FGFR2c-mediated induction of EMT, but also in FGFR2c-dependent inhibition 

of the autophagic process in human keratinocytes (Ranieri et al., 2021). 

Therefore, we investigated here the possible contribution of PKCε on 

autophagy also in the specific context of pancreatic cancer. Western blot 

analysis showed that PKCε knockdown abolished the decrease of the widely 

recognized autophagic marker LC3-II, induced by FGF2 stimulation 

exclusively in PANC-1 cells (Figure 19A). In addition, in these cells, PKCε 

depletion also counteracted the accumulation of the autophagy substrate 
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SQSTM1 in response to FGF2 (Figure 19A), confirming the efficient 

reactivation of the autophagic flux. Parallel quantitative immunofluorescence 

analysis showed that the reduction of LC3 positive dots per cell, evident only 

in PANC-1 cultures stimulated with FGF2 (Figure 19B), was efficiently 

reversed by the stable depletion of PKCε (Figure 19B). Comparable results 

were obtained counteracting FGFR2c signaling and expression by SU5402 or 

FGFR2 shRNA transfection, respectively (Figure 20A,B), demonstrating that 

the negative effects on autophagy exerted by PKCε upstream requires 

FGFR2c activation. The role played by PKCε in the repression of autophagy 

was further confirmed by electron microscopy studies, performed in PANC-1 

cells stably transfected with PKCε shRNA or with control shRNA (Cx shRNA). 

Ultrastructural examination, performed by transmission electron microscopy 

(TEM), revealed that the reduction of autophagic vacuoles, triggered by FGF2 

stimulation in control cells (Figure 19C,D) was counteracted by PKCε 

depletion, which enabled cells to maintain a higher number of autophagic 

structures in the cytoplasm also after FGF2 stimulation (Figure 19E). In 

addition, PANC-1 Cx shRNA cells, but not PANC-1 PKCε shRNA cells, 

appeared elongated in response to FGF2 treatment and their cytoplasm 

resulted enriched in vimentin filament bundles (Figure 19C, arrows). These 

ultrastructural observations are consistent with our immunofluorescence data 

(see Figure 17D) and confirm the ability of PKCε knockdown in reversing 

FGF2-induced mesenchymal phenotype. Thus, in agreement with our 

previous observations in human keratinocytes (Ranieri et al., 2020; Ranieri et 

al., 2021), at least in PANC-1 cells, PKCε-mediated signaling activated 

downstream FGFR2c appears not only to be involved in EMT induction, but 

also to exert a not negligible inhibitory effect on autophagy.  
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Figure 19. PKCε depletion also negatively impacts on FGF2−dependent inhibition of 
autophagy. PANC−1 and MiaPaCa−2 cells stably transduced with PKCε shRNA or with an 
unrelated shRNA were left untreated or stimulated with FGF2 as above. (A) Western blot 
analysis shows that PKCε knockdown abolishes the decrease of the autophagic marker 
LC3−II, as well as the increase of the autophagic substrate SQSTM1, induced by FGF2 
stimulation exclusively in PANC−1 cells. Equal loading was assessed with the anti-actin 
antibody. Results are expressed as mean value ± SD (n = 3). The densitometric analysis was 
performed as reported above. ANOVA with Tukey’s multiple comparison test: * p ≤ 0.05. (B) 
Quantitative immunofluorescence analysis shows that the reduction of LC3 positive dots per 
cell, evident only in PANC−1 upon FGF2 is reversed by PKCε depletion. Quantitative analysis 
was performed as described in Materials and Methods, and results are expressed as mean 
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values ± SD (n = 3). ANOVA with Tukey’s multiple comparison test: * p ≤ 0.05. (C–F) 
Ultrastructural analysis by transmission electron microscopy (TEM) shows initial autophagic 
vacuoles (AVi) with double isolation membrane in the cytoplasm of unstimulated PANC−1 Cx 
shRNA cells (C, magnification box). The examination of PANC−1 Cx shRNA stimulated with 
FGF2 shows a spindle−like shape, a reduced presence of AVs compared to unstimulated cells, 
and a higher cytoplasmatic complexity, with several intracellular filaments (D), arrows in the 
magnification box, possibly corresponding to vimentin bundles (D). AVi and degradative (AVd) 
autophagic vacuoles in the cytoplasm of both unstimulated and FGF2−stimulated PKCε 
shRNA cells (see magnification boxes). AVi: Initial autophagic vacuole; AVd: degradative 
autophagic vacuole; M: mitochondrion; Nu: nucleus; NM: nuclear membrane; PM: plasma 
membrane. Bars: 1 μm, 200 nm.   
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Figure 20. Impact of FGFR2 shut-off or depletion on the autophagic process. PANC-1 and 
MiaPaCa-2 cells stimulated with FGF2 in the presence or absence of the FGFR2 inhibitor SU5402. 
Alternatively, cells were transduced with FGFR2 shRNA or with an unrelated shRNA, as negative 
control and then stimulated with FGF2 (A) Western blot analysis shows that both the presence of 
SU5402 (left) and FGFR2 protein depletion by shRNA (right) inhibit both the decrease of the 
autophagic marker LC3II and the accumulation of SQSTM1 induced by FGF2 stimulation 
exclusively in PANC1 cells. Equal loading was assessed with the anti-actin antibody. Results are 
expressed as mean value ± SD. ANOVA with Tukey’s multiple comparison test: * p < 0.05. (B) 
Quantitative immunofluorescence analysis shows that the decrease of LC3II positive dots per cell, 
evident only in PANC-1 upon FGF2 is switched by FGFR2 signaling shut-off or depletion. Results 
are expressed as mean values ± SD. ANOVA with Tukey’s multiple comparison test: * p < 0.05 

 

 

PKCε Signaling Interferes with Autophagy Converging on 

ERK1/2 Pathway  

 

To clarify the molecular mechanisms underlying the involvement of PKCε in 

the autophagic process, we focused our attention on MTOR, which is 

considered the main negative regulator of autophagy also in pancreatic cancer 

cells (Mollinedo and Gajate 2019; Piffoux et al., 2021). Western blot analysis 

revealed that the phosphorylation of MTOR, as well as that of its substrate 

S6K, evident after FGF2 stimulation particularly in PANC-1 cells (Figure 21A), 

were strongly dampened by PKCε knockdown (Figure 21A). Surprisingly, no 

corresponding effects were observed on the AKT phosphorylation (Figure 

21B). Since AKT is the upstream substrate generally responsible for MTOR 

activation, our unexpected results indicated that PKCε might activate MTOR 

through an alternative pathway. This possibility appears to be consistent with 

the peculiar ability, previously described for PKCε in other cellular contexts, to 

converge on MTOR through the activation of Raf/MEK/ERK signaling 

(Moschella et al., 2007). Actually, the important contribution of ERK1/2 

signaling in MTOR activation and consequent autophagy inhibition has been 

widely described in pancreatic cancer cells (Mollinedo and Gajate 2019). 

Based on these assumptions, we investigated the impact of PKCε signaling on 

ERK1/2 pathway. Biochemical analysis showed that, in consequence of PKCε 

depletion, the increase of ERK1/2 phosphorylation in response to FGF2, 

visible in both pancreatic cell lines (Figure 21C), was reduced in Mia PaCa-2, 

which maintained a significant residual ERK phosphorylation (Figure 21C), but 

completely abolished in PANC-1 (Figure 21C). These results indicate that the 
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different expression of FGFR2c displayed by the two PDAC cell lines impact 

on the dependence on PKCε of ERK1/2 signaling. It is also worth noting that 

shFGFR2c transduced MiaPaCa-2 cells displayed a higher responsiveness to 

FGF2 in terms of ERK1/2 phosphorylation compared to non-transduced ones 

(see Figure 13 B in comparison with Figure 21C), even if this phosphorylation 

remains significantly lower than that shown by PANC-1 cells.  

This variability of MiaPaCa-2 cell response to FGF2 might be the consequence 

of different culture conditions. These results indicated that, only in PANC-1 

cells, the activation of ERK1/2 pathway upstream depends on PKCε activation. 

Since ERK1/2 is also a well-known pathway involved in EMT of PDAC cells 

(Huang et al., 2021), our results suggest the possibility that, in this tumor 

context, PKCε signaling, when activated in consequence of highly expression 

of FGFR2c, could simultaneously repress autophagy and orchestrate the EMT 

program directly converging on ERK1/2 pathway.   
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Figure 21. PKCε signaling shut−off by PKCε protein depletion interferes with both 
MTOR and ERK1/2 signaling pathways. PANC−1 and Mia PaCa−2 cells stably transduced 
with PKCε shRNA or with an unrelated shRNA were left untreated or stimulated with FGF2 as 
above. (A) Western blot analysis shows that the increase of phosphorylation of MTOR and 
S6K, evident after FGF2 stimulation only in PANC−1 cells, are strongly dampened by PKCε 
knockdown. (B) No corresponding effects are observed on the AKT phosphorylation. (C) The 
increase of ERK1/2 phosphorylation in response to FGF2, visible in both pancreatic cell lines, 
is significantly greater in PANC−1 cells and it is reduced in Mia PaCa−2 and completely 
abolished in PANC−1 by PKCε depletion. Equal loading was assessed with tubulin and anti-
actin antibodies. Results are expressed as mean value ± SD (n = 3). The densitometric 
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analysis was performed as reported above. ANOVA with Tukey’s multiple comparison test: * 
p ≤ 0.05. (D) Schematic drawing representing the role of PKCε as key hub signaling molecule 
downstream FGFR2c, whose activation simultaneously counteracts autophagy and drives 
EMT bypassing AKT and directly converging on ERK1/2. PKCε knockdown results in a 
simultaneous reversion of these effects. 
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Discussion  

 

The isoform switch is one of the molecular mechanisms involved in the 

dysregulation of receptor tyrosine kinase (RTK) signaling in cancer. 

