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Semaphorins 

Semaphorins are a large family of evolutionary conserved extracellular signaling molecules, 

which mediate cell-cell communication controlling a variety of cellular functions (Alto and 

Terman 2017). Semaphorins were primarily described as axon guidance cues, but were later 

implicated in the regulation of different biological processes, such as cardiovascular 

development, angiogenesis, bone homeostasis, and immune responses; in the tumor 

microenvironment, they modulate cancer cell growth, invasion and metastasis (Fard and 

Tamagnone 2021) 

Hitherto, more than 20 semaphorin protein family members have been discovered, 

comprising secreted, transmembrane, and cell surface-attached proteins, subdivided into 

eight classes based on structural features and sequence similarity (Figure i). 

Except for the first two classes that contain invertebrate semaphorins, 5 out of the 8 classes 

of semaphorins are expressed in vertebrates, while class V includes semaphorins encoded by 

viral genomes (Nakamura, Kalb, and Strittmatter 2000). While class 3 semaphorins are 

secreted as soluble molecules, all other vertebrate semaphorins exist primarily as membrane-

bound forms, even though they can be sometimes shed in the extracellular space (Battistini 

and Tamagnone 2016). Semaphorin dimerization and receptor binding occurs through a sema 

domain, which is an N-terminus 500-amino-acid moiety with seven-blade beta-propeller 

structure. 

Alongside the sema domain is located a cysteine-rich motif of 80 amino acids known as plexin-

semaphorin-integrin domain (PSI), also referred to as MET-related sequence (MRS). Other 

features, specific for some semaphorin subclasses include: immunoglobulin-like domains, a 

basic C-terminus-domain in class 3, or thrombospondin repeats in class 5 (Capparuccia and 

Tamagnone 2009). 

Class 3 semaphorins are secreted into the extracellular space and act in paracrine and 

autocrine manner. Classes 4, 5, and 6 include transmembrane semaphorins, which are 

capable of interacting with surface molecules on neighboring cells (in trans signaling) or via 
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shedding into the extracellular space. In both cases, this (“forward”) signaling mode typically 

implicates specific receptors called Plexins. 

Actually, transmembrane semaphorins also include a cytoplasmic domain, which allows for a 

two-way signaling: i.e. forward signaling that implicates semaphorins to act as ligands and 

plexins as receptors; and reverse signaling mode, when semaphorins act as receptors and the 

extracellular domain of the plexins functions as a ligand (Battistini and Tamagnone 2016). The 

forward and reverse signaling modes of semaphorins will be described in more detail in one 

of the following paragraphs. 

 

Figure i. Semaphorin and semaphorin-receptor structure (modified from Fard et al, 2021) 

 

 

Semaphorin functions in health and diseases at a glance 

Semaphorins and neurological diseases  

In addition to their fundamental role in nervous system development (Carulli, de Winter, and 

Verhaagen 2021), multiple lines of evidence indicate that semaphorins can regulate neural 
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regeneration and the homeostasis of the adult nervous system (Koropouli and Kolodkin 2014) 

(Pasterkamp and Giger 2009). Therefore, not surprisingly, this protein family also plays an 

important role in diverse neurological disorders. 

In the adult brain, they can function as limiting factors for neuronal regeneration after 

damage, and, in experimental mouse models, inappropriate semaphorin activity has been 

related to epileptic seizures and autistic behavior (Sahay et al. 2005; Li et al. 2019). 

The regulatory role of Sema3A in hippocampal neurons has been studied in the early stages 

of Alzheimer's disease. This semaphorin seems to contribute to neuronal degeneration or 

delay the recovery of damaged neurons, by phosphorylating intracellular CRMP2 protein, 

which controls cytoskeletal stability (Good et al. 2004).  

Furthermore, it is disputed the involvement of Sema3A in ALS, as some studies suggested its 

association with the typical muscle denervation, due to its role in distal motor axonopathy 

(Venkova et al. 2014). 

In multiple sclerosis (MS) lesions, an abnormal expression of Sema3A hinders remyelination 

by repelling oligodendrocyte progenitor cells (OPC) that express PlexinA1/NRP1; while an 

opposite activity has been reported for Sema3F (Williams et al. 2007; Piaton et al. 2011). 

Additional semaphorins known to regulate immune responses (e.g., Sema3A, Sema4A, 

Sema4D, Sema6D, and Sema7A) have been putatively implicated in MS pathogenesis, based 

on experimental studies in mouse models (Okuno, Nakatsuji, and Kumanogoh 2011). 

 

Semaphorin function in cardiovascular development and angiogenesis 

Sema3C/PlexinA2 signaling regulates the migration of neural crest cells involved in the 

septation of the heart outflow tract and in the formation of the aortic arch (Feiner et al. 2001; 

Goldmuntz and Emanuel 1997). Moreover, Sema3E/PlexinD1 signaling regulates cardiac 

ventricular compaction (Sandireddy et al. 2019). 

Sema3D knock-down in zebrafish resulted in dysmorphic hearts with smaller atria and 

ventricles, although this activity has yet to be confirmed in vertebrates (Sato, Tsai, and Yost 
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2006; Fard and Tamagnone 2021). Sema3A's involvement in cardiac sympathetic innervation 

patterning, which regulates the heart rhythm, has been studied, and a missense mutation in 

SEMA3A has been linked to illnesses including sudden cardiac arrest and the Brugada 

syndrome (Ieda et al. 2007; Boczek et al. 2014; Nakano et al. 2013). 

Notably, due to its ability to engage diverse receptor complexes, Sema6D has been shown to 

have a dual effect in chicks: as an enhancer of endocardial cell migration in the cardiac 

outflow tract, and as an inhibitor of migration in the ventricle region. Furthermore, 

Sema6D/PlexinA1 regulates myocardial layer differentiation and heart chamber 

development via forward and reverse signaling (Toyofuku, Zhang, Kumanogoh, Takegahara, 

Suto, et al. 2004).  

The anti-angiogenic activity of secreted class 3 semaphorins (i.e. Sema3A, 3B, 3C, 3D, 3E, 3F, 

and 3G) is crucial for balancing stimulatory cues and preventing inappropriate vessel 

development (Valdembri et al. 2016). In contrast, other family members, such as Sema4D and 

Sema5A, have been recognized as pro-angiogenic factors, due to their regulatory activity in 

endothelial cells (Kim et al. 2011; Sadanandam et al. 2012; Conrotto et al. 2005). Additional 

semaphorins have been implicated to promote angiogenesis due to their regulation of tumor-

associated macrophages (TAMs), which are a known source of pro-angiogenic factors in the 

tumor microenvironment (Figure ii).  

 

 

Figure ii. Semaphorin function in angiogenesis (modified from Fard et al, 2021) 
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Semaphorin function in bone homeostasis 

Semaphorins have been studied for their role in bone homeostasis and in associated diseases. 

For example, the Sema4D/PlexinB1 pathway is a key regulator of osteoblast/osteoclast 

function, and negatively controls bone formation. In fact, upon treatment with Sema4D-

blocking antibodies, or genetic loss of Sema4D or PlexinB1, an increase in bone mass was 

observed in mice (Negishi-Koga et al. 2011; Dacquin et al. 2011) (Figure iii). 

Sema3A, in contrast, has been linked with osteoclast/osteoblast activity as an inhibitor of 

bone resorption, leading to enhanced bone formation in mice (Kang and Kumanogoh 2013; 

Hayashi et al. 2012). 

The regulatory function of Sema7A on osteoblasts and osteoclasts has been shown in vitro. 

In particular, it stimulates osteoblast migration by binding to the integrin 1 receptor and 

enhances osteoclast development by favoring precursor cell fusion (Delorme et al. 2005). 

Moreover, the SEMA7A gene polymorphisms are associated with decrease in bone mineral 

density and increased risk of fracture (Koh et al. 2006). 

 

 

 

 

 

 

 

 

 

 

 

 Figure iii. Semaphorin function in bone homeostasis (modified from Fard et al, 2021) 
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Semaphorin function in the immune system and immunopathology 

Semaphorins play multiple functions in the innate and adaptive immune system and in the 

pathogenesis of immune diseases. For example, inhibition of neutrophils activation and 

inflammatory response occurs upon engagement of Sema4D on the surface of the 

neutrophils with PlexinB2 exposed by endothelial cells (Nishide et al. 2017). On the other 

hand, inflammatory macrophages exposed to Sema3A are induced to produce and release 

more cytokines (Wen et al. 2010) (Figure iv). 

In the frame of adaptive immune response, Sema3A regulates the migration of the dendritic 

cells (DC) in the lymphatic system. In particular, the interaction of Sema3A, released by 

lymphatic endothelial cells, with PlexinA1/NRP1 on dendritic cells, causes actomyosin 

contraction, which allows dendritic cells to pass across narrow vessel gaps (Takamatsu et al. 

2010). In a different context, Sema3A has also been associated with negative control of 

immune responses, negatively controlling T-cell proliferation and fostering the differentiation 

of suppressor T cells (Catalano et al. 2006; Catalano 2010). 

 

Figure iv. Semaphorin function in immune response cells (modified from Fard et al, 2021) 
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Sema3E functions as a regulator of the migration of CD4/CD8 double-positive T lymphocyte 

precursors in the thymus, during immune system development; in fact, these cells 

copiously express the receptor PlexinD1, which enables the maturing lymphocytes to migrate 

into the thymic medulla (Choi et al. 2008). Both Sema3A and Sema3E have been implicated 

to inhibit allergic responses, with a protective function in bronchial asthma (Adi et al, 

2019)(Movassagh, Shan, Chakir, et al. 2017).  

On the other hand, Sema4A expressed by DCs promotes Th1 activation and differentiation, 

by binding to the non-canonical receptor TIM-2 on T-cell surfaces (Kumanogoh, Marukawa, 

et al. 2002). Actually, differentiated Th1 cells also express Sema4A at a high levels, and 

Sema4A knock-out mice show defective Th1 differentiation, while Th2 response increases, 

sustaining allergic inflammation of the airways (Kumanogoh, Shikina, Suzuki, et al. 2005; Adi 

et al. 2019; Nkyimbeng-Takwi et al. 2012; Movassagh, Shan, Mohammed, et al. 2017). 

