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ABSTRACT 

Osteosarcoma (OS) and Ewing sarcoma (EWS) are the two most frequent primary bone tumors, in 

which metastases remain the most relevant adverse prognostic factor. Lamin A is the main 

constituent of the nuclear lamina, with a fundamental role in maintaining the connection between 

nucleus and cytoskeleton (through LINC complex proteins interactions), and its alterations can be 

implicated in tumor progression.  

We investigated how nucleo-cytoskeleton dynamics is influenced by lamin A modulation in OS and 

EWS, demonstrating that both these cancer models had low levels of lamin A, which are linked to a 

significantly more marked nuclear misshaping. In our in vitro studies, reduced levels of lamin A 

promoted migratory abilities in these tumors. Moreover, these findings were corroborated by gene 

expression analyses on EWS patient samples, showing that LMNA levels were significantly lower in 

metastatic lesions compared to primary tumors and that patients with low LMNA had a significant 

worse overall survival. We also found that LMNA expression significantly impaired EWS metastases 

formation in vivo.  

We demonstrated that low lamin A expression was linked to a severe mislocalization of LINC 

complex proteins, thus disrupting nucleo-cytoskeleton interactions, with a corresponding gain in 

malignant properties, which resulted in increased invasiveness. Lamin A overexpression or its 

accumulation by a statin-based pharmacological treatment allowed us to reconstitute a functional 

nucleo-cytoskeleton interplay, which resulted in significant downmodulation of ROCK2 and YAP, 

two crucial drivers of EWS aggressiveness.  

Our study demonstrated that lamin A is a favorable mediator of nuclear shape stability in bone 

sarcomas, and its modulation rescues LINC complex protein localization and regulates mechano-

signaling pathways, thus promoting a less aggressive cancer phenotype. We also identified statins, 

already employed in clinical practice, as a tool capable to increase lamin A levels, and to reconstitute 

functional nucleo-cytoskeletal dynamics, resulting in reduced cellular migration. 
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CHAPTER I-BIOLOGY OF BONE SARCOMAS 

1. Bone sarcomas 
Primary bone sarcomas are defined as rare malignant tumors, representing less than 2% of all 

human neoplasms (1). They originate in bone tissues and constitute a highly heterogeneous tumor 

group, with osteosarcoma (OS), chondrosarcoma, and Ewing sarcoma (EWS), the most common 

types (1, 2).  

Bone sarcomas also belong to mesenchymal tumor family, deriving from a mesenchymal stem cell 

(MSC) (3). The MSC is able to differentiate in different tissues, including cartilage and bone (4). When 

an oncogenic event occurs during MSC differentiation, the risk of their malignant transformation is 

very high and can result in osteoblastic or chondroblastic cancerous cells (3). While the perturbation 

of MSC differentiation process is a well identified and characterized event, which sustains 

osteosarcoma and chondrosarcoma genesis, the origin of EWS remains elusive and controversial. 

This tumor is characterized by the expression of a fusion protein deriving from chromosomal 

translocation between EWSR1 (EWS breakpoint region 1) gene on chromosome 22 and a gene of 

ETS (E-twenty-six) family (most commonly FLI1, Friend leukemia virus integration1) (5). Different 

studies showed that ectopic expression of EWS-FLI1 in bone marrow-derived human MSC initiates 

transition to an EWS-like cellular phenotype (6) (7). However, the immature phenotype of EWS, 

along with its gene expression signatures and its predisposition to neural differentiation also suggest 

a possible origin from neural crest (8). Neural crest stem cells, like EWS cells, are highly invasive and 

during embryogenesis migrate to various tissues throughout the body (9). von Levetzow et al. 

showed that neural crest-derived stem cells are permissive for EWS-FLI1 expression and susceptible 

to EWS oncogenic transformation. Moreover, they demonstrated that EWS cells are genetically 

highly related to neural crest stem cells (8). Thus, EWS origin remains unclear with MSC and neural 

crest cells as the two major candidates.  

Bone sarcomas can also be divided in two major categories based on genetic characteristics. The 

first includes sarcomas with near-diploid karyotypes and simple genetic alterations, while the 

second comprises sarcomas with complex and unbalanced karyotypes, characterized by multiple 

genomic aberrations (1). For example, in OS more than 80 mutations in several genes have been 

identified (10), conversely in EWS cells, the presence of the same chromosomal translocation is the 

main driver alteration (5). 
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Although bone sarcomas often share the same localization, they represent a molecularly, genetically 

and histologically heterogeneous group of tumors. 

 

2. Osteosarcoma 
Osteosarcoma is the earliest identified cancer. It was found in a 77-million-year-old dinosaur specie 

and identified also in 1.7-million-year-old hominin fossil rediscovered in South Africa (11) (12). 

Despite osteosarcoma can be defined “a very ancient cancer”, the genetic alterations, oncogenic 

events and its evolutionary history, are poorly understood, thus limiting further improvements in 

genome-informed targeted therapy for this disease. 

 

2.1 Epidemiology and pathology 

Osteosarcoma is the most frequent bone cancer in children and adolescents, but it is classified as 

rare tumor as 800-900 new cases are diagnosed per year in the USA (12). OS is characterized by a 

bimodal age distribution, presenting the first peak of incidence during adolescence and the second 

peak in older adulthood. Most cases occur between 10 to 30 years of age, with a peak in the 10-14-

year-old age group, coinciding with the pubertal growth spurt. The second peak of incidence is in 

adults older than 65 years of age, often manifesting OS as secondary cancer or related to Paget’s 

disease (13). Generally, OS occurs in the metaphysis of long bones near the growth plates. The distal 

femur represents the most frequent site, followed by the proximal tibia and the proximal humerus 

(shoulder) (Figure 1) (14). 

The majority of patients present a localized disease, while about 20% of patients develop 

metastases. Metastases arise preferentially in lungs (74% of patients) but can occur also in bones. 

A small percentage of patients, about 8%, present both bone and lung metastases (15). 

Being OS a malignant neoplasm of the skeleton, patients present bone pain and localized swelling 

which lead to radiographic exams followed by biopsy to confirm the diagnosis (12).  

Depending on the extent of tumor invasion, OS can be subdivided into three categories: high-grade, 

intermediate-grade, and low-grade. The latest is limited to the bone surface, the intermediate-grade 

involves the periosteum, while the high-grade OS represents the fastest-growing and the most 

aggressive group characterized by the presence of metastases (16). 
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Figure 1: Radiographic image of OS lesion in the proximal tibia (12) 

 

Conventionally the term OS is used to refer to the high-grade tumor, the most frequent type, 

representing the 85% of all OS cases in childhood and adolescence (17). 