Concerning this topic, recent studies of our research group have 

demonstrated that FGFR2 isoform switch and the consequent aberrant 

expression of the mesenchymal FGFR2c isoform in epithelial context 

induces the impairment of differentiation, EMT and tumorigenic features 

(Ranieri et al., 2016; Ranieri et al., 2018) mainly involving PKCε signalling 

(Ranieri et al., 2020).  Contextdependent different roles in cancer have been 

recently also proposed for the degradative pathway of autophagy. 

(Kimmelman and White, 2017). In fact, while during metastatic spreading 

autophagy appears to sustain EMT, during the early steps of tumorigenesis 

the two processes appear to be linked to a negative loop (Chen et al, 2019). 

On the light of these background, for a long time our research group focused 

his attention on this degradative process,  highlighing that, while FGFR2b 

signalling enhances the physiological, positive interplay between autophagy 

and keratinocyte differentiation (Nanni et al., 2018a; Nanni et al., 2018b), 

FGFR2 isoform switch and the consequent aberrant expression and 

signalling of FGFR2c inhibit the autophagic process, via the activation of 

the canonical AKT/MTOR pathway (Nanni et al., 2019). On the light of all 

this evidence, in this thesis project we investigated if FGFR2c aberrant 

expression might lead to the acquisition of EMT tumorigenic features not 

only by activating a complex oncogenic signalling network engaging several 

players, including PKCε, but also by upstream establishing and controlling 

a negative crosstalk between EMT and autophagy.  

Since MTOR is the main pathway involved in the inhibition of autophagy 

induced by aberrant FGFR2c expression in human keratinocytes, (Nanni et 

al., 2019) we first assessed the impact of a forced reactivation of autophagy 

on FGFR2c-mediated oncogenic effects, using rapamycin, the widely 

accepted general inhibitor of MTOR-dependent autophagy. Using human 

keratinocytes stably expressing the aberrant FGFR2c, we demonstrated 

that rapamycin not only turned the FGF2-induced decrease of the widely 
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recognized autophagic marker LC3-II into an increase (as expected by 

autophagy reactivation), but also efficiently reverses FGFR2c-induced EMT 

program and inhibits receptormediated cell invasion. Our observations are 

consistent with the recent findings by Bell and coworkers, highlighting how 

the inhibition of autophagy, which impairs Met receptor traffic, is required 

for HGF-dependent invasive behaviour in several tumor contexts (Bell et 

al., 2019). Similar results were obtained testing the effects of autophagy 

reactivation on FGFR2c-mediated EMT via gene silencing of MTOR or AKT 

(which is the upstream regulator of MTOR) by  small interfering RNA.   

Since FGFR2c-triggered EMT is driven by PKCε-dependent induction of 

Snail1, STAT3 and FRA1 (Ranieri et al., 2016; Ranieri et al., 2020), we also 

found that the forced reactivation of the autophagic process by MTOR 

siRNA appears to negatively affect the induction of these EMT-related 

transcription factors in a comparable way to PKCε signalling shut-off, 

obtained by stable transfection of shRNA. On the other hand, the selective 

PKCε shut-off by shRNA resulted not only to inhibit FGFR2c-induced EMT, 

as expected (Ranieri et al., 2020), but also to reverse the negative impact 

of FGFR2c signalling on autophagy, inducing a recovery of LC3-II levels 

and a repression of the accumulation of the autophagy substrate SQSTM1, 

suggesting a reactivation of the autophagic flux. Thus, when FGFR2c is 

aberrantly expressed in epithelial context, the aberrant signaling 

downstream PKCε appears to be involved not only in EMT-induction and 

invasion, but also in the inhibition of autophagy orchestrated by FGFR2c. 

Our results are consistent with previous data showing that PKCε is involved 

in the suppression of the autophagic process in glioblastoma cells (Toton et 

al., 2018). In addition, other previous work has demonstrated that the 

transcription factor STAT3, activated downstream FGFR2c and PKCε, has 

been found to be involved not only in the triggering of EMT program (Ranieri 

et al., 2020; Wendt et al., 2014), but also in the inhibition of autophagy. (You 

et al., 2015). Despite these supporting studies, our current results seem 

apparently in contrast with the recent findings reported by Basu, which 

indicate a key role of PKCε in promoting autophagic process in metastatic 

breast cancer cells (Basu 2020). This discrepancy would be explained 

considering the hypothesis that FGFR2c plays its oncogenic role in the early 
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steps of tumour development (Ranieri et al., 2016; Ranieri et al., 2018; 

Ranieri et al., 2020) further confirming the dual and opposite contribution of 

autophagy in different (early and advanced-metastatic) steps of 

carcinogenesis (Chen et al., 2019).   

As last aim, performing selective FGFR2 signaling shut-off using the 

FGFR2specific kinase inhibitor SU5402, we found that all the responses to 

FGF2, in terms of EMT induction and autophagy repression closely depend 

on FGFR2c activation, confirming the upstream role of FGFR2c in the 

regulation of EMT/autophagy crosstalk. Overall, our results represent the 

first indication that, at least in the context of human keratinocytes, the 

aberrant expression of FGFR2c, usually stemming from altered FGFR2 

isoform switch, could be the upstream event leading to the activation of 

oncogenic signalling pathways intersecting with each other and cooperating 

in the establishment of the negative loop between EMT and autophagy, 

which contributes to the early steps of tumor development.  

In the second part of this study the focus shifted our investigations to PDAC 

context, characterized by a strong EMT signature and deregulated 

autophagy. PDAC is a malignant tumor that presents KRAS constitutive 

activation (Mollinedo et al., 2019). Research efforts recently focused on the 

discovery of new molecules and pathways, to bypass RAS, and whose 

inhibition might significantly effect on PDAC malignant phenotype. FGFR2 

isoform switch is considered an oncogenic event also during pancreatic 

carcinogenesis but its contribution in EMT induction and cell invasion still 

appears controversial (Ishiwata et al., 2012; Ueda et al., 2014; Ishiwata 

2018). For this study has been used two PDAC cell lines (PANC-1 and Mia 

PaCa-2 cells) with undetectable levels of the epithelial FGFR2b isoform and 

different levels of the mesenchymal FGFR2c variant. It has been 

investigated the responsiveness to FGF2 in terms of AKT/MTOR and 

ERK1/2 signaling activation confirming close dependence on FGFR2c 

expression and activation. Focusing on the impact on EMT, resulted in 

PANC-1, which express higher levels of FGFR2c compared to Mia PaCa-2 

cells, higher expression of the transcription factors related to EMT and 

modulation of epithelial and mesenchymal marker toward pathological 

EMT. A clear increase of EMT profile and mesenchymal morphology, after 
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FGF2 stimulation, appears exclusively in PANC-1 and it is abolished by 

FGFR2c kinase activity shut-off or depletion, confirming their dependence 

on receptor signaling and expression. In the in vivo cancer context, FGFR2c 

aberrant expression could strongly affect tumor cell sensitivity to paracrine 

factors liberated by microenvironmental cells, such as cancer associated 

fibroblasts (CAFs). This higher sensitivity could cause a strong activation of 

intracellular signaling and enhancement of malignant features. These 

results are conforming with previous studies, focusing on CAFs and CAF-

released factors, such as FGF2, in inducing a more aggressive behavior in 

PDAC (Von Ahrens et al., 2017; Awaji et al., 2019). The next step has been 

to investigate the signaling pathways and substrates of downstream 

FGFR2c possibly involved in the EMT-related phenotype having a special 

consideration for PKCε, whose oncogenic role in epithelial cells has been 

widely described (Isakov 2018). In keratinocytes we have recently 

described PKCε as a key event downstream FGFR2c for EMT induction 

(Ranieri et al., 2020; Ranieri et al., 2021) The involvement of PKCε was 

examined using specific shRNA and showed that PKCε depletion strongly 

compromise the EMT signature, as well as the morphological changes 

triggered by FGF2 in PANC-1 cells. Interestingly, only PANC-1, PKCε 

phosphorylation is detectable, suggesting that PKCε activation could be 

dependent on FGFR2c expression. PKCs are considered “RAS-

independent” substrates stimulated by several membrane receptors, 

including FGFRs (Touat et al., 2015), for this reason the identification of one 

of PKC family members as a fundamental signaling effector in the EMT 

phenotype induction (and possibly a higher aggressive behavior) could 

represent a fundamental improvement towards new therapeutic strategies 

aimed to bypass the “undruggable” target RAS. Interestingly, PKCε 

silencing abolished the ability of FGF2 to inhibit autophagy, another 

important process contributing to PDAC development and progression 

(Mollinedo et al., 2019; Piffoux et al., 2021; New and Tooze 2019). 