Sema4B expressed by lymphocytes negatively regulates basophil function and inhibits the 

secretion of cytokine IL-4; moreover, Sema4B-deficient mice show elevated levels of serum 

IgE, compared to wild type (Nakagawa et al. 2011). Sema4C has a role in the differentiation 

of B lymphocytes, and especially in B cell polarization in response to Th2 cell regulation (Xue 

et al. 2016). 

The analysis of Sema4D knock-out mice demonstrated that this semaphorin promotes B-cell 

proliferation and antibody production; this forward signaling mechanism is mediated by the 

non-canonical receptor molecule CD72, containing intracellular immunoreceptor tyrosine-

based inhibitory motifs (ITIM), the function of which is blunted upon Sema4D binding 

(Kumanogoh, Shikina, Watanabe, et al. 2005). Intriguingly, CD72 is furthermore exposed by 

DCs, eliciting reverse signaling by Sema4D in T-cells and stimulating their maturation and 

immune function (Kumanogoh et al. 2000; Kumanogoh, Suzuki, et al. 2002). Consistently, 

Sema4D-deficient mice were found to be defective in forming antigen-specific T-cells, and 

more prone to develop autoimmune encephalitis compared to wild-type (Kumanogoh, 

Suzuki, et al. 2002). Interestingly, also reverse signaling from PlexinB2 to Sema4D in γδ T cells 

enhances their activation and function (Witherden et al. 2012). 
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Sema5A acts as an inducer of the proliferation and activation of T-cell and natural killer (NK) 

cells, and enhances the secretion of proinflammatory Th1/Th17 cytokines, shifting 

lymphocyte differentiation towards the inflammatory Th17/Tc17 phenotype (Gras et al. 

2014). It has been shown, by in vitro and in vivo experiments, that CD4+ T-cells induce 

Sema6D expression upon TCR engagement, which plays an important role in the late phase 

of T-cell activation (O'Connor et al. 2008). 

Sema7A act as an activator of T-cells in the frame of immunological synapses with DCs and 

macrophages, expressing β1 integrin receptors (Suzuki et al. 2007) Also Sema7A shed in 

soluble form by metalloproteases stimulates Th1/Th17 cytokine secretion and immune 

responses in an integrin β1-dependent mode (Xie and Wang 2017). Moreover, Sema7A was 

reported to promote pro-inflammatory signaling cascade between cells of the innate and 

adaptive immune system, participating in the pathogenesis of rheumatoid arthritis. Indeed, 

hindering Sema7A-β1-integrin signaling leads to a considerable disease attenuation in an 

experimental model of autoimmune arthritis (Xie and Wang 2017). 

 

Semaphorin functions in Cancer 

Tumorigenesis and metastatic dissemination is a multistep process: the growth of a tumor 

mass and the local invasion of adjacent normal tissues by cancer cells may compromise vital 

functions, leading to 10% of cancer-related deaths; however, nearly 90% of the patients 

succumb to the consequence of cancer cell dissemination forming metastatic secondary 

tumors (Seyfried and Huysentruyt 2013). In recent years, diverse semaphorin signals have 

been consistently implicated in the regulation of tumor cell proliferation, angiogenesis, 

invasion and metastasis (Rizzolio et al. 2012; Neufeld et al. 2016) (Figure v). 

Multiple class 3 Semaphorins have been associated with suppression of tumor growth and/or 

of tumor angiogenesis. For instance, Sema3B or Sema3F levels are lower in small cell lung 

carcinoma and endometrial cancer, compared to normal tissue counterparts (Tomizawa et 

al. 2001; Nguyen et al. 2011). Consistently, it was shown Sema3B-dependent inhibition of 

tumor cell viability (Tomizawa et al. 2001; Tse et al. 2002; Dong et al. 2019). Sema3F levels 
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are reduced in colorectal carcinoma ad breast cancer, which sustains tumor cell proliferation 

and invasion (Wu et al. 2011; Nasarre et al. 2005). 

 

 

Figure v. Semaphorin function in cancer (modified from Fard et al, 2021) 

 

A dual functional role of Sema3C has been reported: as tumor promoter in glioma, gastric, 

and prostate cancer (Vaitkienė et al. 2015; Peacock et al. 2018); as tumor suppressor due to 

its ability to inhibit pathological angiogenesis (Yang et al. 2015; Mumblat et al. 2015). 

Similarly, Sema3E signaling through its receptor PlexinD1 negatively regulates angiogenesis 

in development and the tumor microenvironment (Tamagnone and Mazzone 2011; Casazza 

et al. 2012; Vivekanadhan and Mukhopadhyay 2019); however, other studies showed that 

Sema3E enhances cancer cell malignancy and metastasis via PlexinD1-associated oncogenic 

kinase ErbB2 signaling (Casazza et al. 2010). It was further reported that Sema3E sustain 

metastatic breast cancer cell survival by inhibiting a pro-apoptotic cascade promoted by 

PlexinD1 acting as a “dependence receptor” (Luchino et al. 2013). 
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Accumulating evidence revealed the role of membrane-bound semaphorins in cancer. 

Sema4C expressed by endothelial cells of tumor-associated lymphatic has been found to 

promote cancer cell invasion (Wei et al. 2017). Moreover it has been shown that Sema4C 

controls breast cancer cell growth, hormonal dependency, and invasiveness (Gurrapu et al. 

2018). Also Sema4C reverse signaling was found to promote cancer progression, by 

controlling gene expression and phenotype change through SMAD1/5 and ID1/3 

transcriptional regulators ((Gurrapu et al. 2018; Gurrapu et al. 2019). 

Sema4D has been associated with the stimulation of oncogenic tyrosine kinases, such as Met, 

ErbB2, Src, and PYK2 and it can regulate both tumor angiogenesis and cancer cell invasiveness 

(Conrotto et al. 2005; Giordano et al. 2002; Worzfeld et al. 2012). Interestingly, a reduction 

in cytotoxic lymphocyte activity and an increase in tumor rejection occurred through the 

treatment with an antibody against Sema4D (Evans et al. 2015), consistent with the relevant 

role of this semaphorin in immunoregulation. 

Sema5A expression drives cancer cell invasion and metastasis in gastric and pancreatic 

carcinomas, while the signaling cascade needs more investigation (Sadanandam et al. 2012; 

Pan et al. 2013; Saxena et al. 2018). 

Among the members of class 6, Sema6A has been reported to act as a suppressor for lung 

cancer cell migration, its expression is reduced in lung cancer and inversely associated with 

tumor recurrence and  (Chen et al. 2019). Sema6A reverse signaling was implicated to initiate 

apoptosis in lung and glioblastoma cells (Shen et al. 2018; J. Zhao et al. 2015). In contrast, 

BRAF-mutated melanoma cells were shown to be dependent on Sema6A signaling, and its 

silencing resulted in cell death (Loria et al. 2015). 

Sema7A controls the metastatic behavior of melanoma and breast cancer cells, presumably 

through factors released by macrophages that abundantly infiltrate the tumor 

microenvironment in response to this signal (B. Ma et al. 2015; Garcia-Areas et al. 2014; 

Allegra et al. 2012). 
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Plexins 

Plexins are the main receptor of semaphorins (Tamagnone et al. 1999). The plexin family is 

characterized by single-pass transmembrane proteins originally discovered for their role as 

axon guidance receptors in the developing nervous system. However, they are currently 

known for their broader role in cell-cell communication in diverse tissues, including the 

immune system, and in the cancer context (Jiang et al. 2021). 

Vertebrate plexins include 9 members, which according to structural homology are sub-

grouped into four subfamilies: Plexin-A1/4, Plexin-B1/3, Plexin-C1, and Plexin-D1 (Worzfeld 

and Offermanns 2014) (see Figure 1). 

Analogous to their ligands, plexins comprise a sema domain in their ectodomains, plus two 

or three times repetition of PSI domains; moreover, three immunoglobulin-like folds are 

shared by plexins and transcription factor domains (Ig-like, plexins, transcription factors 

domains, IPT). 

The intracellular domain of plexins, which is crucial for triggering intracellular signaling 

pathways, is outstandingly conserved among family members (57-97% similarity) and across 

evolution (>50% similarity between invertebrates and humans)(Tamagnone et al. 1999). The 

intracellular moiety includes C1 and C2 domains, which carry GTPase Activating Protein (GAP) 

activity on monomeric G-Proteins, such as R-Ras (Oinuma et al. 2004) and Rap-1(Ueda et al. 

2016); moreover, it contains a “linker” domain which interacts with GTP-bound monomeric 

GTPases of the Rho family (Hota and Buck 2012). A C-terminal motif shared by plexins of the 

B-subfamily associates with PDZ domains of effector and adaptor proteins (Swiercz et al. 

2002). 

 

Transmembrane semaphorins can trigger forward and reverse signaling 

“Forward” signaling is the classical mode of functional activity of semaphorins through the 

binding to a receptor ectodomain. The signaling cascade is mostly triggered through the 

cytoplasmic GAP domain of plexins, and inhibits the activity of R-Ras, M-Ras, and Rap1, a 
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mechanism that can explain the observed negative regulation of integrin function. 

Furthermore, it has been demonstrated that some plexins can trans-activate other pathways 

upon semaphorin binding, such as plexin-associated receptor tyrosine kinases and RhoA-

dependent kinases (Cagnoni and Tamagnone 2014; Gurrapu et al. 2018). 

Other aspects of semaphorin function are mediated by “reverse” signaling. In fact, 

transmembrane semaphorins can act not only as ligands, but also as receptors themselves, 

eliciting a signaling cascade through their own cytoplasmic domains (Figure vi). 

In the intracellular part of these semaphorins, are found domains mediating protein-protein 

interactions. For instance, class-4 semaphorins contain potential PDZ-domain interaction 

motifs (Burkhardt et al. 2005); or class-6 semas contain large proline-rich motifs interacting 

with Src homology 3 (SH3) domains. In particular, it has been demonstrated that Sema6B 

associates with Src kinase (Eckhardt et al. 1997), and Sema6D interacts with c-Abl (Eckhardt 

et al. 1997). 