 

2.2 Heterogeneous genetic landscape 

OS is described as a very genomically complex disease and very few genetic alterations are common 

among OS cases (14). Currently, several syndromes, such as Li–Fraumeni, inherited retinoblastoma, 

RAPADILINO syndrome or Diamond–Blackfan anemia are considered as predisposing for OS 

development (18). 

Identifying common genetic characteristic in OS is complicated by the presence of two phenomena 

in this type of cancer: chromothripsis and kataegis (14). The term chromothripsis indicates a 

complex pattern of alternating genes copy number changes (normal, gain or loss) along the length 

of a chromosome or chromosome segment (19). It has been demonstrated that chromothripsis is a 

common oncogenic event in OS and involves several chromosomes, thus complicating the 

identification of common genetic abnormalities among OS cases (20). This phenomenon, which 

results in a new chromosome setting, is present in about 77% of OS cases (21).  In addition, the 

presence of kataegis (hypermutation in localized genomic regions) adds a further variable element 

in the identification of common genetic characteristics underlying OS development (22). However, 

several studies have identified some commonly altered genes during OS progression. Indeed, the 
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most frequent mutated genes in sporadic pediatric OS are TP (tumor protein) 53, RB 

(retinoblastoma) gene, MYC, and CDK (cyclin-dependent kinases) (23). 

OS patients present a gain of function mutation (R175H) in TP53 gene which results in centrosome 

amplification, aberrant mitosis, and reduced apoptosis pathway activation (24) (25). About 70% of 

OS cases present RB mutation, and it has been demonstrated that TP53 and RB mutations are 

sufficient to induce metastatic OS development in a murine model (26). These mutations also 

provide a fertile soil to DNA damage accumulation. MYC oncogene amplification, present in 10% of 

OS cases, contributes to metastases formation through the activation of MEK (mitogen-activated 

protein kinase kinase)-ERK (extracellular signal-regulated kinase) pathway and it is significantly 

upregulated in metastatic patients compared to primary samples, correlating with poor prognosis 

(27) (28) (29). CDK4 is another gene generally overexpressed in OS and linked to metastatic capacity 

and poor prognosis. Indeed, its inhibition results in decreased cell proliferation and migration 

abilities in OS cell lines (30). 

Regarding specific signaling pathways, OS do not present the frequent activating mutations in 

signaling genes normally observed in other cancers.  Indeed, whole-genome sequencing, whole-

exome sequencing and RNA sequencing analyses demonstrated heterogeneous aberrations in OS 

samples (14). These data showed a convergence of unique alteration in the activation of PI3K 

(phosphoinositide 3-kinases)-AKT-mTOR (mechanistic target of rapamycin) pathway, mainly due to 

PTEN (phosphatase and tensin homolog) inactivation (31). 

Moreover, epigenetic mechanisms play a role in promoting cancer development. Analyses of OS 

samples have demonstrated a significant gene hypermethylation compared to normal tissues. In 

particular, the hypermethylation of specific genes promotes apoptosis resistance and tumor 

progression (1). For example, the promoter hypermethylation of CDKN2A gene, which acts as tumor 

suppressor by regulating cell cycle, is linked to metastasis formation in OS (32). 

 

2.3 Prognosis and therapeutic approaches  

Newly diagnosed OS patients present metastatic disease in about 10-15% of cases. The 5-year 

survival rate is only 20% for patients with metastases or recurrent disease, while it is approximately 

60% among patients with localized tumor (33). Unfortunately, survival rate has not been improved 

during the last years and patients who develop osteosarcoma today receive treatment that is 

essentially unchanged since the 1970s (34). Indeed, the absence of common activating kinase 
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mutations present in other cancers, and the genome complexity make the development of new OS 

therapies really challenging. 

Standard therapies consist of surgical removal of tumor mass. Nearly 85% of patients undergoing 

resection have been able to keep their limbs since the year 2000 (35). The most common 

chemotherapy regimen consists of the use of the three specific agents: methotrexate, doxorubicin, 

and cisplatin (MAP protocol), administrated both before and after surgical resection. For older 

patients, the use of methotrexate is often omitted to avoid the higher rate of toxic effects. 

Combinations with other drugs, such as ifosfamide and etoposide, have been tested but adding 

more agents does not improve patient’s outcome (14). Several clinical trials have also demonstrated 

that the employment of ifosfamide and etoposide or gemcitabine and docetaxel can be effective in 

patients with unresectable or relapsed disease (36) (37) (38). 

As described above, sequencing analyses failed in selecting potential targets for anticancer targeted 

therapy (39). Being p53 the most frequently mutated protein in OS, several compounds have been 

tested in preclinical studies, but no drugs have been able to restore the function of mutated p53 

(40). The use of Cabozantinib, a vascular endothelial growth factor receptor (VEGFR) tyrosine kinase 

inhibitor that also possesses specific MET (mesenchymal-epithelial transition factor) receptor 

inhibitory activity, demonstrated cell growth inhibition in OS cell lines (41). The efficacy and safety 

of Cabozantinib have also been tested in a multicenter, single-arm phase 2 trial demonstrating anti-

tumor activity and well tolerability in patients (42). 

OS is defined as a sarcoma subtype that can potentially respond to immunotherapy, but data 

obtained with the use of this approach are not encouraging.  

The use of interferon alfa is being tested in OS patients who receive standard chemotherapy, but 

the 3-year event-free survival do not shown significant differences compared to control group 

(patients treated with only standard therapies) (43). However, long-term follow up is still in 

progress. Also, the addition of mifamurtide, an immune stimulant, to therapeutic protocol has not 

shown significant efficacy in ameliorating the overall survival rate and its use has not been approved 

by FDA (Food and Drug Administration) (44). Engineered antibodies have been also tested in OS.  

Being HER2 (human epidermal growth factor receptor) receptor overexpressed in some OS patients, 

an HER2 monoclonal antibody, combined with chemotherapy was tested in patients with metastatic 

disease but the use of trastuzumab (directed against HER2) did not show advantages compared to 

chemotherapy alone (45). The use of CAR (Chimeric Antigen Receptor)-T cells specific for molecules 

overexpressed in OS are currently under investigation (12). 
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The properties of OS microenvironment may be the cause of the failure of immune-based therapies 

in this type of cancer. Indeed, vascular abnormalities and alterations in tumor-associated 

macrophages constitute an unfavorable environment for T-cells infiltration (46) (47). 