Autophagy and EMT in cancer are associated by a complex crosstalk (Chen 

et al., 2019). It has been demonstrated above that this crosstalk is regulated 

by FGFR2c and its downstream PKCε signaling, at least during the early 

steps of human epidermal carcinogenesis (Ranieri et al., 2020; Ranieri et 

al., 2021). It has been proved a negative impact of PKCε downstream 



 

76  

FGFR2c on autophagy at least in PANC-1, which expresses high level of 

the receptor. Autophagy is repressed in the early stages of tumorigenesis 

of advanced and aggressive cancers, such as PDAC cell lines, like PANC-

1 and MIA PaCa-2, and it is widely described as an oncogenic event 

sustaining cell survival and metabolism (New and Tooze 2019). Alike to 

what has been proposed for MEK/ERK signaling in PDAC (Piffoux et al., 

2021), these results can be explained counting that a negative modulation 

of autophagy results in an oncogenic outcome, as an autonomy to 

autophagy for survival. The specific shut-off of PKCε not only induces an 

inversion on EMT phenotype, but also increases autophagy, up-modulating 

tumor cell dependence on this survival strategy and thus their predisposition 

to autophagic inhibitors. Examining the molecular mechanisms for the 

inhibitory effect exerted by PKCε on autophagy, it has been found that the 

shut-off of PKCε suppressed the phosphorylation of the autophagic inhibitor 

mTOR, only in PANC-1 cells in response to FGF2. These results showed 

that, as recently suggested in breast cancer (Basu 2020), PKCε could inhibit 

autophagy triggering the canonical mTOR pathway also in PDAC. 

Furthermore, PKCε depletion strongly suppressed ERK1/2 phosphorylation 

in both PDAC lines, even if Mia PaCa-2 cells seem to hold a residual 

ERK1/2 phosphorylation, indicating that the dependence of ERK1/2 

signaling on PKCε activation is resultant on FGFR2c expression levels. 

PKCε shut-off was ineffective on the activation of the canonical activator of 

mTOR of AKT, suggesting that, as suggested for cardiomyocytes 

(Moschella et al., 2007), PKCε might bypass AKT and directly converging 

on mTOR via ERK1/2. ERK1/2 is also a well-known pathway regulating 

EMT in PDAC (Huang et al., 2021; Safa 2020) so it could hypothesize that 

PKCε represents a hub signaling downstream highly expressed FGFR2c, 

whose activation might contribute to simultaneously inhibit autophagy and 

induce EMT bypassing AKT and converging on ERK1/2 (see schematic 

draw, Figure 21D). In this encouraging scenario, additional investigations 

will be required to assess the efficacy of PKCε inhibition, alone or with 

FGFR, ERK1/2 and autophagy inhibitors, as innovative therapeutic 

approaches to prevent and/or reverse tumor aggressive phenotypes.  

  



 

77  

   

 

 

 

 

 

 

References 

  

  

  

  

  

  

  

  

  

  

  

  

  



 

78  

Aguilera MO, Berón W, Colombo MI. The actin cytoskeleton participates in the 

early events of autophagosome formation upon starvation induced autophagy.  

Autophagy. 2012, 1590-1603.  

Akalay I, Janji B, Hasmim M, Noman MZ, André F, De Cremoux P et al. 

Epithelial-to-mesenchymal transition and autophagy induction in breast 

carcinoma promote escape from T- cell-mediated lysis. Cancer Res. 2013, 

2418–2427.  

Akinduro O, Sully K, Patel A, Robinson DJ, Chikh A, McPhail G, Braun KM, 

Philpott MP, Harwood CA, Byrne C, O'Shaughnessy RF, Bergamaschi D4. 

Constitutive autophagy and nucleophagy during epidermal differentiation. J 

Invest Dermatol. 2016, 1460-1470.  

Altomare DA, Testa JR. Perturbations of the AKT signaling pathway in human 

cancer. Oncogene. 2005, 7455-7464.  

Alvarez MA, Freitas JP, Hussain SM, Glazer ES. TGF-β Inhibitors in Metastatic 

Pancreatic Ductal Adenocarcinoma. J Gastrointest Cancer. 2019, 207–213.  

Arnoux V, Nassour M, L’Helgoualćh A, Hipskind RA, Savagner P. Erk5 

controls Slug expression and keratinocyte activation during wound healing. 

Mol Biol Cell. 2008, 4738-4749.  

Awaji M, Futakuchi M, Heavican T, Iqbal J, Singh RK. Cancer-Associated  

Fibroblasts Enhance Survival and Progression of the Aggressive Pancreatic 

Tumor Via FGF-2 and CXCL8. Cancer Microenviron. 2019, 37-46.  

Babina IS, Turner NC. Advances and challenges in targeting FGFR signalling 

in cancer. Nat Rev Cancer. 2017, 318-332  

Bach M, Larance M, James DE, Ramm G. The serine/threonine kinase ULK1 

is a target of multiple phosphorylation events. Biochem J. 2011, 283-291.  

Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M. Growth 

factors and cytokines in wound healing. Wound Repair Regen. 2008, 585-601.  

Basu A. Regulation of Autophagy by Protein Kinase C-ε in Breast Cancer 

Cells. Int J Mol Sci. 2020, 4247.  

Bell ES, Coelho PP, Ratcliffe CDH, Rajadurai CV, Peschard P, Vaillancourt R, 

Zuo D, Park M. LC3C-Mediated Autophagy Selectively Regulates the Met RTK 

and HGF-Stimulated Migration and Invasion. Cell Rep. 2019, 4053-4068.  

Belleudi F, Leone L, Purpura V, Cannella F, Scrofani C, Torrisi MR. HPV16 E5 

affects the KGFR/FGFR2b- mediated epithelial growth through alteration of 



 

79  

the receptor expression, signaling and endocytic traffic. Oncogene 2011, 

49634976.   

Belleudi F, Nanni M, Raffa S, Torrisi MR. HPV16 E5 deregulates the 

autophagic process in human keratinocytes. Oncotarget. 2015, 9370-9386.   

Belleudi F, Purpura V, Caputo S, Torrisi MR. FGF7/KGF regulates autophagy 

in keratinocytes: A novel dual role in the induction of both assembly and 

turnover of autophagosomes. Autophagy. 2014, 803-821.  

Belleudi F, Purpura V, Torrisi MR. The receptor tyrosine kinase 

FGFR2b/KGFR controls early differentiation of human keratinocytes. PLoS 

One. 2011  

Bento CF, Renna M, Ghislat G, Puri C, Ashkenazi A, Vicinanza M, Menzies 

FM, Rubinsztein DC. Mammalian Autophagy: How Does It Work? Annu Rev 

Biochem. 2016, 685-713.  

Brabletz S, Brabletz T. The ZEB/miR-200 feedback loop--a motor of cellular 

plasticity in development and cancer? EMBO Rep. 2010, 670-677.  

Broadley KN, Aquino AM, Woodward SC, Buckley-Sturrock A, Sato Y, Rifkin 

DB, Davidson JM. Monospecific antibodies implicate basic fibroblast growth 

factor in normal wound repair. Lab Invest. 1989, 571-575.  

Brooks AN, Kilgour E, Smith PD. Molecular pathways: fibroblast growth factor 

signaling: a new therapeutic opportunity in cancer. Clin Cancer Res. 2012, 

1855-1862.  

Butler AM, Scotti Buzhardt ML, Erdogan E, Li S, Inman KS, Fields AP, Murray 

NR. A small molecule inhibitor of atypical protein kinase C signaling inhibits 

pancreatic cancer cell transformed growth and invasion. Oncotarget. 2015, 

15297-15310.  

Catalano M, D'Alessandro G, Lepore F, Corazzari M, Caldarola S, Valacca C, 

Faienza F, Esposito V, Limatola C, Cecconi F, Di Bartolomeo S. Autophagy 

induction impairs migration and invasion by reversing EMT in glioblastoma 

cells. Mol Oncol. 2015, 1612-25.  

Ceccarelli S, Cardinali G, Aspite N, Picardo M, Marchese C, Torrisi MR, 

Mancini P. Cortactin involvement in the keratinocyte growth factor and 

fibroblast growth factor 10 promotion of migration and cortical actin assembly 

in human keratinocytes. Exp Cell Res. 2007, 1758-1777.  



 

80  

Ceridono M, Belleudi F, Ceccarelli S, Torrisi MR. Tyrosine 769 of the 

keratinocyte growth factor receptor is required for receptor signaling but not 

endocytosis. Biochem Biophys Res Commun. 2005, 523-532.  

Cha JY, Maddileti S, Mitin N, Harden TK, Der CJ. Aberrant receptor 

internalization and enhanced FRS2-dependent signaling contribute to the 

transforming activity of the fibroblast growth factor receptor 2 IIIb C3 isoform. 

J Biol Chem. 2009, 6227-6240.  

Chan KS, Sano S, Kiguchi K, Anders J, Komazawa N, Takeda J, DiGiovanni 

J. Disruption of Stat3 reveals a critical role in both the initiation and the 

promotion stages of epithelial carcinogenesis. J Clin Invest. 2004, 720-728.  