 

 
 

Figure vi. Semaphorin forward and reverse signaling. 
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Neuropilins  

Class-3 semaphorins, apart from Sema3E which binds to Plexin-D1, are unable to interact with 

plexins directly; thus, co-receptor molecules are required to form a ligand-receptor complex, 

called Neuropilins (Nrp) (see Figure 1). In humans, there are two types of neuropilin 

(neuropilin-1 and neuropilin-2), with approximately 44% structural homology at the amino 

acid level (Takagi et al. 1991; Neufeld and Kessler 2008). The extracellular domain of 

neuropilins contains two complement-like (CUB) domains (called a1/a2) that are responsible 

for binding the Sema domain of class 3 semaphorins, two FV/FVIII coagulation factor-like 

domains (b1/b2), and a meprin-like MAM domain (c domain).  The intracellular C-tail of 

neuropilins is too short to support independent signal transduction, but it comprises a PDZ 

binding motif implicated in receptor localization at the cell membrane (Cai and Reed 1999; 

Gao et al. 2000). 

 

 

Sema6C: a poorly studied family member 

Semaphorin 6C (Sema6C) is a poorly studied family member, initially known as semaphorin Y 

(Kikuchi et al. 1999). It is a transmembrane molecule, considered a distal member in class-6, 

as it has a longer and partly divergent cytoplasmic domain, and its sema domain is 

phylogenetically distant from other paralogues. Sema6C C-terminal sequence is highly 

hydrophobic, but lacks the typical C-terminal residues (A, V, L, I) representing the consensus 

motif for binding PDZ-containing proteins (Sheng and Sala 2001). One study has indicated 

Plexin-A1 as bona fide Sema6C receptor (Yoshida et al. 2006); however, the signaling cascades 

elicited by this semaphorin, in either forward or reverse mode, are almost totally unknown 

and await elucidation. 

Similar to other semaphorins, Sema6C was found to act as axon repelling and growth cone 

collapsing factor for DRG neurons. Intriguingly, Sema6C not only is expressed in neurons, but 
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also in the embryonic targets: the myotome and dermatome; thus, it has been posited to 

regulate the navigation of extending axons, their halting in target areas, and synapse 

formation during development (Kikuchi et al. 1999). Interestingly, Sema6C expression in adult 

tissues is mostly localized to the brain and skeletal muscle (Qu et al. 2002). Although it is 

reduced after muscle denervation, Sema6C expression stay high at the neuromuscular 

junction, suggesting that it plays a role in synapse stability and axon sprouting inhibition in 

skeletal muscles (Svensson, Libelius, and Tågerud 2008). Moreover, a splice variant of 

Sema6C (Sema6C1), extensively expressed in the mouse brain,  was shown to elicit GSK-3 

activity, in analogy to Sema3A and Sema3F, triggering growth cone collapse of developing 

entorhinal and hippocampal axons (Eickholt, Walsh, and Doherty 2002; Burgaya et al. 2006). 

Other studies linked to Sema6C signaling with the regulation of early primordial follicle 

dormancy/activation. In particular, between day 5 and day 7 after birth, when primordial 

follicle activation starts, the expression level of Sema6C protein in the ovaries drops 

dramatically. Based on this study, Sema6C may control the maintenance of primordial follicle 

quiescence, and its downregulation may hasten the start of their differentiation (Zhou et al. 

2018). 
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Pancreatic cancer is a highly aggressive disease with a fatality rate that is nearly equal to its 

incidence. Moreover, approximately 80% of pancreatic cancers are detected at an advanced 

stage, when the efficacy of current therapeutic approaches is extremely low. 

The identification of new molecular targets and functional liabilities in pancreatic cancer cells 

is thus particularly relevant, in perspective to develop novel therapeutic approaches. 

Semaphorins are extracellular signals, initially discovered as guidance cues in embryonic 

development, which recently emerged as significant regulators of tumor growth and 

metastasis, and potential cancer biomarkers. Moreover, preclinical research has revealed 

some semaphorin family members as promising molecular targets for cancer therapy. 

In this thesis work, I investigated Semaphorin 6C, a poorly studied transmembrane 

semaphorin, expressed in human tumors and statistically correlated with patient prognosis.  

Very little is known in literature about this molecule, and I especially aimed at understanding 

its function and signaling mechanisms in cancer cells with a special focus on pancreatic 

cancer.  

To this end, I planned to generate gene knock-down and overexpression models to 

investigate the functionale role of Sema6C in cancer cells. Moreover, I took advantage of 

Sema6C full length and truncated mutant to investigate the presently unknown signaling 

pathways mediated by this transmembrane semaphorin in cancer cells.  
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Sema6C knockdown in cancer cells hampers proliferation and elicits cellular 

senescence  

TCGA dataset analysis revealed that Sema6C is widely represented in human tumors, at low 

levels on average, but with a significant subset of high expressors (Fig. 1A). In consideration 

of a potential role in cancer progression, we initially surveyed Sema6C distribution in diverse 

tumor types and its association with patient survival. Kaplan-Meier analysis of TCGA data 

indicated that high Sema6C levels were associated with better prognosis in pancreatic 

adenocarcinomas, lung squamous (but not adeno) carcinomas, and low grade gliomas (but 

not glioblastomas); while they coupled with poor patient survival in several tumor types, 

including colon, stomach, and prostatic adenocarcinomas, ovarian and endometrial 

carcinomas, and sarcomas (Fig. 1B). These findings could indicate a differential relevance of 

Sema6C expression in diverse cancer cells, or reflect variable microenvironmental 

parameters of undetermined functional impact on tumor progression. 
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In order to address these questions, and investigate the functional role and molecular 

signaling mechanism of Sema6C in cancer cells, we assayed the impact of gene knock-down 

in different tumor cell types. Sema6C knock-down was achieved by the lentiviral-mediated 

transfer of cDNA constructs driving the transcription of short hairpin RNA (shRNA) sequences 

targeting SEMA6C mRNA. Gene silencing efficiency was validated by quantitative reverse 

transcriptase-PCR (qRT-PCR) analysis, revealing a 90% reduction of mRNA levels in presence 

of Sema6C-targeted shRNAs (Fig. 2).  

 

 

 

 

 

 

Figure 1. A) Sema6C expression in human tumors (TCGA data; https://www.proteinatlas.org/).            B-

L) Kaplan-Meier plots (TCGA data; http://kmplot.com/private/) revealing the correlation between 

Sema6C expression and patient survival in: pancreatic adenocarcinomas (B), lung squamous 

carcinomas(C), low-grade gliomas (D), colon adenocarcinomas (E), gastric cancers (F), prostatic 

adenocarcinomas (G), ovarian cancers (H), endometrial carcinomas (I), and sarcomas (L).  

Figure 2. qPCR assessment of Sema6C silencing in BxPC-3 and Capan-1 cells 

I H 
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Interestingly, a few days after transferring shRNAs, we observed dramatic changes in the 

phenotype of Sema6C-depleted cells, compared to control cells (transduced with an empty 

vector). In particular, in pancreatic cancer cells (such as BxPC-3, Capan-1), in colon cancer 

cells (HCT116), in ovarian cancer cells (HEY), and in breast carcinoma cells (MCF7), we 

observed the onset of a similar phenotype, characterized by growth inhibition and flattened 

morphology (Fig. 3). These results suggested that Sema6C function is required for cell 

viability, and this feature is conserved among different cancer cell types. Actually, most 

cancer cells shortly died after the achievement of Sema6C silencing, and it was not possible 

to establish stable cell lines; however, some Sema6C-depleted PDAC cells could be 

maintained in culture for a few weeks, and their phenotype was further analyzed.  
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Growth curve analysis demonstrated that in fact Sema6C-silenced cells slowed down or even 

stopped proliferation (Fig. 4A). We also serendipitously observed the recurring presence of 

multi-nucleated cells upon Sema6C silencing, a finding potentially consistent with cytokinesis 

blockade, further indicative of cell cycle progression inhibition (Fig. 4B). Moreover, not only 

they appeared overtly larger in size and flattened on the plastic dish, but cytofluorimetric 

analysis demonstrated that the actual volume of Sema6C-depleted cells was also significantly 

increased (manyfold larger than controls), possibly consistent with a metabolic change (Fig. 

4B-C). Notably, cell shape on plastic was more circular, compared to controls, and lacked 

polarized protruding processes (Fig. 4D).  

 

 

 

Figure 3. Pancreatic cancer cells (BxPC-3, Capan-1), colon cancer cells (HCT116), ovarian cancer cells (HEY), 

and breast carcinoma cells (MCF7) were transduced with lentiviral particles carrying shRNAs against Sema6C; 

this resulted in overt phenotypic changes of Sema6C silenced cells, compared to controls. Scale bars=50 µm. 
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Capan-1  shC Capan-1  shSema6C 
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BxPC-3 shC BxPC-3 shSema6C 

Figure 4. A) BxPC-3 cells, either control or Sema6C-silenced, were seeded in equal number in multiple wells, and 

their number was counted in 5 consecutive days. B) Sema6C-depleted BxPC-3 cells were immunostained for E-

Cadherin (red) to reveal cell margins, and with DAPI (blue) to show the nuclei. Scale bar= 40 µm. C) BxPC-3 and 

Capan-1 cells, either control or Sema6C-silenced, were analyzed by flow cytometry to assess cell size (based on 

light scattering). D) The same BxPC-3 cells as above were stained with fluorescent Vinculin (in green) and DAPI 

(blue) and CapaN-1 cells stained with phalloidin (F-actin) (in green) and DAPI (blue). Scale bar= 30 µm E) Crystal 

violet staining of BxPC-3 control and Sema6C- silenced cells, Scale bar= 20 µm. 
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The specificity of gene silencing effects was confirmed by assaying another independent 

shRNA sequence targeting Sema6C, which resulted in the same cell phenotype (Fig. 5A-B). 

Moreover, we performed functional rescue experiments by re-expressing Sema6C in cancer 

cells, few days after depletion of the endogenous protein, at a stage in which cell proliferation 

is clearly inhibited but the cells have not yet become senescent. This was sufficient to restore 

cancer cell growth, as well as the parental phenotype (Fig. 5C).  
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shSema6C + mock 
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Figure 5. A) qPCR assessment of Sema6C silencing in Capan-1 cells with two different shRNA constructs 

(shSema6C-1 and shSema6C-2). B) Inverted phase contrast micrographs of Capan-1 cells, either control 

or subjected to Sema6C silencing with the two different shRNA constructs reported in the previous panel. 