To conclude, finding new therapeutic opportunities for OS patients still remains an open research 

field. 

 

3. Ewing sarcoma 
In 1920, James Ewing was the first to describe an unusual cancer in an adolescent as a “diffuse 

endothelioma of bone” during a meeting of the New York pathological society (48). 

For more than 70 years the diagnosis of this type of tumor remained difficult and often it had initially 

been diagnosed as an osteosarcoma. 

Only when the chromosomal translocation that drives the malignant transformation was identified, 

this type of tumor was unequivocally diagnosed as Ewing sarcoma (49). 

 

3.1 General features  

Ewing sarcoma is an aggressive bone (affecting predominantly femur, tibia, pelvis and ribs) and soft-

tissue (thoracic wall, pleural cavities, gluteal and cervical muscles) cancer (50). It represents the 

second most frequent bone cancer in childhood. Indeed, EWS affects mainly children and young 

adults with an incidence of 1 case per 1.5 million population that reaches the peak at 15 years of 

age, and a slight predilection for males (50). 

Histologically, EWS is characterized by a proliferation of uniform undifferentiated and monomorphic 

round cells with prominent nuclei and minimal cytoplasm (Figure 2). Cells present chromatin finely 

stippled, nucleoli are not observable, and usually deposits of glycogen are well visible in the 

cytoplasm (50). 

 

Figure 2: Histomorphology of Ewing sarcoma (50)  
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EWS patients present nonspecific symptoms such as localized intermittent mild pain which increases 

at night or after exercise. Pain sometimes can be also accompanied by swelling (51) . In a substantial 

number of patients, pain is followed by the appearance of a palpable soft-tissue mass. Moreover, 

10-15% of cases present a pathological fracture, and patients with advanced disease also manifest 

fever, weight loss, night sweats, and fatigue (51). Due to the presence of nonspecific clinical 

features, the diagnosis of EWS can be delayed, with the median time to diagnosis of 3–9 months 

(50). Diagnosis consists of histological, immunochemical and molecular analysis of biopsy sample or 

surgically resected tumor tissue (5). Immunochemistry evidences a strong and diffuse expression of 

CD99 in about 95% of EWS cases (50). CD99 is cell-surface glycoprotein with a central role in EWS 

mediating tumor differentiation, migration, invasion, and malignancy (52). Indeed, the absence of 

CD99 expression virtually excludes EWS diagnosis. Definitive diagnosis is performed by in situ 

hybridization or quantitative polymerase chain reaction analysis that identifie the presence of 

specific chromosomal translocation (EWS-FLI1) (5). 

 

3.2 Genetic alterations 

EWS is genetically well-characterized. This tumor presents the lowest mutational rates of all cancers, 

carrying a very low mutational load, with 0.15 mutations per megabase (53)  (54). The main driver 

alteration is one of different possible chromosomal translocation that leads to the fusion between 

EWSR1 and a gene encoding a member of ETS family (5). EWSR1 belongs to FET family RNA-binding 

proteins (encoded by FUS, EWSR1 and TAF15) involved in splicing and transcription processes (50). 

In vivo studies demonstrated that EWSR1 is implicated in meiosis, B-cells maturation, DNA repair, 

and hematopoietic stem-cell maturation (55). It has been also described the role of EWSR1 in 

maintaining neuronal structure and dopaminergic signaling (56). Instead, ETS family is a group of 

transcription factors which mediates cell proliferation and differentiation, cell-cycle regulation, 

angiogenesis and apoptosis (50). All members of this family present a DNA-binding domain, defined 

as ETS binding motif, which recognizes the consensus sequence 5’-GGAA/T-3’ DNA motif (5). In 

about the 85% of EWS cases the chromosomal translocation t(11;22)(q24;q12) is present, resulting 

in the fusion of EWSR1 to FLI1 and generating EWS-FLI1 fusion gene (49).  
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Figure 3: FET and ETS members involved in Ewing sarcoma pathogenesis (5) 

 

After chromosomal translocation, the portion of the 3′ ETS-binding domain of FLI1 that becomes 

fused to EWSR1 undergoes a conformational change, which allows it to activate a wider range of 

genes than wild-type FLI1 does (57) (58). Although most cases bear EWS-FLI1 chromosomal 

translocation, in about 1% of cases EWSR1 is substituted by FUS with the same effects on EWS 

phenotype and behavior (59) (60). Similarly, FLI1 can also be replaced by other ETS factors, such as 

FEV, ETV1, ERG, and E1AF (Figure 3) (5). 

Whatever it is the chromosomal translocation, the FET-ETS fusion gene always results in a chimeric 

peptide which acts as an aberrant transcription factor, promoting the expression of oncogenic 

factors and inhibiting several other genes (61). However, the majority of functional studies have 

been focused on the most representative chromosomal translocation, EWS-FLI1. The fusion gene is 

present at the beginning of the disease, and it is retained along the tumor evolution. It is 

fundamental for malignant transformation and its silencing leads to EWS cell lines growth arrest and 

tumor formation inability in mice (62) (63). On the contrary, when EWS-FLI1 is expressed in 

fibroblasts, it results in a EWS phenotype (64). EWS-FLI1 orchestrates multiple oncogenic hits and is 

defined the crucial driver of this pathology. It mediates epigenetic mechanisms, and promotes 

chromatin-remodeling, thus setting a new paradigm for oncogene-mediated epigenetic instruction 

of cell transformation. Indeed, EWS-FLI1 establishes new enhancer regions which causes the 

malignant transformation of permissive cells. The enhancer genome-wide signature observed in 
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EWS is unique and enriched in GGAA microsatellites (65) (66) (67). EWS–FLI1 can overcome the 

closed chromatin conformation of these GGAA microsatellites, allowing greater DNA accessibility to 

other transcription factors, chromatin modifiers and remodeling complexes (65) (67). In particular, 

a domain of EWSR1 fused to FLI1 can interact with BRG1–BRM-associated factor (BAF) chromatin-

remodeling complexes, recruiting BAF complexes at GGAA microsatellites. This recruitment 

regulates genomic architecture and DNA accessibility, establishing de novo enhancer elements that 

activate EWS transcriptional program (66) (67). 

Moreover, EWS-FLI1 mediates chromatin remodeling through the recruitment of specific enzymes 

which act on methylation and acetylation of specific lysine residues on histone 3, thus resulting in 

chromatin relaxation (65).  