Chen HT, Liu H, Mao MJ, Tan Y, Mo XQ, Meng XJ, Cao MT, Zhong CY, Liu 

Y, Shan H, Jiang GM. Crosstalk between autophagy and 

epithelialmesenchymal transition and its application in cancer therapy. Mol 

Cancer. 2019, 101.  

Chen JL, David J, Cook-Spaeth D, Casey S, Cohen D, Selvendiran K, 

BekaiiSaab T, Hays JL. Autophagy Induction Results in Enhanced Anoikis 

Resistance in Models of Peritoneal Disease. Mol Cancer Res. 2017, 26-34.  

Chen JL, Lin HH, Kim KJ, Lin A, Forman HJ, Ann DK. Novel roles for protein 

kinase Cdelta-dependent signaling pathways in acute hypoxic stress-induced 

autophagy. J Biol Chem. 2008, 34432-3444.  

Cheong H, Lu C, Lindsten T, Thompson CB. Therapeutic targets in cancer cell 

metabolism and autophagy. Nat Biotechnol. 2012, 671-678.  

Chikh A, Sanzà P, Raimondi C, Akinduro O, Warnes G, Chiorino G, Byrne C, 

Harwood CA, Bergamaschi D. iASPP is a novel autophagy inhibitor in 

keratinocytes. J Cell Sci. 2014, 3079-3093.  

Chouat E, Zehani A, Chelly I, Njima M, Maghrebi H, Bani MA, Njim L, Zakhama 

A, Haouet S, Kchir N. Tumorbudding is a prognostic factor linked to epithelial 

mesenchymal transition in pancreatic ductal adenocarcinoma. Study report 

and literature review. Pancreatology. 2018, 79–84.  

Cihoric N, Savic S, Schneider S, Ackermann I, Bichsel-Naef M, Schmid RA, 

Lardinois D, Gugger M, Bubendorf L, Zlobec I, Tapia C. Prognostic role of 

FGFR1 amplification in early-stage non-small cell lung cancer. Br J Cancer. 

2014, 2914-2922.  

Cinque L, Forrester A, Bartolomeo R, Svelto M, Venditti R, Montefusco S, 

Polishchuk E, Nusco E, Rossi A, Medina DL, Polishchuk R, De Matteis MA, 



 

81  

Settembre C. FGF signalling regulates bone growth through autophagy. 

Nature 2015, 2914-2922.  

Courjal F, Cuny M, Simony-Lafontaine J, Louason G, Speiser P, Zeillinger R, 

Rodriguez C, Theillet C. Mapping of DNA amplifications at 15 chromosomal 

localizations in 1875 breast tumors: definition of phenotypic groups. Cancer 

Res. 1997, 4360-4367.  

Debnath P, Huirem RS, Dutta P, Palchaudhuri S. Epithelial-mesenchymal 

transition and its transcription factors. Biosci Rep. 2022, 42.  

Deffieu M, Bhatia-Kissova I, Salin B, Galinier A, Manon S, Camougrand N. 

Glutathione participates in the regulation of mitophagy in yeast. J Biol Chem. 

2009, 14828-14837.  

DeNardo DG, Barreto JB, Andreu P, Vasquez L, Tawfik D, Kolhatkar N, 

Coussens LM. CD4(+) T cells regulate pulmonary metastasis of mammary 

carcinomas by enhancing protumor properties of macrophages. Cancer Cell. 

2009, 91-102.  

Di Bartolomeo S, Corazzari M, Nazio F, Oliverio S, Lisi G, Antonioli M, 

Pagliarini V, Matteoni S, Fuoco C, Giunta L, D'Amelio M, Nardacci R,  

Romagnoli A, Piacentini M, Cecconi F, Fimia GM. The dynamic interaction of 

AMBRA1 with the dynein motor complex regulates mammalian autophagy. J 

Cell Biol. 2010, 155-168.  

Dunn WA Jr, Cregg JM, Kiel JAKW, van der Klei IJ, Oku M, Sakai Y, Sibirny 

AA, Stasyk OV, Veenhuis M. Pexophagy: the selective autophagy of 

peroxisomes. Autophagy. 2005, 75-83.  

Dutt A, Salvesen HB, Chen TH, Ramos AH, Onofrio RC, Hatton C, Nicoletti R, 

Winckler W, Grewal R, Hanna M, Wyhs N, Ziaugra L, Richter DJ et al. 

Drugsensitive FGFR2 mutations in endometrial carcinoma. Proc Natl Acad Sci 

USA. 2008, 8713-8717.  

Eswarakumar VP, Lax I, Schlessinger J. Cellular signaling by fibroblast growth 

factor receptors. Cytokine Growth Factor Rev. 2005, 139–149  

Feng Y, He D, Yao Z, Klionsky D. The machinery of macroautophagy. Cell 

Res. 2014, 24-41.  

Finch PW, Rubin JS. Keratinocyte growth factor/fibroblast growth factor 7, a 

homeostatic factor with therapeutic potential for epithelial protection and 

repair. Adv Cancer Res. 2004, 69-136.  



 

82  

Friendl P, Gilmour D. Collective cell migration in morphogenesis, regeneration 

and cancer. Nat Rev Mol Cell Biol. 2009, 445-457.  

Friendl P, Wolf K. Tumour-cell invasion and migration: diversity and escape 

mechanisms. Nat Rev Cancer. 2003, 362-374.  

Funderburk SF, Wang QJ, Yue Z. The Beclin 1-VPS34 complex–at the 

crossroads of autophagy and beyond. Trends Cell Biol. 2010, 355-362.  

Ganley IG, Lam du H, Wang J, Ding X, Chen S, Jiang X. ULK1.ATG13. FIP200 

complex mediates mTOR signaling and is essential for autophagy. J Biol 

Chem. 2009, 12297-12305.  

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, 

Jacobsen A, Sinha R, Larsson E, Cerami E, Sander C, Schultz N. Integrative 

analysis of complex cancer genomics and clinical profiles using the cBioPortal.  

Sci Signal. 2013, 6.  

Garami A, Zwartkruis FJ, Nobukuni T, Joaquin M, Roccio M, Stocker H, Kozma 

SC, Hafen E, Bos JL, Thomas G. Insulin activation of Rheb, a mediator of 

mTOR/S6K/4E-BP signaling, is inhibited by TSC1 and 2. Mol Cell. 2003, 

14571466.  

Goetz R, Mohammadi M. Exploring mechanisms of FGF signalling through the 

lens of structural biology. Nat Rev Mol Cell Biol. 2013, 166-180.  

Gorin MA, Pan Q. Protein kinase C epsilon: an oncogene and emerging tumor 

biomarker. Mol Cancer. 2009, 9.  

Gotoh N. Regulation of growth factor signaling by FRS2 family 

docking/scaffold adaptor proteins. Cancer Sci. 2008, 1319-1325.  

Greenman C, Stephens P, Smith R, Dalgliesh GL, Hunter C, Bignell G, Davies 

H, Teague J, Butler A, Stevens C, Edkins S, O'Meara S, Vastrik I et al. Patterns 

of somatic mutation in human cancer genomes. Nature. 2007, 153-158.  

Gugnoni M, Sancisi V, Manzotti G, Gandolfi G, Ciarrocchi A. Autophagy and 

epithelial-mesenchymal transition: an intricate interplay in cancer. Cell Death 

Dis. 2016, 7.  

Gundamaraju R, Lu W, Paul MK, Jha NK, Gupta PK, Ojha S, Chattopadhyay 

I, Rao PV, Ghavami S. Autophagy and EMT in cancer and metastasis: Who 

controls whom? Biochim Biophys Acta Mol Basis Dis. 2022, 1868.  

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez DS, 

Turk BE, Shaw RJ. AMPK phosphorylation of raptor mediates a metabolic 

checkpoint. Mol Cell. 2008, 214-226.  



 

83  

Hadari YR, Kouhara H, Lax I, Schlessinger J. Binding of Shp2 tyrosine 

phosphataseto FRS2 is essential for fibroblast growth factor-induced PC12 cell 

differentiation. Mol Cell Biol.  1998, 3966-3973.  

Hailey DW, Rambold AS, Satpute-Krishnan P, Mitra K, Sougrat R, Kim PK, 

Lippincott-Schwartz J. Mitochondria supply membranes for autophagosome 

biogenesis during starvation. Cell. 2010, 656-667.  

Hajatdoost L, Sedaghat K, Walker EJ, Thomas J, Kosari S. Chemotherapy in 

Pancreatic Cancer: A Systematic Review. Medicina (Kaunas). 2018, 48.  

Hamasaki M, Furuta N, Matsuda A, Nezu A, Yamamoto A, Fujita N, Oomori H, 

Noda T, Haraguchi T, Hiraoka Y, Amano A, Yoshimori T. Autophagosomes 

form at ER- mitochondria contact sites. Nature. 2013, 389-393.  

Haruna K, Suga Y, Muramatsu S, Taneda K, Mizuno Y, Ikeda S, Ueno T, 

Kominami E, Tanida I, Tanida I, Hanada K. Differentiation-specific expression 

and localization of an autophagosomal marker protein (LC3) in human 

epidermal keratinocytes. J Dermatol Sci. 2008, 213-215.  