Scale bar=100 µm. C) One week after transduction, Sema6C-silenced cells were further transduced with 

a Sema6C-overexpressing construct in order to restore its levels in cancer cells, which led to reversion of 

the parental phenotype after 48 hours. Scale bar=100 µm. 
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De novo production of cyclin D and its association with existing CDKs (cyclin-dependent 

kinases) is required for cells entering the proliferation cycle. However, the upregulation of 

cyclin D1 levels is insufficient to form an active cyclinD–CDK4/6 complex and initiate the cell 

cycle, since the suppression of CDK inhibitors (CDKIs) is also required for G1/S phase 

transition. Major CDKI molecules include p21 and p27, and the effector protein p53.  

Thus, cell cycle progression across the G1/S phase transition is precisely controlled in normal 

cells; in contrast, defective regulatory machinery is observed in tumor cells, and the activity 

of CDKIs is usually suppressed, in order to promote uncontrolled proliferation. We therefore 

checked the CDKIs and cell cycle arrest-associated markers p21 and p27 in our models, and 

interestingly found a significant increase in the expression of these two eminent regulators 

in Sema6C-silenced cells compared to control cells (Fig. 6). TP53 cell cycle suppressor protein 

was also induced, further indicating growth inhibition and cell cycle arrest. 

 

 

 

 

  

 

 

 

 

 

The phenotype consistently observed upon Sema6C knock-down in diverse cancer cells was 

suggestive of the progressive establishment of cellular senescence. In fact, senescence is 

caused by persistent cell cycle inhibition induced by various stressors, and it is believed to 

prevent old or damaged cells from replicating, without directly leading to apoptosis (Herranz 

and Gil 2018; Fridlyanskaya, Alekseenko, and Nikolsky 2015; Dimri et al. 1995; Vogelstein, 

Figure 6. Western blotting to analyse p27, p21 and p53 expression level in BxpC-3 control and 

Sema6C-silenced cells. 
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Lane, and Levine 2000). Notably, the transcriptional and metabolic profile of senescent cells 

is substantially altered. Indeed, we investigated the putative senescent phenotype of 

Sema6C-depleted cancer cells by analyzing some of its typical hallmarks, such as increased 

beta-galactosidase activity and induction of cell cycle inhibitor genes.  

We stained the cells to reveal the senescence-associated marker β-galactosidase, which is 

linked to the enhanced lysosomal number and activity, typical of senescent cells. A significant 

increase in β-galactosidase activity was observed in Sema6C knock-down cells compared to 

control cells, as revealed by the chromogenic conversion of X-gal substrate (5-Bromo-4-

chloro-3-indolyl-β-D-galactopyranoside) in the flattened cells that failed to complete cell 

division (Fig. 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BxPC-3 shC 

BxPC-3 shSema6C 

A 



29 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The inhibition of G1/S phase transition is obviously a shared feature of senescent and 

quiescent cells. However, the latter (considered in a so-called G0 phase) is commonly 

characterized by a slow metabolism, and does not grow in size during interphase; in contrast, 

senescent cells are typically associated with an enlarged phenotype. This observation is 

strikingly reflected by the activation state of the major metabolic regulator S6, a ribosomal 

protein phosphorylated in response to mTOR activation, and found to discriminate senescent 

from quiescent cells. Not surprisingly, in senescent cells, rpS6 phosphorylation is similar to 

that of cycling cells, while in quiescent cells it is very low (Alessio et al. 2021; Blagosklonny 

2012).  

Thus, the combined assessment of CDKI levels, S6 phosphorylation, and beta-galactosidase 

activity can provide an informative matrix to discriminate cycling, quiescent and senescent 

Figure 7.  Beta galactosidase chromogenic assay in BxPC-3 (A) or Capan-1 (B)  either control of 

Sema6C-silenced. Two representative images are shown for each condition. Scale bars=50 µm. 
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cells. Remarkably, we found that in Sema6C-depleted senescent cells, characterized by 

p21/p27 and beta-galactosidase induction, phosphoS6 levels were comparable with control 

cells, further confirming their peculiar metabolic state (summarized in Table 1).   

 

 

 

   

 

 

We then asked about the upstream mechanism responsible for cell cycle inhibition in 

Sema6C-depleted cells. One of the major players in late G1, driving cell cycle progression, is 

active (phosphorylated) ERK kinase, which enhances CDKs activity and inhibits CDKIs. 

(Chambard et al. 2007; Kerkhoff and Rapp 1997; Rivard et al. 1999; Delmas et al. 2001; 

Kortylewski et al. 2001; Foster et al. 2003; Bhatt et al. 2005).  

The MEK/ERK pathway is actually implicated in both G1/S and G2/M transitions and its 

inactivation can cause G1 and G2 cell cycle arrest and senescence by inducing p21 and p27 

CDKIs (Villanueva et al. 2007). Thus, we investigated whether depletion of Sema6C could 

affect phospho-ERK levels, in light of the potential relevance of this kinase in controlling cell 

cycle progression and cell senescence in our cancer cell models. Indeed, we observed a 

significant decrease in phospho-ERK upon Sema6C knock-down in BxPC3 (Fig. 9A). Similar 

results were obtained in colon cancer cells HCT116 subjected to Sema6C silencing (Fig. 9B), 

confirming Sema6C-dependent regulation of ERK activity in diverse cancer cells.  

Table 1. A) Molecular algorithm, based on pS6 and Beta galactosidase levels, to identify cell condition 

and functional phenotype. B) Western blotting for phosphoS6 level in BxPC-3 control and silenced cells 
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In sum, our data suggest that Sema6C loss is leading to persistent growth inhibition, indicated 

by increased p53, p27 and p21 cell cycle inhibitors, and by the decrease in pERK levels; this is 

eventually leading to cell senescence, revealed by accumulation of beta-galactosidase. 

 

  

 

 

 

 

 

 

 

 

Sema6C-depleted cells increase the autophagic flux  

It was shown that persistent quiescence may lead to cell senescence (Fujimaki et al. 2019). 

Notably, as cells get deeper in quiescence and senescence, lysosomal gene expression and 

mass rise, as lysosomal function and lysosome destruction fall (Fujimaki et al. 2019). 

We therefore wished to assess whether autophagy was triggered in Sema6C-silenced cells, in 

association with growth inhibition and senescent phenotype. The induction of autophagy was 

monitored using various approaches according to “Guidelines for detecting and monitoring 

autophagy” (Klionsky et al. 2021). 

First of all, autophagosome (APs) formation was tracked by LC3 immunostaining. As shown 

in (Fig. 10), in Sema6C-depleted cells the LC3 immunofluorescent signal was higher than in 

CTRL cells. The quantitative analysis of densitometric values of LC3 immunostaining in the 

different conditions showed an increase of LC3 signal in Sema6C-depleted cells compared to 

ctrl cells (CTRL=1 vs shSema6C=3.25; p<0.001 **), suggestive of an increase in the AP 

formation in Sema6C-depleted cells.  

Figure 9.  Western Blotting for pERK in BxPC-3 (A) and HCT116 cells (B), either control (shC) or Sema6C-

silenced (shSema6C).  

pERK 

sh
C

 

pERK 

Vinculin 

sh
C

 

sh
Se

m
a6

C
 

HCT116 
B A 



32 
 

 

 

Further, autophagic activity in Sema6C-depleted cells was monitored by Western blotting, 

assessing changes in the level of the autophagosomal protein LC3-II and the autophagy 

substrate p62/SQSTM1. The abundance of these two proteins is a clear index of the 

autophagy flux, as its course is indicated by degradation of p62, an ubiquitin cargo binding 

protein that brings different substrates to the phagosomes; and by the conversion of cytosolic 

LC3-I into the LC3-II lighter isoform. Intriguingly, in Sema6C-depleted cells, the relative levels 

of LC3-II were higher than in ctrl cells, while p62 was strikingly reduced (Fig. 11), indicating 

that Sema6C suppression considerably enhanced autophagosome formation.  

 

 

 

 

 

 

 

 

 

Sema6C-induced phenotypic changes and cancer cell motility 

The knock-down of endogenous Sema6C expression revealed its basal function in support of 

cancer cell viability and growth. In order to elucidate the molecular mechanisms elicited 

downstream to Sema6C, we enhanced its expression in two different PDAC cancer cells, by 
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Figure 11. Western blotting for p62 and LC3-II expression level, in BxPC-3 and MIA Paca-2 cells, either 

control or Sema6C-silenced. 

Figure 10. Immunofluorescence staining for LC3 (in red) in control and Sema6C-silenced BxPC-3 cells, Scale bars=50 

µm. 
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transduction of a cDNA construct. At first, it was evident that cells acquired a complementary 

phenotype to that observed upon gene silencing: as shown in Figure 12, they appeared 

smaller in size, less connected to each other, and characterized by loss of circularity and by 

the presence of polarized protruding processes.  
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Suspecting that this phenotype could reflect an epithelial-mesenchymal transition (EMT), we 

initially checked EMT markers and transcriptional regulators, but we didn’t observe any 

significant changes (Fig. 13). We also questioned if Sema6C, likewise another semaphorin, 

Sema4C, might activate the TGFβ/BMP signaling pathway, but we found no remarkable 

differences in SMADs phosphorylation (not shown).  

 

 

 

 

 

 

 

 

 

When analyzing the proliferation rate of Sema6C-overexpressing cells, we found a modest 

increase (Fig. 14A). Consistently, we found that the expression of the cell cycle inhibitors p21 

and p27 was lower in Sema6C overexpressing cells, complementary to what was observed 

upon gene silencing (Fig. 14B). In contrast, pERK levels were markedly increased by Sema6C 

in cancer cells (Fig. 14C). Notably, it has been reported that elevated ERK activity can lead to 

activation of p90-ribosomal S6 kinase, resulting in hyper phosphorylation of ribosomal 

Figure 12. A) Inverted phase contrast micrographs of BxPC-3 and Capan-1 control (shC) or Sema6C overexpressing 

(Sema6C-OE) cells, Scale bar=100 µm. B) Control and Sema6C overexpressing cells stained with crystal violet C) 

The three-dimensional profile of BxPC-3 control and Sema6C-OE cells, calculated by Neurolucida, on the base of 

crystal violate staining. D) The graphs show cellular parameters calculated by Neurolucida in the cells above. 