The presence of the fusion gene is a necessary condition for EWS development, but other mutations 

can be identified in some EWS cases. They may include mutations of STAG2 (Cohesin subunit SA2) 

in 15–21% of cases and TP53 (detected in 5–7% of cases) genes, as well as a deletion of CDKN2A, a 

cyclin-dependent kinase that regulates cell proliferation, in 10–22% of cases (54). 

 

3.3 Metastasis  

The presence of metastases at diagnosis, in about 20-25% of patients, is the most adverse prognostic 

factor in EWS (68) (69). Metastatic sites are generally lungs, bones, and bone marrow. However, 

metastasis can also occur in liver, lymph nodes, and brain (68) (70). Several studies are now focusing 

on clarify the dynamics of metastatic processes, identifying molecular pathways related to EWS 

metastatic phenotype. Molecules, which are differently expressed in metastatic patients compared 

to patients with localized pathology, have been found. For example, high SIRT1 (NAD-dependent 

protein deacetylase sirtuin 1) expression was associated with EWS metastasis and poor prognosis 

(71). Transcriptomic analyses between primary tumors and metastatic ones have demonstrated that 

tyrosine-protein kinase transmembrane receptor ROR1 is a regulator of EWS metastatic potential, 

and its inactivation contributes in decreasing cell migration in vitro (72). ERBB4 (Erb-B2 Receptor 

Tyrosine Kinase 4) is also significantly more expressed in metastatic EWS samples compared to 

primary tumors and mediates the metastatic process regulating the activation of the 

phosphoinositide 3-kinase (PI3K)–AKT and FAK (focal adhesion kinase) pathways (73). Sechler et al. 

demonstrated that the overexpression of histone demethylase KDM3A (lysine demethylase 3A), and 

its downstream target MCAM (melanoma cell adhesion molecule), promotes EWS cell migration and 

metastasis in both in vitro and in vivo models (74). Moreover, EWS cells also overexpress proteins 
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such as MMP (matrix metalloproteinase)-2, MT1-MMP, and MMP-9, which are critical for tumor 

dissemination and metastasis (75). ROCK2, is another factor, whose high expression has been 

associated with in vitro EWS cell migration and anchorage‑independent growth capabilities (76). 

The zyxin-related protein thyroid receptor interacting protein 6 (TRIP6) is also overexpressed in EWS 

and has been identified as an oncogene that partially accounts for the autonomous migratory, 

invasive and proliferative properties of this tumor (77). Balestra et al. described the role of CD99 in 

repressing zyxin protein expression. This protein is a negative regulator of cell migration, survival 

and growth in anchorage-independent conditions and its inhibition, by high expression of CD99 in 

EWS, contributes to tumor cell growth and migration (78).  

The microenvironment also plays a role in metastatic processes. Indeed, MSCs can migrate to the 

lungs and differentiate into endothelial cells and pericytes, promoting tumor blood vessel formation 

to support metastasis (79). Additionally, cell stresses, such as hypoxia or growth factors privation 

can promote CXCR4 (chemokine receptor type 4) chemokine receptor upregulation, resulting in 

increased migration and invasion of EWS cells (80). 

Other studies explored whether the presence of EWS-FLI1, directly modulates tumor cell features 

that supporting metastasis, such as cell adhesion and cell migration. Chaturvedi et al. proposed a 

‘passive/stochastic metastasis model’ in which the loss of cell adhesion needed to promote tumor 

cell dissemination might be induced by the EWS-FLI oncogene itself. The authors show that EWS-

FLI1 expression loosens cell adhesion, and they therefore propose that poorly attached EWS cells 

passively disseminate in the circulation (81). EWS-FLI1 can also directly mediate the 

autophosphorylation of FAK, resulting in enhanced focal adhesion formation and Rho-dependent 

cell migration in vitro (82).  

However, the role of EWS-FLI1 in metastatic processes is complicated by the fact the EWS cells 

present variable expression levels of this fusion gene. In this model, cells with high expression of 

EWS1–FLI1 (EWSR–FLI1high) are the major population; they are responsible for its proliferation 

behavior, and display high cell–cell adhesion tendency. A small number of EWS cells present low 

expression of EWS-FLI1 (EWS1–FLI1low) and can acquire a mesenchymal-like phenotype, interact 

with matrix molecules and metastasize. Hence EWS-FLI1high cells proliferate, EWS-FLI1low cells are 

migratory and invasive (83). Cells variation due to the expression level of EWS-FLI1 may constitute 

a critical component of the metastatic process. Katschnig et al. provided a mechanistic basis for 

spontaneous fluctuations in EWS-FLI1 levels and the linked EWS-FLI1-dependent reversible 

cytoskeletal reprogramming of EWS cells. They demonstrated that EWS-FLI1 suppresses the Rho-
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actin pathway by perturbation of a MRTFB (Myocardin Related Transcription Factor B)/YAP (Yes 

Associated Protein)-1/TEAD (TEA domain family member 1) transcriptional module, which directly 

affects the actin-autoregulatory feedback loop, thus orchestrating key steps of the EWS migratory 

gene expression program (84).  A recent study also showed that expression levels of TAZ, a co-

activator of TEAD, are upregulated in the migratory EWS-FLI1low state (migratory state) and 

associated with adverse prognosis in EWS patients (85).  

 

3.4 Prognosis, conventional and experimental therapeutic strategies 
The presence of metastasis at the diagnosis remains the worst prognosis factor. Indeed, the current 

therapeutic strategies allowed to obtain a 5-year overall survival of ~70-80% in patients with 

localized disease, while the 5-year overall survival for patients with metastasis is significantly lower 

(< 30%) (69) (50). In absence of metastasis, other factors contribute to prognosis. For example, the 

tumor site is the major prognostic factor in patients with localized tumor. Patients with primary 

tumors in the pelvis and sacrum have worse clinical evolution than patients with tumors in distal 

sites (68) (86). Other clinical factors linked to unfavorable outcome are a large primary lesion, older 

age at diagnosis, and increased levels of LDH (lactate serum dehydrogenase) (87) (68). 

Current management consists of local approach (surgery and radiotherapy) and intensive induction 

chemotherapy, which includes doxorubicin, vincristine, etoposide, cyclophosphamide, and 

ifosfamide (at interval of 21-28 days) to target primary tumors (88) (89). Therapeutic protocol’s 

variations have been also evaluated. The US Children’s Oncology Group demonstrated that 

shortening intervals between doses is more effective and it is associated with fewer collateral 

effects (90) (91). European centers have also developed a protocol which adds a consolidation 

treatment with high-dose of busulfan or melphalan plus autologous stem cell rescue and total-lung 

irradiation. This intensive approach is feasible and long-term survival is achievable in ∼50% of 

patients  (89). 