Heldin CH, Vanlandewijck M, Moustakas A. Regulation of EMT by TGFβ in 

cancer. FEBS Lett. 2012, 1959-1970.  

Helsten T, Elkin S, Arthur E, Tomson BN, Carter J, Kurzrock R. The FGFR 

landscape in cancer: analysis of 4,853 tumors by next-generation sequencing. 

Clin Cancer Res. 2015, 259-267.  

Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y, Iemura S, 

Natsume T, Takehana K, Yamada N, Guan JL, Oshiro N, Mizushima N. 

Nutrient-dependent mTORC1 association with the ULK1-Atg13-FIP200 com- 

plex required for autophagy. Mol Biol Cell. 2009, 1981-1991.  

Hotz B, Arndt M, Dullat S, Bhargava S, Buhr HJ, Hotz HG. Epithelial to 

Mesenchymal Transition: Expression of theRegulators Snail, Slug, and Twist 

in Pancreatic Cancer. Clin Cancer Res. 2007, 4769–4776.  

Huang L, Chen S, Fan H, Ji D, Chen C, Sheng W. GINS2 promotes EMT in 

pancreatic cancer via specifically stimulating ERK/MAPK signaling. Cancer 

Gene Ther. 2021, 839-849.  

Hudson LG, Newkirk KM, Chandler HL, Choi C, Fossey SL, Parent AE, 

Kusewitt DF. Cutaneous wound reepithelialization is compromised in mice 

lacking functional Slug (Snai2). J Dermatol Sci. 2009, 19-26.  



 

84  

Igarashi M, Finch PW, Aaronson SA. Characterization of recombinant human 

fibroblast growth factor (FGF)-10 reveals functional similarities with 

keratinocyte growth factor (FGF)-7. J Biol Chem. 1998, 13230-13235.  

Inok K, Li Y, Zhu T, Wu J, Guan KL. TSC2 is phosphorylated and inhibited by 

AKT and suppresses mTOR signalling. Nat Cell Biol. 2002, 648-657.  

Inoki K, Li Y, Xu T, Guan KL. Rheb GTPase is a direct target of TSC2 GAP 

activity and regulates mTOR signaling. Genes Dev. 2003, 1829-1834.  

Isakov N. Protein kinase C (PKC) isoforms in cancer, tumor promotion and 

tumor suppression. Semin Cancer Biol. 2018, 36-52.  

Ishiwata T, Matsuda Y, Yamamoto T, Uchida E, Korc M, Naito Z. Enhanced 

expression of fibroblast growth factor receptor 2 IIIc promotes human 

pancreatic cancer cell proliferation. Am J Pathol. 2012, 1928-1941.  

Ishiwata T. Role of fibroblast growth factor receptor-2 splicing in normal and 

cancer cells. Front Biosci (Landmark Ed). 2018, 626-639.  

Jain K, Basu A. Protein kinase C-ε promotes EMT in breast cancer. Breast 

Cancer (Auckl). 2014, 61-67.  

Jain K, Basu A. The multifunctional protein kinase C-ε in cancer development 

and progression. Cancers (Basel). 2014, 860-878.  

Jewell JL, Russell RC, Guan KL. Amino acid signalling up-stream of mTOR.  

Nat Rev Mol Cell Biol. 2013, 133-139.  

Jung CH, Jun CB, Ro SH, Kim YM, Otto NM, Cao J, Kundu M, Kim DH. 

ULKAtg13-FIP200 com- plexes mediate mTOR signaling to the autophagy 

machinery. Mol Biol Cell. 2009, 1992-2003.  

Kabeya Y, Mizushima N, Yamamoto A, Oshitani-Okamoto S, Ohsumi Y, 

Yoshimori T. LC3, GABARAP and GATE16 localize to autophagosomal 

membrane depending on form-II formation. J Cell Sci. 2004, 2805-2812.  

Kaleli HN, Ozer E, Kaya VO, Kutlu O. Protein Kinase C Isozymes and 

Autophagy during Neurodegenerative Disease Progression. Cells. 2020, 553.  

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin 

Invest. 2009, 1420-1428.  

Karavana VN, Gakiopoulou H, Lianos EA. Expression of Ser729 

phosphorylated PKCepsilon in experimental crescentic glomerulonephritis: an 

immunohistochemical study. Eur J Histochem. 2014, 2308.  

Katz M, Amit I, Yarden Y. Regulation of MAPKs by growth factors and receptor 

tyrosine kinases. Biochim Biophys Acta 2007, 1161-1176.  



 

85  

Kim AH, Yano H, Cho H, Meyer D, Monks B, Margolis B, Birnbaum MJ, Chao 

MV. Akt1 regulates a JNK scaffold during excitotoxic apoptosis. Neuron. 2002, 

697-709.  

Kim J, Kim YC, Fang C, Russell RC, Kim JH, Fan W, Liu R, Zhong Q, Guan 

KL. Differential regulation of distinct Vps34 complexes by AMPK in nutrient 

stress and autophagy. Cell. 2013, 290-303.  

Kim J, Kundu,M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy 

through direct phosphorylation of Ulk1. Nat Cell Biol. 2011, 132-141.  

Kimmelman AC, White E. Autophagy and tumor metabolism. Cell Metab. 2017, 

1037-1043.  

Kleeff J, Korc M, Apte M, La Vecchia C, Johnson CD, Biankin AV, Neale RE, 

Tempero M, Tuveson DA, Hruban RH, Neoptolemos JP. Pancreatic cancer. 

Nat Rev Dis Primers. 2016, 16022.  

Kobielak A, Fuchs E. Links between alpha-catenin, NF-kappaB, and 

squamous cell carcinoma in skin. Proc Natl Acad Sci U S A. 2006, 2322-2327.  

Krebs AM, Mitschke J, Lasierra Losada M, Schmalhofer O, Boerries M, Busch 

H, Boettcher M, Mougiakakos D, Reichardt W, Bronsert P, Brunton VG, et al., 

The EMT-activator Zeb1 is akey factor for cell plasticity and promotes 

metastasis in pancreatic cancer. Nat Cell Biol. 2017, 518-529.  

Ktistakis NT, Tooze SA. Digesting the Expanding Mechanisms of Autophagy.  

Trends Cell Biol. 2016, 624-635.  

Kusewitt DF, Choi C, Newkirk KM, Leroy P, Li Y, Chavez MG, Hudson LG. 

Slug/Snai2 is a downstream mediator of epidermal growth factor 

receptorstimulated reepithelialization. J Invest Dermatol. 2009, 491-495.  

Lamb CA, Yoshimori T, Tooze SA. The autophagosome: origins unknown, 

biogenesis complex. Nat Rev Mol Cell Biol. 2013, 759-774.  

Lamouille S, Derynck R. TGF-beta-induced epithelial to mesenchymal 

transition. Cell Res. 2009, 156–172  

Lamouille S, Xu J, Derynck R. Molecular mechanisms of 

epithelialmesenchymal transition. Nat Rev Mol Cell Biol. 2014, 178-196.  

Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell. 

2012, 274-293.  

Latko M, Czyrek A, Porębska N, Kucińska M, Otlewski J, Zakrzewska M, 

Opaliński Ł. Cross-Talk between Fibroblast Growth Factor Receptors and 

Other Cell Surface Proteins. Cells. 2019, 455.  



 

86  

Lau E, Kluger H, Varsano T, Lee K, Scheffler I, Rimm DL, Ideker T, Ronai ZA. 

PKCε promotes oncogenic functions of ATF2 in the nucleus while blocking its 

apoptotic function at mitochondria. Cell. 2012, 543-555.  

Lawlor RT, Veronese N, Nottegar A, Malleo G, Smith L, Demurtas J, Cheng L, 

Wood LD, Silvestris N, Salvia R, et al.Prognostic Role of High-Grade Tumor 

Budding in Pancreatic Ductal Adenocarcinoma: A Systematic Review and 

Meta-Analysis with a Focus on Epithelial to Mesenchymal Transition. Cancers. 

2019, 113.  

Lee HJ, Seo AN, Park SY, Kim JY, Park JY, Yu JH, Ahn JH, Gong G. Low 

prognostic implication of fibroblast growth factor family activation in 

triplenegative breast cancer subsets. Ann Surg Oncol. 2014, 1561-1568.  

Leopold PL, Vincent J, Wang H. A comparison of epithelial-to-mesenchymal 

transition and re-epithelialization. Semin Cancer Biol. 2012, 471-483.  

Levine B, Mizushima N, Virgin HW. Autophagy in immunity and inflammation. 

Nature 2011, 323-335.  

Levy JMM, Towers CG, Thorburn A. Targeting autophagy in cancer. Nat Rev 

Cancer. 2017, 528-542.  

Lew ED. Furdui CM, Anderson KS, Schlessinger J. The precise sequence of 

FGF receptor autophosphorylation is kinetically driven and is disrupted by 

oncogenic mutations. Sci Signal. 2009, 2.  