Figure 13. qPCR assessment of EMT markers expression, in control and Sema6C-OE BxPC-3 cells.  
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protein S6 (rpS6)(Sawicka et al. 2016). In keeping with that, Sema6C overexpression in BxPC-

3 cells was actually associated with remarkably increased phosphorylation of rpS6 (Fig. 14D).  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

These data suggested that Sema6C elicited an EMT-independent phenotypic change and a 

signaling cascade supporting cell proliferation, associated with increased ERK and pS6 

activity.  However, since the spindle-shaped phenotype induced by Sema6C-overexpression, 

including the presence of polarized pseudopodia, was reminiscent of highly motile cells, we 

decided to investigate potential changes in the migratory behavior elicited by Sema6C. 

Actually, by wound-healing assays, we discovered that BxPC3 cells overexpressing Sema6C 

had a greater capacity to move into the wound compared to control cells (Fig. 15A), 

Consistently, Transwell assays, analyzing individual cell migration, confirmed a higher 

migratory attitude of Sema6C-overexpressing cells compared to controls. (Fig. 15B) 
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Figure 14. A) Cell counting assay was performed and Cell nuclei were counted in 5 consecutive days B) Western 

blotting for the cell cycle inhibitors proteins p21 and p27, upon Sema6C overexpressing in BxPC-3 cells. C) 

Protein immunoblotting revealed pERK level increased upon Sema6C overexpression. D) Hyper 

phosphorylation of ribosomal protein S6 verified by western blotting of Sema6C overexpressing cells. 
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We than decided to monitor Sema6C-induced changes of cell motility in real time. Cell 

movement parameters of a series of individual cells were measured by time-lapse video 

microscopy in terms of covered distance and speed. Interestingly, the results were in 

alignment with the findings shown above, revealing that a longer distance was traversed on 

average by Sema6C-overexpressing cells, which were also moving considerably faster than 

control cells (Fig. 16).  
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Figure 15. A) Wound healing assay with BxPC3 cells, either control or Sema6C overexpressing; wound 

closure was analyzed after 24 hours, comparing to T0.  B) Transwell Boyden chamber assays with control 

and Sema6C overexpressing cells; cell numbers were counted by ImageJ.  
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Sema6C sustains cancer cell viability under nutrient deprivation and metabolic stress  

As mentioned above, Sema6C-overexpressing cells showed barely significant increased 

proliferation rate. However, likely due to their peculiar phenotype, these cells did not grow 

in clusters and did not fill the culture dish surface at confluency, as controls did. Instead, they 

seemed to leave small empty spaces between neighbors, detectable at a close look, even 

when the dish was fully covered (Fig. 17A-B).  

Moreover, we serendipitously observed that Sema6C-overexpressing cells acquired the 

capacity to survive metabolic stress caused by serum and nutrients deprivation, far better 

than control cells. In particular, we challenged the cells by keeping them in serum-free 

medium for several days without refreshing the culture. Notably, in these conditions, 

Sema6C-depleted cells revealed their frailty, undergoing cell death after 4 days, whereas 

control cells lived for up to 12 days (Fig. 17C). On the other hand, Sema6C overexpressing 

cells survived metabolic stress by nutrient deprivation up to 20 days. Notably, long-term 

survival of these cells was not associated with senescence; in fact, after refreshing the culture 

with serum-completed medium on the last day, Sema6C-overexpressing cells resumed 

proliferation and attained confluency (Fig. 17C). 
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Figure 16. Time-lapse video microscopy, assessing the spontaneous motility of BxPC3 cells, either 

control or Sema6C-overexpressing.   
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Figure 17.  (A)  Inverted phase contrast micrographs of BxPC-3 control or Sema6C-overexpressing 

cells, stained with crystal violet. Scale bar=100 µm. (B) Crystal violet staining BxPC-3 control and 

Sema6C-OE cells. Scale bar=30 µm. (C) BxPC-3 control, Sema6C-silenced (shSema6C), and Sema6C-

OE cells were kept in serum free medium for 21 days; then fresh complete medium was added to 

surviving OE cells. Scale bar=100 µm.    
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Intriguingly, long-term culture survival in human embryonic stem cells (hESCs) has been 

associated with YAP/TAZ transcriptional regulators (Ohgushi, Minaguchi, and Sasai 2015). 

YAP/TAZ activity is dependent on their nuclear localization, which can be induced by several 

pathways, often related to shape changes and mechanotransduction of extracellular signals. 

Normally, upon cell confluency and contact inhibition, YAP/TAZ nuclear localization is 

inhibited and these proteins tend to accumulate in the cytosol, where they may undergo 

proteasome-mediated degradation (Zeng and Dong 2021). The findings above led us to 

consider YAP/TAZ as a candidate effector of Sema6C signaling. Thus, we decided to 

investigate subcellular YAP localization and its potential functional relevance in our cellular 

models. To this end, we performed immunostaining analyses in control and overexpressing 

cells, revealing YAP/TAZ nuclear accumulation in Sema6C-overexpressing cells (Fig. 18). 

 

 

 

 

 

 

 

 

 

 

We also checked YAP expression in cell lysates by immunoblotting, and it turned out that its 

levels well correlated with Sema6C expression (Fig. 19). 

 

 

 

 

 
Figure 19.  Western Blotting of total YAP in BxPC-3 control (shC), Sema6C-overexpressing 

(OE), and Sema6C silenced (ShSema6C) cells.  

Figure 18. Immunofluorescence staining of BxPC3 cells, either control or Sema6C-OE, to analyze the 

localization of E-Cadherin (red), YAP (green), and DAPI to reveal nuclei (blue). Scale bar= 25 µm. 
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In order to confirm the functional role of YAP in Sema6C-regulated phenotypes, we applied 

the commonly used YAP inhibitor Verteporfin to our cells. Indeed, when treated with 

Verteporfin for 24 hours, OE cells converted their phenotype to that of controls, and began 

to reconnect to each other. YAP-inhibited control cells, in turn, acquired a phenotype similar 

to Sema6C-silenced cells, appearing flattered, multinuclear, and senescent-like (Fig. 20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sema6C-dependent regulation of cancer cells is dependent on Focal Adhesion Kinase  

Then, we asked about signal transducers potentially implicated in Sema6C-dependent 

activation of ERK, rpS6 and YAP, likely accountable for the observed promotion of cancer cell 

growth and resistance to metabolic stress. By interrogating scientific literature, we found 

previous reports indicating Focal Adhesion Kinase (FAK) as an upstream activator of both rpS6 

and ERK, with negative regulatory function on p21 and p27 (Gan, Yoo, and Guan 2006; Bryant, 

Zheng, and Pumiglia 2006; Sawai et al. 2005); moreover, YAP/TAZ activation is induced 

downstream of FAK (Taniguchi et al. 2015). Notably, FAK tyrosine kinase is often 

overexpressed in advanced human malignancies, and while it has been associated with 

integrin signaling, it is also considered a signaling hub in cancer cells, controlling a spectrum 

BxPC-3 shC 

BxPC3 shC Treated with 
(50nM) Verteporfin24h 

BxPC3-OE 

BxPC3-OE Treated with 
(50nM) Verteporfin 24h 

Figure 20.  BxPC-3 control and Smea6C-overexpressing cells were treated with 50nM Verteporfin to 

inhibit YAP signalling, and phenotypic changes were assessed after 24 hours. Scale bar= 50µm. 
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of biological functions, from cell migration to metabolism (Murphy et al. 2020). In particular, 

FAK has been implicated in a pathway leading to ERK activation, cyclin D1 increase, and 

p21/p27 downregulation (J.H. Zhao, Reiske, and Guan 1998; Ding et al. 2005). In contrast, FAK 

inhibition impaired cell proliferation, DNA synthesis, caused cell cycle arrest (mostly in the 

G2/M stages), and enhanced apoptosis in multiple cell lines (Aboubakar Nana et al. 2019). It 

was furthermore shown that FAK inhibition in glioblastoma cells augmented p27 protein 

levels causing proliferative arrest, associated with flattened cell phenotype and β-gal positive 

staining, indicating cellular senescence (Alza et al. 2020). Autophagy was also reported to be 

induced upon FAK inhibition (Sandilands et al. 2011; Pham et al. 2018). 

In order to investigate the potential involvement of FAK kinase downstream of Sema6C, we 

firstly assessed the levels of active phosphorylated FAK in our cancer cell models (subjected 

to gene knock-down or overexpression) by immunoblotting and immunofluorescence 

analysis; this revealed a striking and consistent association of pFAK levels with Sema6C 

expression (Fig. 21).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 

A 

pFAK 
M

IA
 P

aC
a-

2
 -

O
E 

Vinculin 

M
IA

 P
aC

a-
2

 -
sh

C
 

B
xP

C
-3

- 
sh

C
 

B
xP

C
-3

- 
O

E 

M
IA

 P
aC

a-
2

 -
sh

6
C

 

C
ap

aN
-1

-s
h

C
 

C
ap

aN
-1

-s
h

6
C

 

C
ap

aN
-1

-O
E 

B
xP

C
-3

- 
sh

6
C

 

Total FAK 



42 
 

 

 

 

To verify the hypothesis that the FAK activity could play a major role in the observed Sema6C-

dependent phenotypic changes, we treated Sema6C-OE cells with the selective FAK inhibitor 

PF-573228, which resulted in phenotype reversion to that of control cells in as short as 1 hour 

(Fig. 22). 

 

 

 

Notably, after 48 hours of treatment of control cells with PF-573228, we observed a 

significant shape remodeling and enlargement in the cell size similar to that induced by  

Sema6C knock-down. Notably, p21 protein levels increased in cancer cells upon treatment 

with PF-573228, consistent with growth inhibition (Fig. 23). 

 

 

 

 

 

 

 

 

 

Figure 22.  BxPC-3 Sema6C-overexpressing cells untreated (left) and treated cells for 1 hour (right) 

with 5µM PF-573228 (FAK inhibitor). Scale bar=50 µm. 