EWS metastatic patients are treated with the same clinical approach used for the care of patients 

with primary tumor, but several preclinical and clinical studies are currently investigating new 

approaches to meliorate their outcomes. 

A randomized phase III clinical trial is evaluating how the combination of chemotherapy with or 

without ganitumab, that block the IGF (insulin growth factor)-1R pathway, works in treating patients 

with newly diagnosed metastatic EWS (NCT02306161, ClicalTrials.gov). Treatment with drugs, such 

as ganitumab, may interfere with the ability of tumor cells to grow and spread. Moreover, a phase 
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2 study is now recruiting EWS metastatic patients to test the effects of BIO-11006 (a ten-amino acid 

peptide aerosolized dual inhibitor of mucus hypersecretion and pulmonary inflammation) in 

combination with gemcitabine and docetaxel for the treatment of lung metastases in pediatric 

patients (NCT04183062, ClicalTrials.gov). 

Targeted therapy can be also considered to tune more effective therapeutic strategies. Although 

the obvious approach could be the direct targeting of EWS-FLI1 fusion protein, the absence of its 

any enzymatic activity makes very difficult this strategy. However, the use of YK-4-279 was able to 

reduce EWS cell proliferation in vitro and in xenografts (92). This molecule is a small inhibitor that 

prevents the binding of EWS-FLI1 to RNA helicase A, a crucial component of transcriptional program 

(50). Preclinical studies with PARP (poly (ADP-ribose) polymerase) inhibitors had showed promising 

results in EWS models, but the results of clinical trials were disappointing (93) (94).  

Targeting CD99 is an attractive strategy in EWS, due to its very high expression in this tumor. CD99 

stimulation by monoclonal antibodies activates a non-canonical apoptosis pathway, leading to 

hyperstimulation of macropinocytosis and selective death of EWS cells (95). Celik et al. 

demonstrated that the use of clofarabine, which directly binds CD99 molecule, is effective in 

inhibiting growth of three different EWS xenografts (96). Moreover, a recent study showed that the 

use of the YAP/TAZ/TEAD complex inhibitor verteporfin results in decreased EWS cell migration in 

vitro and reduction of metastasis formation in vivo (97). 

Although several therapeutic approaches are now under investigation, the cure of metastatic 

disease still remains a challenge. 
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CHAPTER II -CELL NUCLEUS 

1. Cell nucleus organization and dynamic 
The cell nucleus was described as a central “clear area” in salmon blood cells by Antonie van 

Leeuwenhoek, for the first time in the seventeenth century. A more detailed description was then 

provided by the botanist Robert Brown, who first introduced the concept of nucleated cells as the 

structural unit in plants. Today, this organelle is recognized as fundamental for several cellular 

functions and it is identified as a crucial player in cancer initiation and progression (98). 

1.1 Structural features of nuclear membrane 

The cell nucleus is highly organized and compartmentalized organelle. It is surrounded by a double 

membrane which constitutes the nuclear envelope (NE) and physically separates the nuclear interior 

from the cytoplasm. The nuclear interior contains chromatin, the nucleolus, subnuclear structures 

such as nuclear speckles and Cajal bodies (99-101).  

The NE protects the genome and controls the gene expression, regulating the import of 

transcription factors to the nucleus and the RNA release from it (102).  

It is composed of two phospholipids bilayers, the inner nuclear membrane (INM) and the outer 

nuclear membrane (ONM), that are divided by an intermembrane space (~30-50 nm) and are fused 

at hundreds of specific sites linked to the multiprotein nuclear pore complexes, controlling the 

nuclear transport of high molecular weight macromolecules (103). 

More than 250 proteins are identified as constitutive of the nuclear membrane (104).  At least 70-

100 specific proteins are located at the INM, such as emerin, LAP2, the lamin B receptor (LBR), MAN1 

(LEM) family proteins, and the Sad1p/UNC-84 (SUN) proteins (105) (106). SUN protein can interact 

with nucleoplasmic protein (e.g. lamins in the nuclear lamina) on one side and with ONM proteins 

on the other side, thus linking nucleoskeleton and cytoskeleton (107).  
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Figure 4: Nuclear membrane composition (106) 

The ONM is continuous with the endoplasmic reticulum and its surface is scattered with ribosomes, 

and it is composed of specific nuclear proteins. In mammals, the most important ONM family 

proteins is represented by the KASH (Klarsicht/ANC-1/Syne homologue)-domain-containing 

nesprins, which are directly or indirectly connected to cytoskeletal components (98). Moreover, 

beneath the INM, a dense network of proteins constitutes the nuclear lamina mainly formed by 

lamins. 

 

1.2 Structure and functions of nuclear lamins 

In mammals, nuclear lamins exist in different isoforms. They are subdivided in A-type lamins and B-

type lamins, that are the product of two different genes. LMNA gene encodes, via alternative 

splicing, the predominant isoforms lamin A and lamin C, a minor isoform lamin A 10, and a germ-

cell specific isoform (lamin C2). Instead, B-type lamins include the lamin B1 and B2, encoded by 

LMNB1 and LMNB2 genes, respectively (108). 

Both A- and B-type lamins are mainly localized at the nuclear lamina (underlying the INM) of which 

they represent the most abundant component (109). However, they are also found in the 

nucleoplasm where they have a role in spatial chromatin organization through the dynamic binding 
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to specific genomic regions and promoter subdomains, thereby affecting epigenetic pathways and 

chromatin accessibility (110). 

Moreover, lamin isoforms present a cell type-specific expression. Indeed, although most cells 

express A- and B-type lamins, there are some exceptions, such as blood cells (B ad T cells) which 

express only B-type lamins. Several studies have also demonstrated that the adult brain 

preferentially expresses lamin C rather than lamin A (111). 

All nuclear lamins belong to class V of intermediate filaments with which share the structural 

organization (112). 

Like all intermediate filaments proteins, lamins are composed of a central coiled coil (rod) domain 

which consists of four -helical subdomains (1A, 1B, 2A, 2B) connected by flexible regions (113). The 

N-terminal domain (head) and the C-terminal domain (tail) contain lamin-specific motifs. The tail 

includes a nuclear localization signal (NLS), an immunoglobulin (Ig) fold domain, and a C-terminal 

CaaX (C:cysteine; a: aliphatic amino acid; X: any amino acid) specific sequence. CaaX motif is present 

in A and B-type lamins but it is absent in lamin C isoform (114).  