Li G, Li CX, Xia M, Ritter JK, Gehr TW, Boini K, Li PL. Enhanced epithelial-

tomesenchymal transition associated with lysosome dysfunction in podocytes: 

role of p62/Sequestosome 1 as a signaling hub. Cell Physiol Biochem. 2015; 

1773-1786.  

Li J, Yang B, Zhou Q, Wu Y, Shang D, Guo Y, Song Z, Zheng Q, Xiong J. 

Autophagy promotes hepatocellular carcinoma cell invasion through activation 

of epithelial-mesenchymal transition. Carcinogenesis. 2013, 1343-1351.   

Liu J, Yang D, Minemoto Y, Leitges M, Rosner MR, Lin A. NF-kappaB is 

required for UV-induced JNK activation via induction of PKCdelta. Mol Cell.  

2006, 467-480.  

Lv Q, Wang W, Xue J, Hua F, Mu R, Lin H, Yan J, Lv X, Chen X, Hu ZW. 

DEDD interacts with PI3KC3 to activate autophagy and attenuate 

epithelialmesenchymal transition in human breast cancer. Cancer Res. 2012, 

32383250.  



 

87  

Marcucci F, Ghezzi P, Rumio C. The role of autophagy in the cross-talk 

between epithelial-mesenchymal transitioned tumor cells and cancer stem-like 

cells. Mol. Cancer. 2017, 3.  

Marcucci F., Rumio C. How tumor cells choose between 

epithelialmesenchymal transition and autophagy to resist stress-therapeutic 

implications. Front. Pharmacol. 2018, 714.  

Margadant C, Frijns E, Wilhelmsen K, Sonnenberg A. Regulation of 

hemidesmosome disassembly by growth factor receptors. Curr Opin Cell Biol. 

2008, 589-596.  

Marshall CJ. Specificity of receptor tyrosine kinase signaling: transient versus 

sustained extracellular signal-regulated kinase activation. Cell. 1995, 179-185.  

Maschler S, Wirl G, Spring H, Bredow DV, Sordat I, Beug H, Reichmann E. 

Tumor cell invasiveness correlates with changes in integrin expression and 

localization. Oncogene. 2005, 2032-2041.  

Massagué J. TGFβ signalling in context. Nat Rev Mol Cell Biol. 2012, 616-630.  

Matsumoto K, Arao T, Hamaguchi T, Shimada Y, Kato K, Oda I, Taniguchi H, 

Koizumi F, Yanagihara K, Sasaki H, et al., FGFR2 gene amplification and 

clinicopathological features in gastric cancer. Br J Cancer. 2012, 727-732.   

Mi N, Chen Y, Wang S, Chen M, Zhao M, Yang G, Ma M, Su Q, Luo S, Shi J, 

et al., CapZ regulates autophagosomal membrane shaping by promoting actin 

assembly inside the isolation membrane. Nat Cell Biol. 2015, 1112-1123.  

Miki T, Bottaro DP, Fleming TP, Smith CL, Burgess WH, Chan AML, Aaronson 

SA. Determination of ligand binding specificity by alternative splicing: two 

distinct growth factor receptors encoded by single gene. Proc Natl Acad Sci 

USA. 1992, 246-250.  

Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy fights disease 

through cellular self-digestion. Nature. 2008, 1069-1075.  

Mizushima N, Noda T, Yoshimori T, Tanaka Y, Ishii T, George MD, Klionsky 

DJ, Ohsumi M, Ohsumi Y. A protein conjugation system essential for 

autophagy. Nature. 1998, 395-398.  

Mizushima N, Yamamoto A, Hatano M, Kobayashi Y, Kabeya Y, Suzuki K, 

Tokuhisa T, Ohsumi Y, Yoshimori T. Dissection of autophagosome formation 

using Apg5-de cient mouse em- bryonic stem cells. J Cell Biol. 2001, 657-668.  

Mizushima N, Yoshimori T, Ohsumi Y. The Role of Atg Proteins in 

Autophagosome Formation. Annu Rev Cell Dev Biol. 2011, 107-132.  



 

88  

Moes M, Le Béchec A, Crespo I, Laurini C, Halavatyi A, Vetter G, del Sol A, 

Friederich E. A Novel Network Integrating a miRNA-203/SNAI1 Feedback  

Loop which Regulates Epithelial to Mesenchymal Transition. PloS ONE. 2014,  

7.  

Mohammadi M, Honegger AM, Rotin D, Fisher R, Bellot F, Li W, Dionne CA, 

Jaye M, Rubinstein M, Schlessinger J. A tyrosine-phosphorylated 

carboxyterminal peptide of the fibro- blast growth factor receptor (Flg) is a 

binding site for the SH2 domain of phospholipase C-c. Mol Cell Biol. 1991, 

5068-5078.  

Mohammadi M, Olsen S.K, Ibrahimi OA. Structural basis for fibroblast growth 

factor receptor activation. Cytokine Growth Factor Rev. 2005, 107-137.  

Mollinedo F, Gajate C. Novel therapeutic approaches for pancreatic cancer by 

combined targeting of RAF→MEK→ERK signaling and autophagy survival 

response. Ann Transl Med. 2019, 7.  

Moriyama M, Moriyama H, Uda J, Matsuyama A, Osawa M, Hayakawa T. 

BNIP3 Plays Crucial Roles in the Differentiation and Maintenance of Epidermal 

Keratinocytes. J Invest Dermatol. 2014, 1627-1635.  

Moschella PC, Rao VU, McDermott PJ, Kuppuswamy D. Regulation of mTOR 

and S6K1 activation by the nPKC isoforms, PKCepsilon and PKCdelta, in adult 

cardiac muscle cells. J Mol Cell Cardiol. 2007, 754-766.  

Mowers EE, Sharifi MN, Macleod KF. Autophagy in cancer metastasis. 

Oncogene. 2017,1619–1630.  

Nanni M, Ranieri D, Persechino F, Torrisi MR, Belleudi F. The Aberrant  

Expression of the Mesenchymal Variant of FGFR2 in the Epithelial Context 

Inhibits Autophagy. Cells. 2019, 653.  

Nanni M, Ranieri D, Raffa S, Torrisi MR, Belleudi F. Interplay between 

FGFR2b-induced autophagy and phagocytosis: role of PLCγ-mediated 

signalling. J Cell Mol Med. 2018, 668-683.  

Nanni M, Ranieri D, Rosato B, Torrisi MR, Belleudi F. Role of Fibroblast 

Growth Factor Receptor 2b in the Cross Talk between Autophagy and 

Differentiation: Involvement of Jun N-Terminal Protein Kinase Signaling. Mol 

Cell Biol. 2018, 38.  

Newton PM, Messing RO. The substrates and binding partners of protein 

kinase Cepsilon. Biochem J. 2010, 189-196.  



 

89  

Olsen SK, Ibrahimi OA, Raucci A, Zhang F, Eliseenkova AV, Yayon A, Basilico 

C, Linhardt RJ, Schlessinger J, Mohammadi M. Insights into the molecular 

basis for fibroblast growth factor receptor autoinhibition and ligand-binding 

promiscuity. Proc Natl Acad Sci USA. 2004, 935-940.  

Oltean S, Sorg BS, Albrecht T, Bonano VI, Brazas RM, Dewhirst MW, 

GarciaBlanco MA. Alternative inclusion of fibroblast growth factor receptor 2 

exon IIIc in Dunning prostate tumors reveals unexpected epithelial 

mesenchymal plasticity. Proc Natl Acad Sci USA. 2006, 14116-14121.  

Orr-Urtreger A, Bedford MT, Burakova T, Arman E, Zimmer Y, Yayon A, Givol 

D, Lonai P. Developmental localization of the splicing alternatives of fibroblast 

growth factor receptor-2 (FGFR2). Dev Biol. 1993, 475-486.  

Ortega S, Ittmann M, Tsang SH, Ehrlich M, Basilico C. Neuronal defects and 

delayed wound healing in mice lacking fibroblast growth factor 2. Proc Natl 

Acad Sci USA. 1998, 5672-5677.  

Palamaris K, Felekouras E, Sakellariou S. Epithelial to Mesenchymal 

Transition: Key Regulator of Pancreatic Ductal Adenocarcinoma Progression 

and Chemoresistance. Cancers. 2021  

Pan J, Pei DS, Yin XH, Hui L, Zhang GY. Involvement of oxidative stress in 

the rapid Akt1 regulating a JNK scaffold during ischemia in rat hippocampus.  

Neurosci Lett. 2006, 47-51.  

Papke B, Der CJ. Drugging RAS: Know the enemy. Science. 2017, 1158-1163.  

Papp G, Czifra E, Bodó J, Lázár I, Kovács M, Aleksza I, et al. Opposite roles 

of protein kinase C isoforms in proliferation, differentiation, apoptosis, and 

tumorigenicity of human HaCaT keratinocytes. Cell Mol Life Sci. 2004, 

10951105.  

Peifer M, Fernández-Cuesta L, Sos ML, George J, Seidel D, Kasper LH, 

Plenker D, Leenders F, Sun R, Zander T, et al.  Integrative genome analyses 

identify key somatic driver mutations of small-cell lung cancer. Nat Genet. 

2012, 1104-1110.  

Pelosi E, Castelli G, Testa U. Pancreatic Cancer: Molecular Characterization, 

Clonal Evolution and Cancer Stem Cells. Biomedicines. 2017, 65.  