 

 

Figure 21.  (A) Western Blotting for phospho-FAK in diverse PDAC cells (BxPC-3, Capan-1, MIA PaCa-2), 

either control (shC), Sema6C-overexpressing (OE), or silenced (shSema6C) cells. (B) Immunofluorescence 

staining for pFAK and DAPI in BxPC-3 control and Sema6C overexpressing cells (pFAK showed in red and 

DAPI blue); the intensity of fluorescent signal was quantified via ImageJ software. Scale bar= 25 µm 

 

 

Figure 23.  A) Capan-1 cells left untreated (left) or treated for 48 hours with 5µM PF-573228 (right). B) Western 

Blotting of pS6 and p21 in both BxPC-3 and Capan-1 cells treated with 5µM of PF-573228 for 48 hours. Scale 

bar=50 µm. 
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As mentioned above, it was demonstrated in intestinal epithelial cells and breast cancer cells 

that FAK kinase can activate YAP (Song et al. 2021; Lachowski et al. 2018). Moreover, while 

FAK signaling contributes to YAP activation in colorectal carcinogenesis, the treatment with 

FAK inhibitors upregulated YAP phosphorylation (which is responsible for its inactivation and 

degradation), dramatically lowering YAP/TAZ levels and target gene expression (H. Ma et al. 

2020).  

We therefore, asked in our experimental model if FAK could be held responsible for 

enhancing YAP/TAZ activity. When treating Sema6C-OE cells with the FAK inhibitor PF-

573228, we found that YAP mostly relocalized into the cytoplasm, indicating its functional 

inactivation (Fig. 24). In sum, our data were consistent with a signaling cascade driven by 

Sema6C, via FAK kinase, leading to both pERK/pS6 and YAP activation in cancer cells. 

 

 

 

 

 

 

 

 

 

 

 

The relevance of FAK signaling and YAP activation downstream to Sema6C was further 

confirmed by transcriptomic analysis of different human tumor samples, which revealed 

significant correlation of Sema6C levels with FAK- and YAP-regulated gene expression 

signatures (as defined in GSEA Molecular Signatures Database) (Fig. 25).  
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Figure 24.  Immunofluorescence staining of YAP (green) and E-Cadherin (red) localization, in BxPC-3 Sema6C-

overexpressing cells treated (or not) with 5µM of PF-573228 (FAK inhibitor). Scale bar= 30 µm. 
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Sema6C-dependent regulation of cancer cells depends on its intracellular portion 

In order to elucidate the molecular mechanism linking Sema6C to FAK activation, we aimed 

at dissecting the signaling pathway of Sema6C in cancer cells.  

It is known that transmembrane semaphorins like Sema6C can mediate either forward 

signaling, via their extracellular moiety acting in autocrine/paracrine or juxtacrine manner; or 

A 

C D 

B 

Figure 25. Gene Expression Profiling Interactive Analysis (GEPIA2, www.gepia2.cancer-pku.cn) was used to 

assess the correlation between Sema6C levels and gene expression molecular signatures (GSEA Database 

v7.5.1, www.gsea-msigdb.org), in human tumor samples (TCGA datasets). Panels A-B show Sema6C 

correlation with FAK pathway (KEGG_FOCAL_ADHESION/PID_FAK_PATHWAY), while panels C-D refer to 

correlation with YAP activation signature (CORDENONSI_YAP_CONSERVED_SIGNATURE), in colon (panels 

A, C) or stomach adenocarcinoma (panels B, D).     

http://www.gsea-msigdb.org/
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reverse signaling, elicited by the intracellular portion of the molecule. To discriminate this 

point, we first tested the activity of a soluble recombinant Sema6C ectodomain, either 

overexpressed in cancer cells or added to the culture medium of parental BxPC-3 cancer cells 

(Fig. 26).  

These approaches were totally ineffective in inducing the same changes observed in response 

to transmembrane Sema6C, implying that reverse signaling, mediated by the intracellular 

portion, is likely involved in the observed effects in cancer cells. 

 

 

 

 

 

 

 

  

The intracellular portion of Sema6C contains motifs similar to those found in other class 6 

semaphorins, and previously implicated in the interaction with non-receptor tyrosine kinases 

c-Src and c-Abl, and with the adaptor Mena (Klostermann et al. 2000; Godenschwege et al. 

2002; Toyofuku et al., 2004; Perez-Branguli et al., 2016). However, no intracellular interactors 

of Sema6C have been reported so far.  

The tyrosine kinase c-Abl may be found in the cytoplasm, in association with the plasma 

membrane, and in nucleus, and lines of evidence have indicated that it can regulate the 

activity of FAK kinase (Gotoh et al. 1995; Plattner et al. 1999). Moreover, c-Abl and c-Src have 

been reported to act in complex by the cell membrane, getting activated in response to the 

same stimuli, and following the same phosphorylation kinetics (Plattner et al. 1999). Of 

mock soluble Sema6C-Fc 

Figure 26. Inverted phase contrast micrographs of BxPC-3 cells, either control or overexpressing 

secretable Sema6C ectodomain (Fc-tagged). Similar results were obtained by addition of the 

recombinant molecule to the culture medium (data not shown). Scale bar=50µm. 
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interest, we found that c-Abl phosphorylation was prominently increased in Sema6C 

overexpressing cells (Fig. 27).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The homologous class 6 semaphorin members Sema6D and Sema6A were previously 

reported to recruit Abl tyrosine kinase to their intracellular portions (Toyofuku et al., 2004; 

Perez-Branguli et al., 2016), putatively due to proline-rich motifs docking to the SH3 domain 

of the kinase (Hou et al. 2006).  

Importantly, when we performed immunoprecipitation experiments in our Sema6C-

overexpressing cancer cells, we observed a clear and specific interaction between Sema6C 

and endogenous c-Abl tyrosine kinase (Fig. 28).  
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Figure 27.  (A)  Western Blotting analysis of p-Abl in BxPC-3 control and Sema6C-overexpressing 

cells. (B) Western Blotting analysis of pSrc in BxPC-3 control and Sema6C-overexpressing cells 
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As anticipated above, previous evidence indicates that proteins associated with focal 

adhesions, and FAK kinase in particular, may be regulated by the Abl/Src signaling complex, 

activated in response to growth factor receptor stimulation (Plattner et al. 2004; Fu et al. 

2015; Gotoh et al. 1995; Salgia et al. 1995). 

This kinase signaling cascade impacts on the regulation of cytoskeletal dynamics, cell shape, 

cell-cell and cell-matrix connections, as well as cellular motility, proliferation and survival, 

because it can furthermore affect gene expression control through mechano-transduction 

pathways like the Hippo-YAP/TAZ. 

Based on the phenotype observed in Sema6C overexpressing cells, we wondered about the 

potential role of c-Abl upstream this signaling pathway. Indeed, when we applied the Abl 

kinase inhibitor Imatinib (10 µM) to BxPC3 Sema6C-OE cells, the phenotype reverted to 

control, in 2 hours.  

Moreover, we investigated by western blotting the impact of Abl inhibition on FAK, Src, and 

ERK phosphorylation in our cellular models, and verified their dramatic decrease, strongly 

indicating that these kinases are placed downstream to Abl in the Sema6C-driven signaling 

cascade that we have unveiled (Fig. 29).  

 

Figure 28.  Co-immunoprecipitation of c-Abl with Sema6C in BxPC3 cells (either control or Sema6C-OE). A 

specificity control was provided by incubating Sema6C-overexpressing cell lysates with beads only, without 

anti-Abl antibodies. 
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It has been shown that the cytoplasmic tail of Sema6C-paralogue Sema6A binds to Ena/VASP-

like protein Evl via a C-terminal motif (Klostermann et al. 2000), while both Sema6D and 

Sema1a (in flies) have been found to interact with Enabled or its murine orthologous Mena, 

respectively (Godenschwege et al. 2002; Toyofuku, Zhang, Kumanogoh, Takegahara, Yabuki, 

et al. 2004). Human Mena was found to be overexpressed in more than 70% of primary breast 

cancers as well as benign breast lesions with a significant chance of transformation. 

Moreover, Mena is a cellular regulator of the assembly and dynamic of cytoplasmic actin 

networks, especially involved in the nucleation and polymerization of actin filaments (Gurzu 

et al. 2013). 

Figure 29. (A) BxPC-3 overexpressing cells treated with 

10µM of Imatinib and phenotypic change was 

monitored after 2 hours. Scale bars=90µm (upper) and 

scale bars=50µm (lower). (B) Western Blotting of pFAK, 

pSrc and pERK, to reveal the impact of treatment with 

Imatinib in BxPC-3 Sema6C-OE cells. 

B
xP

C
3

 –
 O

E 
 

Im
at

in
ib

 (
2

h
) 

B
xP

C
3

 –
 O

E 

B
xP

C
3

 –
 S

h
C

 

pSrc 

pFAK 

pERK 

GAPDH 

B) 

A 



49 
 

Therefore, in order to investigate the potential involvement of Mena in Sema6C signaling, we 

performed western blot analysis in Sema6C-silenced and overexpressing cells. Intriguingly, 

Mena protein levels correlated with Sema6C expression (Fig. 30), similar to what observed 

for pAbl.  

 

 

 

 

 

 

 

 

 

Consistent with a mechanistic role of Mena in Sema6C signaling, the treatment of Sema6C-

overexpressing cells with siRNAs targeted against Mena specifically reverted their phenotype 

to that of controls cells (Fig. 31). 

 

 

 

 

 

 

 

 

 

 

 

 Figure 31.  BxPC-3 cells overexpressing Sema6C were transfected with Mena-targeted siRNAs, which reverted 

the phenotype to that of control cells after 24 hours; control siRNAs provided an internal specificity control. 

Scale bars=100µm (upper) and 60µm (lower). 
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Figure 30. Western blotting to assess Mena protein levels in BxPC-3 and Capan-1, either control, Sema6C-

silenced (shSema6C), or Sema6C-overexpressing (OE). 
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In sum, our data indicate that Sema6C signaling in cancer cells elicits Abl kinase activation 

and the upregulation of Abl functional partner Mena. Moreover, Abl inhibition prevented the 

activation of putative downstream effectors of Sema6C, like FAK, ERK and YAP, strongly 

suggesting a signaling cascade controlling cytoskeletal dynamics and gene expression 

reprogramming consistent with phenotypic and functional changes observed in Sema6C-

overexpressing cells.  

 

 

Signaling cascade overview 
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DISCUSSION 
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The Semaphorin family comprises around 20 membrane-bound or secreted proteins, initially 

discovered as axon guidance cues, but later linked to a wide range of biological functions and 

developmental processes, including cell migration and cell-cell interactions (Alto and Terman 

2017). Moreover, semaphorins are emerging as pivotal regulators of tumor development, 

due to their capacity to control cancer cell behavior and the tumor microenvironment 

(Tamagnone 2012).  