 

 

Figure 5: Organization of lamin domains (114) 

 

To obtain the mature form of lamin A protein, the precursor undergoes to specific posttranslational 

modifications which mainly involve the C-terminal CaaX motif. Firstly, the cysteine residue is 

farnesylated, and then the –aaX residues are proteolytically removed from lamin A precursor 

(prelamin A) by the zinc metalloprotease ZMPSTE24 and from prelamin B1 and prelamin B2 by the 

endopeptidase Rce1. The CaaX motif processing is completed by the isoprenyl 

carboxymethyltransferase which methylates the farnesylated cysteine residue (109) (115). While 

the B-type lamins remain permanently farnesylated, the protease ZMPSTE24/FACE1 removes the 

terminal 15 amino acids (including the farnesyl-cysteine residue) from prelamin A to release the 

mature and shorter lamin A protein (116). A recent study demonstrated how lamin proteins are 

structured in their native microenvironment. Cryo-electron tomography analysis in mouse 

embryonic fibroblasts showed that A- and B-type lamins assemble into tetrameric filaments of 
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3.5 nm thickness with a length of 380 nm. Thus, lamins exhibit a structure that is remarkably 

different from the other canonical cytoskeletal elements (117). These filaments are located 

immediately beneath the INM and their basic building blocks are coiled-coil dimers disposed in 

parallel and in register (118). 

Lamins functions comprise defining nuclear shape, mechano-signaling, participating in stress 

responses, organizing spatial disposition within the nucleus, controlling gene expression, regulating 

DNA replication and repair, contributing to cell cycle progression, and tethering chromatin (119). In 

particular, the heterochromatin localized adjacent to the nuclear lamina contains lamina associated 

domain (LAD) that interacts with nuclear lamins and other proteins of NE. LADs are enriched in low 

gene density and activity, and histone marks characteristics of heterochromatin, such as histone 3 

lysine (H3K)9 methylation(me)2, H3K9me3, and H3K27me3 (120) (121).  

Lamins present two domains that interact with chromatin, one is located in the tail region between 

the rod domain and the Ig domain, and the other is inside the rod domain (122) (123). Lamin 

expression levels perturbations often result in heterochromatic changes, like decreased levels of the 

heterochromatin histone markers H3K9me3 and H3K27me3, and increased levels of H4K20me3 

(124). 

How each lamin isoform contributes to LAD organization and regulation is still under debate. 

Chromatin immunoprecipitation and sequencing analysis in HeLa cells revealed particular LAD 

regions that are specific to lamin A or lamin B (125). Moreover, studies in mammalian cells 

demonstrated that the depletion of A-type lamins in differentiated cells is able to perturb LAD 

organization despite the presence of B-type lamins (126) (109). 

However, the most known role of nuclear lamins is to provide shape and mechanical stability to the 

nucleus and the cell itself. The stoichiometric ratio of A- to B-type lamins is fundamental to regulate 

nuclear stiffness. It is proposed that lamin A acts as a highly viscous fluid that prevents nuclear 

deformation, while lamin B behaves as an elastic wall which tries to reestablish the original profile 

of nuclear shape following deformation stimuli (127). Stiffened nuclei, due to high levels of lamin 

proteins, are able to impair cell migration of hematopoietic cells and cancer cells (128) (129); on the 

contrary, depleted or low levels of lamin A can cause frequent nuclei ruptures and subsequent 

genomic instability (130). 

The role of lamins, in particular lamin A, in maintaining nuclear shape is well established. Indeed, 

fibroblasts without A-type lamins show severe nuclear irregularities and a loss of nuclear circularity 
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(131). LMNA mutations result in nuclear shape anomalies, such as invagination of NE and nuclear 

blebs formation in human cells (132).  

Also, B-type lamins play a role in the maintaining of nuclear structure stability. If they are silenced, 

the develop of small fragile nuclei, having functional nuclear pore complexes, takes place but these 

cells are not able to replicate their DNA, resulting in cell death (133). 

Lamins can also indirectly influence nuclear stiffness through their downstream effects on 

chromatin, whose distribution can influence nuclear stiffness. The binding of heterochromatin to 

the nuclear lamina is known to contribute to nuclear stiffness, and the loss of lamins results in the 

detachment of this heterochromatin to the nuclear lamina. This is demonstrated in Hutchinson-

Gilford Progeria syndrome where the presence of a mutant lamin A results in aberrant connection 

between peripheral heterochromatin and the nuclear lamina, leading to heterochromatin 

disposition throughout all the nucleus and softer chromatin which impair nuclear stiffness (134) 

(135) (136). 

Moreover, lamin A also influences the perinuclear cytoskeletal distribution and stability. For 

example, the loss of A-type lamins prevents the formation of F-actin caps, making the cell nuclei 

much more sensitive to stretch induced by deformation (137). 

 

1.3 Nucleo-cytoskeletal coupling 

Lamins also play a fundamental role in mechano-transduction physically interacting with LINC (linker 

of nucleoskeleton and cytoskeleton) complex components (109). Conserved interactions between 

the SUN and KASH protein families (the main constituents of LINC complex), one anchored to the 

inner and the other to the outer NM, revealed that the nuclear membranes are physically coupled 

(138). 

SUN proteins exist in five isoforms, with SUN1 and SUN2 that have partial functional redundancy in 

several cellular processes, assembling in oligomers to perform their functions in the NE (139). SUN1 

and SUN2 are the most widely expressed mammalian SUN proteins, while SUN3, SUN4 and SUN5 

are expressed only in testis-specific cells. However, all SUN isoforms are extended in the space 

between the INM and the ONM (i.e. the perinuclear space), where they interact with the KASH 

domain (140). A large SUN coiled-coil region spans the NE and reaches the INM where these proteins 

are anchored. Indeed, their N-terminal domain resides within the nucleoplasm, where interacts with 

A-type lamins, chromatin, and other INM proteins (141). 
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KASH proteins include nesprins, a protein family composed of four members (nesprins 1-4) (142). 

Giant nesprins (nesprin-1 and nesprin-2) are the largest isoforms, having a size of ~ 976 kDa and ~ 

764 kDa, respectively, and contain the N-terminal calponin homology (CH) domain responsible for 

F-actin binding (143). They are composed of a spectrin-repeat-containing N-terminal domain that 

protrudes from the ONM to the cytoplasm, where interacts with cytoskeleton elements, such as F-

actin, microtubule and intermediate filaments (144). Within the perinuclear space of the NE, 

nesprins interact with SUN proteins through their KASH domain, stabilizing their interaction with 

the INM (145). 