Peng YF, Shi YH, Ding ZB, Ke AW, Gu CY, Hui B et al. Autophagy inhibition 

suppresses pulmonary metastasis of HCC in mice via impairing anoikis 

resistance and colonization of HCC cells. Autophagy. 2013, 2056–2068.  



 

90  

Pepper MS, Mandriota SJ, Jeltsch M, Kumar V, Alitalo K. Vascular endothelial 

growth factor (VEGF)-C synergizes with basic fibroblast growth factor and 

VEGF in the induction of angiogenesis in vitro and alters endothelial cell 

extracellular proteolytic activity. J Cell Physiol. 1998, 439-452.  

Persechino F, Ranieri D, Guttieri L, Nanni M, Torrisi MR, Belleudi F. 

Expression Profile of Fibroblast Growth Factor Receptors, Keratinocyte  

Differentiation Markers, and Epithelial Mesenchymal Transition-Related 

Genes in Actinic Keratosis: A Possible Predictive Factor for Malignant 

Progression? Biology (Basel). 2021, 331.  

Piffoux M, Eriau E, Cassier PA. Autophagy as a therapeutic target in pancreatic 

cancer. Br J Cancer. 2021, 333-344.  

Potter CJ, Pedraza LG, Xu T. AKT regulates growth by directly 

phosphorylating Tsc2. Nat Cell Biol. 2002, 658-665.  

Purpura V, Belleudi F, Caputo S, Torrisi MR. HPV16 E5 and KGFR/FGFR2b 

interplay in differentiating epithelial cells. Oncotarget. 2013, 192-205.  

Qiang L, He YY. Autophagy deficiency stabilizes TWIST1 to promote 

epithelial-mesenchymal transition. Autophagy. 2014, 1864-1865.  

Qiang L, Zhao B, Ming M, Wang N, He TC, Hwang S, Thorburn A, He YY. 

Regulation of cell proliferation and migration by p62 through stabilization of 

Twist1. Proc Natl Acad Sci U S A. 2014,9241-9246.  

Rahman FU, Ali A, Duong HQ, Khan IU, Bhatti MZ, Li ZT, Wang H, Zhang DW. 

ONS-donor ligand based Pt(II) complexes display extremely high anticancer 

potency through autophagic cell death pathway. Eur J Med Chem. 2019, 

546561.  

Ranieri D, Belleudi F, Magenta A, Torrisi MR. HPV16 E5 expression induces 

switching from FGFR2b to FGFR2c and epithelial-mesenchymal transition. Int 

J Cancer. 2015, 61-72.  

Ranieri D, French D, Raffa S, Guttieri L, Torrisi MR, Belleudi F. Expression of 

the E5 Oncoprotein of HPV16 Impacts on the Molecular Profiles of 

EMTRelated and Differentiation Genes in Ectocervical Low-Grade Lesions. Int 

J Mol Sci. 2021, 6534.  

Ranieri D, Nanni M, Persechino F, Torrisi MR, Belleudi F. Role of PKCε in the 

epithelial-mesenchymal transition induced by FGFR2 isoform switch. Cell 

Commun Signal. 2020, 76.  



 

91  

Ranieri D, Rosato B, Nanni M, Belleudi F, Torrisi MR. Expression of the 

FGFR2c mesenchymal splicing variant in human keratinocytes inhibits 

differentiation and promotes invasion. Mol Carcinog. 2018, 272-283.  

Ranieri D, Rosato B, Nanni M, Magenta A, Belleudi F, Torrisi MR. Expression 

of the FGFR2 mesenchymal splicing variant in epithelial cells drives 

epithelialmesenchymal transition. Oncotarget. 2016, 5440-5460.  

Ravikumar B, Sarkar S, Davies JE, Futter M, Garcia-Arencibia M, 

GreenThompson ZW, Jimenez-Sanchez M, Korolchuk VI, Lichtenberg M, Luo 

S, et al., Regulation of Mammalian Autophagy in Physiology and 

Pathophysiology. Physiol Rev. 2010, 1383-1435.  

Reichert M, Rustgi AK. Pancreatic ductal cells in development, regeneration, 

and neoplasia. J Clin Invest. 2011, 4572-4578.  

Reis-Filho JS, Simpson PT, Turner NC, Lambros MB, Jones C, Mackay A, 

Grigoriadis A, Sarrio D, Savage K, Dexter T, et al. FGFR1 emerges as a 

potential therapeutic target for lobular breast carcinomas. Clin Cancer Res. 

2006, 6652-6662.  

Rosato B, Ranieri D, Nanni M, Torrisi MR, Belleudi F. Role of FGFR2b 

expression and signaling in keratinocyte differentiation: sequential 

involvement of PKCδ and PKCα. Cell Death Dis. 2018, 565.  

Rosenfeldt MT, O′Prey J, Morton JP, Nixon CC, MacKay G, Mrowinska A, Au 

A, Rai TS, Zheng L, Ridgway R, et al. p53 status determines the role of 

autophagy in pancreatic tumour development. Nature. 2013, 296–300.  

Rosse C, Linch M, Kermorgant S, Cameron AJM, Boeckeler K, Parker PJ. PKC 

and the control of localized signal dynamics. Nat Rev Mol Cell Biol. 2010, 

103112.  

Rubin JS, Osada H, Finch PW, Taylor WG, Rudikoff S, Aaronson SA.  

Purification and characterization of newly identified growth factor specific for 

epithelial cells. Proc Natl Acad Sci USA. 1989, 802-806.  

Russell RC, Tian Y, Yuan H, Park HW, Chang YY, Kim J, Kim H, Neufeld TP, 

Dillin A, Guan KL. ULK1 induces autophagy by phosphorylating Beclin-1 and 

activating VPS34 lipid kinase. Nat Cell Biol. 2013, 741-750.  

Russell RC, Yuan HX, Guan KL. Autophagy regulation by nutrient signaling.  

Cell Res. 2014, 42-57.  



 

92  

Safa AR. Epithelial-mesenchymal transition: a hallmark in pancreatic cancer 

stem cell migration, metastasis formation, and drug resistance. J Cancer 

Metastasis Treat. 2020, 36.  

Saitoh M. Involvement of partial EMT in cancer progression. J Biochem. 2018, 

257-264.  

Sakoh-Nakatogawa M, Matoba K, Asai E, Kirisako H,Ishii J, Noda NN, Inagaki 

F, Nakatogawa H, Ohsumi Y. Atg12-Atg5 conjugate enhances E2 activity of 

Atg3 by rearranging its catalytic site. Nat Struct Mol Biol. 2013, 433-439.  

Salabei JK, Cummins TD, Singh M, Jones SP, Bhatnagar A, Hill BG. 

PDGFmediated autophagy regulates vascular smooth muscle cell phenotype 

and resistance to oxidative stress. Biochem J. 2013, 375-388.  

Sandilands E, Serrels B, Wilkinson S, Frame MC. Src-dependent autophagic 

degradation of Ret. EMBO Rep. 2012, 733–740.  

Santoro MM, Gaudino G. Cellular and molecular facets of keratinocyte 

reepithelization during wound healing. Exp Cell Res. 2005, 274-286.  

Savagner P, Kusewitt DF, Carver EA, Magnino F, Choi C, Gridley T, Hudson 

LG. Developmental transcription factor slug is required for effective 

reepithelialization by adult keratinocytes. J Cell Physiol. 2005, 858-866.  

Savagner P, Yamada KM, Thiery JP. The zinc-finger protein slug causes 

desmosome dissociation, an initial and necessary step for growth 

factorinduced epithelial–mesenchymal transition. J Cell Biol. 1997, 1403-1419.  

Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV, Yeh BK, Yayon 

A, Linhardt RJ, Mohammadi M. Chrystal structure of a ternary FGF-

FGFRheparin complex reveals a dual role for heparin in FGFR binding and 

dimerization. Mol Cell. 2000, 743-750.  

Sehgal BU, DeBiase PJ, Matzno S, Chew TL, Claiborne JN, Hopkinson SB, 

Russell A, Marinkovich MP, Jones JC. Integrin beta4 regulates migratory 

behavior of keratinocytes by determining laminin-332 organization. J Biol 

Chem. 2006, 35487-35498.  

Shih W, Yamada S. N-cadherin-mediated cell–cell adhesion promotes cell 

migration in a three-dimensional matrix. J Cell Sci. 2012, 3661-3670.  

Shirakihara T, Horiguchi K, Miyazawa K, Ehata S, Shibata T, Morita I, 

Miyazono K, Saitoh M. TGF-β regulates isoform switching of FGF receptors 

and epithelial-mesenchymal transition. EMBO J. 2011, 783-795.  



 

93  

Shirley SH, Hudson LG, He J, Kusewitt DF. The skinny on Slug. Mol Carcinog. 

2010, 851-861.  

Siegel PM, Massague J. Cytostatic and apoptotic actions of TGF-β in 

homeostasis and cancer. Nat Rev Cancer. 2003, 807–820.  

Singhi AD, Wood LD. Early detection of pancreatic cancer using DNA-based 

molecular approaches. Nat Rev Gastroenterol Hepatol. 2021, 457-468.  