Interestingly, transmembrane semaphorins are bidirectional signals, and mediate both 

conventional “forward” and and “reverse” communication (Battistini and Tamagnone 2016). 

Although less extensively studied than forward signaling, semaphorin reverse signaling has a 

crucial role in neural and cardiac development, and it is increasingly appraised in adult 

physiology and human diseases. Yet, in most of the cases, the underlying processes are 

unknown, and further research is needed to understand these complex bidirectional 

communication networks. 

In this thesis work, I focused on Sema6C, a poorly studied transmembrane semaphorin that 

was first discovered as an axonal chemorepellent (Kikuchi et al. 1999), enriched in skeletal 

muscles and neuromuscular junctions (Svensson, Libelius, and Tågerud 2008), and implicated 

in ovarian follicles maturation (Yan et al. 2019), while it has never been studied in cancer 

context. We noticed that Sema6C expression seemed to correlate with poor patient survival 

in multiple, though not all, human tumors. However, the molecular mechanisms underlying 

Sema6C activity in cancer cells were totally unknown. Therefore, this project aimed at 

specifically investigating the functional role and signaling mechanisms of Sema6C in cancer 

cells. 

In my work, I mostly used pancreatic adenocarcinoma cells as experimental model, though 

major findings were also replicated in cells derived from other tumor types, suggesting 

conservation of the signaling mechanisms. Notably, pancreatic ductal adenocarcinoma 

currently remains an overarching clinical challenge, due to poor efficacy of available 

therapeutic options (Borchardt et al. 2019). Thus, the identification of novel molecular targets 

and clinical biomarkers is warranted. Interestingly, our data indicate that Sema6C depletion 
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dramatically impacts on cancer cell behavior, leading to growth arrest, autophagy, and 

senescence. These findings were entirely novel, and previous studies on this semaphorin did 

not provide any hints to hypothesize the underlying molecular mechanisms. Therefore, in 

order to elucidate the signaling pathway elicited by Sema6C in cancer cells, I undertook gain 

of function approaches.   

Notably, although Sema6C, like other semaphorins, has been found to inhibit axonal 

extension, we have not observed inhibitory effects of Sema6C in cancer cells. Instead, its 

overexpression resulted in increased cell motility and long-term survival under metabolic 

stress. In fact, divergent semaphorin functions in neurons and in other cell types have often 

been seen (e.g. for Sema3A, Sema3E, Sema4D, etc.), likely reflecting different receptor 

complexes and signaling pathways.  

Actually, Sema6C signaling mechanisms are almost unaddressed in previous literature. In the 

newborn mouse ovary, Sema6C was found to inhibit primordial follicles activation by 

controlling PI3K‐AKT pathway (Zhou et al. 2018). However, in my experiments, I have not 

observed pAKT regulation depending on Sema6C in cancer cells, which seems to implicate 

diverse mechanisms of Sema6C signaling in ovarian physiology and in cancer. Sema6C-

induced phenotypic changes that we observed in cancer cells were reminiscent of a classical 

EMT, but this mechanism was not confirmed at molecular level in our Sema6C-regulated 

models. Moreover, we did not observe a significant association between Sema6C and the 

expression of cell-cell adhesion molecules. However, I noticed that Sema6C-overexpressing 

cells tended to avoid strict cell-cell contacts, including at confluency, a feature that may 

deserve further investigation. 

We thus speculated that Sema6C-dependent regulation of cell phenotype and viability could 

be accounted by a pathway impacting both cell cycle control and cytoskeletal remodeling. 

Interestingly, the phenotype produced by gene silencing was not rescued by treatment with 

a soluble extracellular domain of Sema6C, implicating reverse signaling mechanisms 

mediated by the intracellular tail, that were never investigated previously for this 

semaphorin. Interestingly, the phenotype produced by Sema6C silencing in cancer cells was 
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not rescued by treatment with a soluble extracellular domain of Sema6C, implicating reverse 

signaling mechanisms mediated by the intracellular tail, that were never investigated 

previously for this semaphorin. 

Intriguingly, cytoskeletal remodeling and RhoA signaling are known to promote the nuclear 

localization and activation of the transcriptional cofactors YAP and TAZ, which mediate one 

of the major pathways involved in long-term survival of human embryonic stem cells 

(Ohgushi, Minaguchi, and Sasai 2015), as well as inhibition of autophagy and apoptosis (Pham 

et al. 2018; Jin et al. 2021). Recent studies have also shown YAP pathway regulation by 

PlexinB2 (Junqueira Alves et al. 2021); however, the role of semaphorin signals in this cascade 

was not elucidated. This inspired us to look deeper into the potential regulation of YAP/TAZ 

pathway in Sema6C overexpressing cells, which led to the evidence that Sema6C promotes 

YAP nuclear localization in confluent cell monolayers, while YAP inhibition suppresses 

Sema6C-induced phenotype in cancer cells.  

Furthermore, in other experiments, I found that Sema6C overexpression induced the 

phosphorylation and functional activation of major intracellular signal transducers controlling 

cell cycle and phenotypic changes FAK, SRC, and ERK kinases, and the mTOR substrate S6 

riboprotein; conversely, these effector molecules were deactivated upon Sema6C silencing 

in cancer cells. Importantly, FAK kinase was reported previously to promote ERK signaling 

(Cheung et al. 2008), a pathway implicated in tumor cells invasiveness, e.g. in ovarian cancer  

(Lai et al. 2018).In mice, a FAK-YAP-mTOR signaling cascade controls stem cell-based tissue 

regeneration (Hu et al. 2017). Moreover, FAK-dependent activation of mTOR kinase has been 

found to promote basal-like mammary tumors (Paul et al. 2020).Notably, S6K activation and 

the ensuing rpS6 phosphorylation are usually regarded as readouts of mTOR activation, and 

pS6 regulation by FAK has also been reported (Gan, Yoo, and Guan 2006). Multiple data imply 

a synergistic crosstalk between mTORC1 and ERK pathways to govern rpS6 phosphorylation 

(Mukhopadhyay et al. 1992); furthermore, ERK was found to induce rpS6 phosphorylation via 

p90 ribosomal S6 kinases (RSK), also independent of mTORC1 signaling (Roux et al. 2007). 

Notably, FAK kinase has been linked to different regulatory functions in tumor growth and 

metastasis, and loss of FAK activity has been associated with the inhibition of cancer cell 
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proliferation, and the induction of autophagy, senescence, and apoptosis (Pham et al. 2018; 

Chuang et al. 2019; Alza et al. 2020). Moreover, FAK inhibition was associated with the 

upregulation of p21, p27, and p53 cell cycle inhibitor proteins (Chuang et al. 2019; Alza et al. 

2020), and with the loss of YAP nuclear localization (Lachowski et al. 2018). Altogether, these 

elements suggested a strong correlation between Sema6C-dependent phenotypes observed 

in our experiments and known activities mediated by FAK kinase.  

Indeed, by the treatment with a selective inhibitor, I could place FAK kinase activity upstream 

of Sema6C-induced SRC, ERK, and S6 phosphorylation, as well as YAP nuclear localization. 

However, experiments assaying the physical association between FAK and Sema6C were 

inconclusive.  

Intriguingly, other semaphorin members of class 6, such as Sema6A and Sema6D, have been 

shown to recruit non-receptor tyrosine kinases to their intracellular domains (Perez-Branguli 

et al. 2016; Kang et al. 2018). For instance, Abl was found in association with Sema6A 

cytoplasmic tail, and the activity of this tyrosine kinase is linked to the regulation of both cell 

cycle and cytoskeletal dynamics (Huang et al. 2008; Plattner et al. 1999). 

Actually, in this study, we unveiled that Sema6C recruits c-Abl to its cytoplasmic domain, and 

elicits Abl kinase activity, through mechanisms awaiting clarification. Moreover, I found that 

Sema6C-induced activation of c-Abl is responsible for FAK phosphorylation, which is 

consistent with previous evidence linking the two intracellular kinases(Gotoh et al. 1995), and 

could potentially represent the initial step of Sema6C signaling cascade in cancer cells.  

In sum, we observed that the overexpression of Sema6C leads to overt shape change, 

associated with increased cell motility and long-term survival upon nutrient deprivation. 

Although we could not fully elucidate the implicated pathway, we found Sema6C in 

association with the intracellular tyrosine kinase c-Abl. Moreover, upon Sema6C 

overexpression, Abl phosphorylation increased, responsible for FAK kinase activation. Abl and 

FAK were further implicated to activate downstream effectors of Sema6C-induced 

phenotype, such as ERK, mTOR/pS6 and YAP. Notably the association of Sema6C expression 

with FAK signaling and YAP-induced transcriptional signature was confirmed in human tumor 
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samples. On the other hand, the involvement of plexins for triggering Sema6C reverse 

signaling in trans needs to be investigated further.  

Since multiple tumor cells proved to depend on Sema6C signaling for proliferation, and its 

high expression promoted an aggressive phenotype in culture, our data support the idea that 

Sema6C-targeting may have beneficial effects for cancer therapy. However, several aspects 

need to be investigated further. First, since Sema6C-deficient cancer cells could not be 

propagated in culture, we could not investigate their tumorigenic potential in mouse models. 

Alternative approaches should be undertaken in this perspective, such as the application of 

drug-inducible Sema6C knock-down constructs, to be activated after the establishment of 

tumor xenografts. Moreover, it is unknown the potential impact of Sema6C-inhibitors in 

normal adult tissues. One intriguing element to consider is that Sema6C knock-out mice have 

been generated (MGI:3604574). The mutant mice are viable and fertile, and the deposited 

description of their phenotype does not reveal major defects in tissue homeostasis and 

function. It may be therefore hypothesized that, different from what we observed in cancer 

cells, Sema6C expression is not essential during development, being compensated by 

redundant functions of other family members. If it will be confirmed that Sema6C blockade 

has no major impact on adult physiology, this may support systemic Sema6C-targeting in 

mouse cancer models, for therapeutic purposes. 