The LINC complex contributes in regulating nuclear shape and positioning, and meiotic chromosome 

movements (146). Arsenovic et al. demonstrated that nesprin-2 giant (nesprin-2G) can sense 

myosin-dependent cellular tension to alter the nuclear shape, and it has been shown that the NE-

actin binding can affect centrosome and meiotic chromosome positioning to control cell division 

and replication (147). LINC complex seems to be also involved in DNA repair mechanisms as 

demonstrated in mouse embryonic fibroblasts. SUN1/2 genes knockdown leads to accumulation of 

DNA damage with consequent increased genome instability, and compromised DNA repair 

mechanisms (148). 

Moreover, LINC complex is implicated in mechano-transduction. Through its interaction with 

cytoskeletal components, it can mediate the transmission of mechanical stimuli from the 

extracellular matrix to the nucleus, resulting in chromatin reorganization and gene expression 

regulation (149) (150). This reorganization can also modulate epigenetic mechanisms which controls 

cell differentiation. For example, several evidence identified the LINC complex as a crucial factor 

involved in MSC fate decision and phenotypic commitment (149). Indeed, nesprin-1 is required for 

a correct nucleus positioning and myotube formation, playing a role in MSC myogenic differentiation 

(151). The interactions between LINC complex and cytoskeletal elements are also central in cell 

migration. It has been demonstrated that the connection with the contractile actin cap plays a 

central role in fibroblasts 3D cell migration by promoting the formation of protrusions and by 

actively compressing the nucleus (152).  

 

1.4 Alteration of nuclear composition and cancer progression 

Historically, lamins have been described exclusively as structural proteins implicated in rare genetic 

disorders called laminopathies. More than 450 mutations have been identified in the LMNA gene 

associated with more than 15 syndromes (153) (154). Due to their phenotypic characteristics, 
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laminopathies are classified in five groups including muscular dystrophies, neuropathies, 

cardiomyopathies, lipodystrophies, and progeroid syndromes (155). However, several studies in the 

last two decades demonstrated the role of lamin proteins in influencing chromatin organization and 

gene expression, and their involvement in specific cellular signaling, as mechano-transduction 

events (156) (157). These evidences have allowed to highlight the possible role of lamins in the 

oncogenic processes.  

Indeed, malignant cells often present specific differences in nuclear architecture, compared with 

normal cells. Tumor cells have misshaped and increased size of cell nucleus, and present alterations 

in NE composition and in the spatial arrangement of both chromosomes and chromatin (158) (159). 

It has been demonstrated that variations in the expression levels of structural proteins of the 

nuclear lamina are responsible for the acquisition of different and pathological nuclear 

characteristics by cancer cells. Alterations of lamin A expression levels have been detected in various 

cancer types, but there is not a general pattern to describe these changes during malignant 

transformation. For example, lamin A/C is downregulated in lymphoma, leukemia, breast and 

endometrial cancer samples (160) (161) (162), while an increase in lamin A/C protein expression 

levels has been observed in prostate cancer, ovarian and squamous cell carcinoma (163) (164). 

Moreover, the expression of lamin A can be considered as a prognostic factor in some cancers. 

Indeed, the absence of lamin A correlates with increased risk of recurrence in patients with stage II 

and III colon cancer and is associated to a worse prognosis in the early stages of breast carcinoma 

(165) (166). On the contrary, the overexpression of lamin A is correlated with a reduced overall 

survival in patients affected by glioblastoma multiforme (167). The expression levels of lamin A/C 

can also be different within tumor subtypes and associated to specific phenotypic characteristics. 

For example, small cell lung carcinomas present a strong expression of lamin A/C, while this protein 

is low/absent in non-small cell lung carcinomas (162). 

The importance of lamin A levels in in vivo cell migration is further exemplified in neutrophils that 

downregulate lamin A expression during their differentiation processes to acquire nuclear 

deformability which is critical for the passage through narrow capillaries less than one-fifth of the 

cell diameter (168). In particular, the decrease of lamin A in the nuclear lamina results in more 

deformable and plastic nuclei that undergo to remarkable deformation, promoting the passage of 

cells through the basement membrane or 3D interstitial tissue, leading to the propagation of cancer 

cells and consequent metastases formation (169) (170). Indeed, during metastatic process, cancer 

cells have to squeeze through the constriction formed by the extracellular matrix and to pass tight 
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interstitial spaces (2 μm in diameter), which are substantially smaller than the size of the nucleus, 

and then disseminate in the vascular or lymphatic systems (171) (172). The main obstacle to cell 

deformation is represented by the nuclear stiffness, and the absence of lamin A can confer an 

advantage to cancer cells (173). Indeed, several studies demonstrated that highly metastatic cells 

have more deformable nuclei due to the absence of lamin A. Bell et al. demonstrated that the low 

levels of lamin A/C lead to increased nuclear deformability enhancing cell migration in breast cancer 

cells (174). The downregulation of lamin A has also a crucial role in metastases formation in the 

pulmonary adenocarcinoma cells and in the metastatization of osteosarcoma cells (175) (176). 

As described above, lamin A can also modulate cytoplasmic stiffness and whole-cell mechanics 

through its interaction with LINC complex (177). It has been demonstrated that the expression of 

LMNA scales with tissue stiffness and cancer cell sensitivity to mechanical stress is related to LMNA 

levels (178) (127). 

Lamins and associated LINC complex proteins play crucial roles in organizing cytoskeletal 

components, dynamics, and polarity, which are fundamental for cell migration. Damage of nucleo-

cytoskeletal coupling by the absence of lamin A or altered composition/localization of NE proteins 

results in altered organization of cytoskeletal networks and impaired cell polarization and 2D cell 

migration, although effects on migration are various in different cellular models (reviewed in (178)). 

A global loss of NE proteins has been described in breast cancer cells and identified as a fundamental 

pathological player in breast cancer progression (179). Moreover, the loss of emerin, a ubiquitously 

expressed integral INM protein which interacts with lamins and LINC complex, is responsible for 

nuclear structural defects required for increased cell migration of breast cancer cells (180). The 

mislocalization of emerin, caused by lamin A downregulation, also discriminates cancer from benign 

tissue and correlates with disease progression in a prostate cancer cohort (181). 

Moreover, the NE plays a fundamental role in protecting the genome, and the loss of its integrity 

could cause DNA damage. NE ruptures can allow uncontrolled content exchange between nucleus 

and cytoplasm, thus promoting DNA damage which results in genomic instability of cancer cells 

(182) (183) (184). In particular, lamin A influences the ability of cells to repair DNA damage, 

regulating p53-binding protein-1 (53BP1), a DNA repair protein and potential tumor suppressor 

(185). It has been demonstrated that both mouse and human fibroblasts show reduced 53BP1 

stability upon lamin A loss, resulting in impaired DNA reparation (186) (187). 