Singla M, Bhattacharyya S. Autophagy as a potential therapeutic target during 

epithelial to mesenchymal transition in renal cell carcinoma: An in vitro study. 

Biomed Pharmacother. 2017, 332-340.  

Sobolewska A, Gajewska M, Zarzy ska J, Gajkowska B, Motyl T. IGF-I, EGF, 

and sex steroids regulate autophagy in bovine mammary epithelial cells via 

the mTOR pathway. Eur J Cell Biol. 2009, 117-130.  

Sou PW, Delic NC, Halliday GM, Lyons JG. Snail transcription factors in 

keratinocytes: Enough to make your skin crawl. Int J Biochem Cell Biol. 2010, 

1940-1944.  

Storz P. Acinar cell plasticity and development of pancreatic ductal 

adenocarcinoma. Nat Rev Gastroenterol Hepatol. 2017, 296-304.  

Takeuchi H, Kanzawa T, Kondo Y, Kondo S. Inhibition of platelet-derived 

growth factor signalling induces autophagy in malignant glioma cells. Br J 

Cancer 2004, 1069-1075.  

Talukdar S, Pradhan AK, Bhoopathi P, Shen XN, August LA, Windle JJ, Sarkar 

D, Furnari FB, Cavenee WK, Das SK, Emdad L, Fisher PB. MDA-9/Syntenin 

regulates protective autophagy in anoikis-resistant glioma stem cells. Proc Natl 

Acad Sci U S A. 2018, 5768-5773.  

Tam LW, Ranum PT, Lefebvre PA. CDKL5 regulates flagellar length and 

localizes to the base of the flagella in Chlamydomonas. Mol Biol Cell. 2013, 

588-600.  

Tee AR, Manning BD, Roux PP, Cantley LC, Blenis J. Tuberous sclerosis 

complex gene products, Tuberin and Hamartin, control mTOR signaling by 

acting as a GTPase-activating protein complex toward Rheb. Curr Biol. 2003, 

1259-1268.  

Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal 

transitions in development and disease. Cell. 2009, 871-890.  

Tiong KH, Mah LY, Leong CO. Functional roles of Fibroblast Growth Factor 

Receptors (FGFRs) signaling in human cancers. Apoptosis. 2013, 1447–1468.  



 

94  

Toton E, Romaniuk A, Konieczna N, Hofmann J, Barciszewski J, Rybczynska 

M. Impact of PKCε downregulation on autophagy in glioblastoma cells. BMC 

Cancer. 2018, 185.  

Touat M, Ileana E, Postel-Vinay S, André F, Soria JC. Targeting FGFR 

Signaling in Cancer. Clin Cancer Res. 2015, 2684-2694.  

Tran DD, Corsa CA, Biswas H, Aft RL, Longmore GD. Temporal and spatial 

cooperation of Snail1 and Twist1 during Epithelial–Mesenchymal Transition 

predicts for human breast cancer recurrence. Mol Cancer Res. 2011, 

16441657.  

Tsuboi R, Sato C, Kurita Y, Ron D, Rubin JS, Ogawa H. Keratinocyte growth 

factor (FGF-7) stimulates migration and plasminogen activator activity of 

normal human keratinocytes. J Invest Dermatol. 1993, 49-53.  

Turner N, Grose R. Fibroblast growth factor signalling from development to 

cancer. Nat Rev Cancer. 2010, 116-129.  

Turner N, Lambros MB, Horlings HM, Pearson A, Sharpe R, Natrajan R, Geyer 

FC, van Kouwenhove M, Kreike B, Mackay A, et al., Integrative molecular 

profiling of triple negative breast cancers identifies amplicon drivers and 

potential therapeutic targets. Oncogene. 2010, 2013-23.  

Ueda J, Matsuda Y, Yamahatsu K, Uchida E, Naito Z, Korc M, Ishiwata T. 

Epithelial splicing regulatory protein 1 is a favorable prognostic factor in 

pancreatic cancer that attenuates pancreatic metastases. Oncogene. 2014, 

4485-4495.  

Von Ahrens D, Bhagat TD, Nagrath D, Maitra A, Verma A. The role of stromal 

cancer-associated fibroblasts in pancreatic cancer. J Hematol Oncol. 2017, 

76.  

Warzecha CC, Sato TK, Nabet B, Hogenesch JB, Carstens RP. ESRP1 and  

ESRP2 are epithelial cell-type-specific regulators of FGFR2 splicing. Mol Cell. 

2009, 591-601  

Warzecha CC, Shen S, Xing Y, Carstens RP. The epithelial splicing factors 

ESRP1 and ESRP2 positively and negatively regulate diverse types of 

alternative splicing events. RNA Biol. 2009, 546-562.  

Wei Y, Pattingre S, Sinha S, Bassik M, Levine B. JNK1-mediated 

phosphorylation of Bcl-2 regulates starvation-induced autophagy. Mol Cell. 

2008, 678-688.  



 

95  

Wei Y, Zou Z, Becker N, Anderson M, Sumpter R, Xiao G, Kinch L, Koduru P, 

Christudass CS, Veltri RW, et al., EGFR-Mediated Beclin 1 phosphorylation in 

autophagy suppression, tumor progression, and tumor chemoresistance. Cell. 

2013, 1269-1284.  

Weiss J, Sos ML, Seidel D, Peifer M, Zander T, Heuckmann JM, Ullrich RT, 

Menon R, Maier S, Soltermann A, et al. Frequent and focal FGFR1 

amplification associates with therapeutically tractable FGFR1 dependency in 

squamous cell lung cancer. Sci Transl Med. 2010, 2.  

Wendt MK, Balanis N, Carlin CR, Schiemann WP. STAT3 and 

epithelialmesenchymal transitions in carcinomas. JAKSTAT. 2014, 3.  

Wheelock MJ, Shintani Y, Maeda M, Fukumoto Y, Johnson KR. Cadherin 

switching. J Cell Sci. 2008, 727-735.  

Yamada S, Fuchs BC, Fujii T, Shimoyama Y, Sugimoto H, Nomoto S, Takeda 

S, Tanabe KK, Kodera Y, Nakao A. Epithelial-to-mesenchymal transition 

predicts prognosis of pancreatic cancer. Surgery. 2013, 946–954.  

Yan W, Bentley B, Shao R. Distinct angiogenic mediators are required for basic 

fibroblast growth factor- and vascular endothelial growth factor-induced 

angiogenesis: the role of cytoplasmic tyrosine kinase c-Abl in tumor 

angiogenesis. Mol Biol Cell. 2008, 2278-2288.  

Yang W, Yao YW, Zeng JL, Liang WJ, Wang L, Bai CQ, Liu CH, Song Y. 

Prognostic value of FGFR1 gene copy number in patients with non-small cell 

lung cancer: a meta-analysis. J Thorac Dis. 2014, 803-809.  

Yang Z and Klionsky DJ. Mammalian autophagy: core molecular machinery 

and signaling regulation. Curr Opin Cell Biol. 2010, 124-31.  

Yayon A, Zimmer Y, Shen GH, Avivi A, Yarden Y, Givol D. A confined variable 

region confers ligand specificity on fibroblast growth factor receptors: 

implications for the origin of the immunoglobulin fold. EMBO. 1992, 1885-1890.  

Ye J., Coulouris G., Zaretskaya I., Cutcutache I., Rozen S., Madden T.L. 

Primer-BLAST: A tool to design target-specific primers for polymerase chain 

reaction. BMC Bioinform. 2012, 134.  

Yilmaz M, Christofori G. EMT, the cytoskeleton, and cancer cell invasion. 

Cancer Metastasis Rev. 2009, 15-33.  

You L, Wang Z, Li H, Shou J, Jing Z, Xie J, Sui X, Pan H, Han W. The role of 

STAT3 in autophagy. Autophagy. 2015, 729-739.  



 

96  

Zada S, Hwang JS, Ahmed M, Lai TH, Pham TM, Elashkar O, Kim DR. Cross 

talk between autophagy and oncogenic signaling pathways and implications 

for cancer therapy. Biochim Biophys Acta Rev Cancer. 2021,1876.  

Zeisberg M, Neilson EG. Biomarkers for epithelial-mesenchymal transitions. J 

Clin Invest. 2009, 1429-1437.  

Zhao HF, Wang J, Tony To SS. The phosphatidylinositol 3-kinase/Akt and 

cJun N-terminal kinase signaling in cancer: Alliance or contradiction? 

(Review). Int J Oncol. 2015, 429-436.  

Zhao Q, Caballero OL, Davis ID, Jonasch E, Tamboli P, Yung WK, Weinstein 

JN, Shaw K, Strausberg RL, Yao J. Tumor-specific isoform switch of the 

fibroblast growth factor receptor 2 underlies the mesenchymal and malignant 

phenotypes of clear cell renal cell carcinomas. Clin Cancer Res. 2013, 

24602472.  

ZhouYY; Li Y; Jiang WQ; Zhou LF. MAPK/JNK signalling: a potential 

autophagy regulation pathway. Biosci Rep 2015, 35.  



 

97 

  

 



 

98 

79 

 

 



 

99  

  



 

100 

 



 

101  

  

 

    

  

  

  

  

  

  

  