 

 

 

 

 

 



57 
 

 

 

 

 

 

 

MATERIALS AND METHODS 
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Cell culture and reagents 

Cell lines were grown in a monolayer at 37° C in 5% CO2 atmosphere. BxPC-3 and MIA PaCa-

2 pancreatic adenocarcinoma cells were cultured in RPMI-1640 medium supplemented with 

10% FBS, while Capan-1 in Iscove medium with 20% FBS; culture media were supplemented 

with 2mM glutamine, 100U/mL penicillin, and 100μg/mL streptomycin. 

 

Antibodies and other reagents 

Anti-Sema6C antibodies were from R&D Company (Cat.AF2108). The following antibodies 

were from Cell Signaling Technology: anti FAK (Cat. #3285), anti pFAK (Y925) (Cat. #3284), 

anti-pSrc (Tyr416)(Cat. #59548), anti-LC3A/B (Cat. #4108), anti-p44/42 MAPK (Erk1/2, 

137F5)(Cat. #4695), anti-p21 Waf1/Cip1 (Cat. #2947), anti-SQSTM1/p62 (Cat. #5114), anti-

phospho-c-Abl (Tyr245) (Cat. #2861). Santa Cruz Biotechnology provided: anti c-Abl (8E9) 

(Cat. sc-56887), anti-YAP (63.7) (Cat. sc-101199). Anti-p27 KIP 1 [Y236] was from Abcam 

company (cat. ab32034); anti-vinculin from Sigma-Aldrich Company (cat. V9131); anti-Mena 

from BETHYL-laboratories (cat. A301-500A), anti-E-cadherin from Proteintech (cat. 20874-1-

AP). Moreover, PF-573228 (Tocris Bioscience cat. 3239), Verteporfin (Sigma-Aldrich, cat. 

SML0534), Imatinib (Cell signaling, cat. #9084). 

 

Gene knock-down and overexpression  

For SEMA6C knock-down, we applied the following shRNA-expressing constructs provided by 

Sigma-Aldrich: TRCN0000005666 (indicated as shSema6C#1, applied in most experiments) 

and TRCN0000005664 (shSema6C#2). Mena was knocked-down by oligofection of siRNA 

sequences provided by Santa Cruz Biotechnology (sc-43496). 

To achieve SEMA6C overexpression, the respective human cDNA was produced by gene 

synthesis by BioCat GmbH (Heidelberg, Germany), and subcloned in pLVX-puro lentiviral 

transfer plasmid (carrying puromycin resistance). Sema6C-Fc construct (Plasmid: #72167 

from Addgene repository) was subcloned into the same lentiviral transfer plasmid. 
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Gene transfer with lentiviral vectors  

HEK-293T packaging cells were used to produce non-replicating viral particles with shRNAs or 

cDNA expressing constructs, as described previously (Follenzi and Naldini, 2002). As 

previously described, cell supernatants containing lentiviral particles were incubated with 

cultured cells in the presence of polybrene 8μg/ml. (Follenzi and Naldini, 2002). Cells 

transduced with vectors containing puromycin resistance were consequently selected in the 

presence of 1 μg/ml puromycin in the medium.  

 

mRNA expression analysis  

The RNeasy Mini kit (Qiagen) was used to get total mRNA extracts. In a final volume of 20μL, 

1μg of RNA was retrotranscribed using the Improm-II Reverse Transcription Set (Promega), 

according to the manufacturer’s protocol. Real-time PCR was used to evaluate gene 

expression using specific SYBR Green primers provided by Sigma-Aldrich Company (see table 

below). According to the formula below, the fold change was calculated: Fold increase= 2^-

(CT of target gene – CT of the house-keeping gene).  

h-Sema6C-S 5’-CTTCGGCTCAACTGCTCTGT 

h-Sema6C-AS 5’-AACCCACGCTCAATCTCATC 

h-GAPDH-S 5’-TTGTTGCCATCAATGACCC 

h-GAPDH-AS 5’-CCTCCCGTTCTCAGCCTTG 

 

Protein immunoprecipitation and Western blot analysis  

Cells were lysed in TritonX100-containig LB buffer, in presence of PMSF 

(phenylmethylsulfonyl fluoride), and Protease Inhibitor Cocktail (all provided by Cell Signaling 

Technology). Bradford assays were used to determine protein concentration in cell lysates. 

For the analysis of total cell lysates, equal amounts of total proteins were denatured by 

boiling in Laemmli buffer (2% SDS, 50 mM Tris-HCl, pH 7.4, 20% mercaptoethanol, and 20% 
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glycerol) and analyzed by SDS-PAGE and Western blotting, according to standard methods 

and manufacturers’ instructions. For protein immunoprecipitation, equal amounts of cell 

lysates were incubated with Protein G-Sepharose beads coated with specific antibodies for 2 

hours at 4°C with. After rinsing the beads, the immunoprecipitated proteins were denatured 

by boiling in Laemmli buffer and subjected to SDS-PAGE and Western blotting analysis. 

 

Cell senescence assay  

Cells were seeded in 6-well plates and upon reaching 50-60% confluency, the medium was 

removed. The cells were washed in PBS before being fixed with the 1x fixative solution 

provided with the senescence-galactosidase staining kit (Cell Signaling Technology; #9860). 

Following the manufacturer's instructions, a fresh -galactosidase staining solution was made. 

After washing with PBS twice, cells in each well were stained with a 1 mL staining solution. 

After a 16-hour incubation at 37°C in a dry incubator, senescent cells were identified for a 

positive beta-galactosidase-dependent dye conversion. 

 

Immunofluorescence analysis  

Cells were seeded on glass coverslips, then fixed for 15 minutes in 4% paraformaldehyde, 

permeabilized with (0.1% or 0.3%, as indicated in specific experiments) Triton/phosphate-

buffered saline for 10 minutes at room temperature, and blocked by incubation with 5% 

normal donkey serum for 30 min or 10% BSA for 1 hour. After incubation with primary 

antibodies overnight and rinses, fluorochrome-conjugated secondary anti-mouse or anti-

rabbit antibodies were added for 1 hour at room temperature. Fluorescent-Phalloidin 

conjugates were used to stain F-actin, and 4, 6-diamidino-2-phenylindole (DAPI) was used to 

reveal cell nuclei. The coverslips were finally washed and mounted on slides. Images were 

acquired at room temperature with a confocal laser scanning microscope (SP5 Leica) 

equipped with a 63×/1.30 HCX Plan-Apochromat oil immersion objective lens (ACS APO 

63×/1.30 oil CS 0.17/E, 0.16) using Leica LAS AF software. Images were analyzed with LAS AF 

Lite software. 
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Cell proliferation analysis  

The growth curve was determined as follows: the cells were seeded in multiple 96-well plastic 

culture plates (1000 and 2000 cells/well), which were fixed with 4% PAF for 15 minutes on 

subsequent days. Cell nuclei were then stained with DAPI, visualized by an inverted 

fluorescence microscope (Leica), and counted at different time points. 

 

Boyden chamber migration assays 

Transwell chambers with 8 μM pore size (Corning Costar Incorporated, NY, USA) were used 

to analyze cell migration. In brief, the lower side of the filter was precoated with 10 µg/ml 

fibronectin and blocked in presence of 1% BSA; then 5 × 104 cells resuspended in serum-free 

medium were included in the upper chamber and allowed to migrate through the filter 

separating the bottom chamber, which contained 1% FBS-containing medium. To ensure 

comparable cell inputs, the same volume of cell suspension was seeded in cell culture 

multiwell dishes in parallel and eventually quantified. At the end of the assay, after 12 or 24 

hours, non-migrated cells on the upper side of the filter were removed with a cotton swab. 

The insert was then fixed with 4% paraformaldehyde and stained with crystal violet. The 

integrated pixel values of light microscopy images of the inserts were then measured using 

ImageJ (NIH). Experiments were replicated at least three times in order to ensure results 

consistency.  

 

Immunoprecipitation  

Cells were lysed in LB buffer containing lysis buffer, PMSF (phenylmethylsulfonyl fluoride), 

Protease Inhibitor Cocktail (Cell Signaling Technology). Bradford assays were used to 

determine protein concentration in cell lysates. Equal amounts of cell lysates were incubated 

with Protein G-Sepharose beads (Abcam company #ab193259) coated with specific 
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antibodies. After 2 hours of incubation at 4°C, the beads were washed and 

immunoprecipitated proteins were denaturated with boiling in Laemmli buffer. 

 

Wound healing Assay 

The cells were seeded at 1 × 106 cells per well in a six-well cluster (Corning Costar 

Incorporated, NY, USA), allowing them to attach and spread in order to obtain a confluent 

monolayer. After 24h, the scratch was made in the confluent monolayer by using a sharp 

object, such as a 200 µl pipette tip. After scratching, the monolayer washed with PBS. Then, 

the cells were replenished with a fresh medium. Then the cells were placed in a cell culture 

incubator at 37 °C for 24h, allowing the cells to fill the gap. After this incubation, the cell 

monolayer was washed with PBS, fixed with 4% paraformaldehyde for 15 minutes, and finally 

stained with 1% crystal violet for 30 minutes. Then, the images were acquired by phase-

contrast microscopy and analyzed quantitatively by ImageJ software. We identified the area 

to be measured in T0 images for each condition, and the same area was analyzed in the other 

time points to achieve quantitative analysis and determine the percentage of wound closure. 

 

Cell cycle analysis by cytofluorimetry 

Harvested cells (105 cells per condition) were fixed overnight in ethanol (70%)/PBS solution 

at 4 °C. The cells were then incubated for 3 hours at room temperature in a solution 

containing 0.1 mg/ml propidium iodide and 200 units/ml RNase before being examined by 

flow cytometry. 

 

Time-lapse Videomicroscopy 

Cells were stained with cell tracker (Invitrogen by thermos Fisher Scientific) and seeded at 

low density on 8-well glass-bottom plates (ibidi GmbH) coated with 1 µg/ml fibronectin 

(Sigma-Aldrich). The plate was then placed on an inverted microscope with a 37 °C humidified 
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chamber containing 5% CO2, and monitored by a fluorescence microscope (Leica) overnight. 

Every 11 minutes, photographs are taken to monitor cell motility. 

 

Statistics 

Average values of at least three independent experimental replicates are usually shown, 

together with standard deviation (SD). The statistical significance of comparisons was 

calculated by Student’s T-test; p values, indicated by asterisks in figures, have been specified 

in figure legends. 
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