Finally, current data demonstrate that lamins and NE proteins can fill a very crucial role in malignant 

cell transformation, regulating cellular processes fundamental for cancer progression.
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PhD THESIS’S AIM  

A-type lamins are the main constituent of the nuclear lamina and are emerging as signaling hub able 

to biochemically transduce a physical stimulus from the extracellular matrix into the nucleus, 

affecting chromatin organization and controlling downstream effectors (188). Through their 

interactions with LINC complex components, they physically couple cytoskeleton and 

nucleoskeleton, maintain nuclear architecture, and are crucial in cell mechano-sensitivity, regulating 

nucleo-cytoskeletal dynamics (109). Changes in lamin A/C levels are often associated with poor 

prognosis in multiple human cancers (160). Indeed, the nuclear envelope, including A type lamins, 

influences cellular migratory capacities of cells, regulating the interplay between cytoskeletal 

signaling and chromatin remodeling. 

The aim of this PhD project was to evaluate lamin A role in osteosarcoma and Ewing sarcoma, the 

two most common primary bone tumors. They are developmental, very aggressive tumors with an 

urgent need of novel therapeutic strategies to counteract metastases (1). Indeed, presence of 

metastases is the major criticism in the treatment of OS and EWS. Being the prognosis of patients 

with metastatic disease still dismal, novel strategies are required against these very complex 

diseases to control migration and dissemination of tumor cells. We identified the modulation of 

lamin A and the reconstitution of the functional nucleo-cytoskeletal dynamics such as one of these 

possible strategies. In particular, lamin A is required to maintain a correct nuclear envelope 

composition and high lamin A levels contribute to maintain the rigidity of nuclear envelope, thus 

limiting cell migration (189). Moreover, changes in the shape of cell nuclei are a frequent 

consequence of malignant transformation (158). Based on these findings, we wanted to evaluate 

lamin A expression levels in OS and EWS settings, analyzing its downstream effectors modulation, 

mechano-signaling events, and their impact on cellular differentiation, malignancy and migration 

capacity both in in vitro and in vivo models. Our hypothesis is that low levels of lamin A mediate 

nuclear envelope instability, altering the nucleo-cytoskeletal dynamics, and thus enhancing cancer 

cells growth and metastasis dissemination. We propose that drugs able to modulate prelamin A and 

lamin A levels, such as statins, may reverse this condition and may reprogram gene expression 

towards a more differentiated and less invasive and aggressive phenotype. 
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1. Cell cultures  
Human osteosarcoma cell lines HOS, 143B, MG63, SaOS2, U2OS were obtained from Deutsche 

Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig, Germany). 

Adipose-derived Stem Cells (ADSCs) were acquired from Thermo Fisher Scientific and cultured in 

Complete MesenPro RS medium (Gibco, Thermo Fisher Scientific). 

We also employed EWS cell lines (i.e. A-673, LAP-35, TC-71). LAP-35 cells were immortalized in the 

Experimental Oncology Laboratory, Rizzoli Orthopedic Institute of Bologna (190). 

OS cell lines were cultured in DMEM (1 mg/mL glucose, Gibco, Thermo Fisher Scientific) while for 

EWS cell line we used IMDM (Iscove’ Modified Dulbecco’s Medium), supplemented with 10% fetal 

bovine serum (FBS, Life Technologies), 2mM l-glutamine, 100 U/mL penicillin and 100 μg/mL 

streptomycin (Sigma-Aldrich). All cell lines were incubated at 37 °C in a humidified atmosphere of 

5% CO2. 

2. Chemicals 
We employed Mevinolin (Sigma Aldrich), an inhibitor of the hydroxymethyl-glutaryl-synthase, an 

enzyme essential for the farnesylation of prelamin A. OS and EWS cells were treated at 2.5, 5 10, 15 

or 20 µM and cellular effects were evaluated at different time points. 

3. Cell Proliferation 
Cytotoxic effects and cell viability after mevinolin treatment in OS cell lines were determined using 

MTT cell (3-(4,5-Dimethylthythiazol-2-yl)-2,5-diphenyltetrazolium bromide) proliferation kit (Roche 

Diagnostics), following manufacturer’s instructions. 

4. Annexin V-FITC/PI Staining 
We employed the Annexin V-FITC Apoptosis Detection kit (eBioscience, Thermo Fisher Scientific) to 

perform apoptosis analysis in OS cells according to manufacturer’s instructions. Analyses were 

assessed using a FC500 flow cytometer (Beckman Coulter) equipped with the appropriate software 

(version 2.2, CXP, Beckman Coulter). At least 10.000 events for sample were acquired. 
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5. Cell differentiation 
We performed several cell differentiation experiments. ADSCs were differentiated toward the 

osteogenic lineage by seeding cells at low density and changing the culture medium after 2 days 

with Complete STEMPRO Osteogenesis Differentiation Medium (Gibco, Thermo Fisher Scientific). 

We also stimulated osteoblast’s differentiation of primary osteoblasts from healthy donors by 

BioLaM biobank (IOR CE approval 0018259-01-13, issued on 05/09/2016). These cells were cultured 

with osteogenic medium containing 10% FBS, 1% penicillin and streptomycin, 50 μg/mL of ascorbic 

acid, and 10 mM β-glycerophosphate, changing the medium every 3 days. We confirmed osteogenic 

differentiation by Alizarin Red Staining assay. Cells were fixed with neutral buffered formalin (10%) 

for 10 min, then cells were rinsed with PBS and stained with 0.5% Alizarin Red staining solution 

(Sigma-Aldrich, St. Louis, MO, USA) (pH 4.2) for 10 min at room temperature. Finally, the mineralized 

nodules were imaged by a scanner. 

We also differentiated TC-71 cells toward the neural lineage, by seeding cells at low density in IMDM 

with 1%FBS for 72 hours. 

6. qRT-PCR 
RNA extraction was performed using the RNeasy Mini Kit (Qiagen), following the manufacturer’s 

instructions. High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) was employed 

to obtain the c-DNA. Quantitative gene expression was assessed employing the TaqMan® Gene 

Expression Master Mix, using the QuantStudio1 Real-Time PCR (Thermo Fisher Scientific). GAPDH or 

RNA 18S ribosomal 1 gene were used as internal control genes. To assess the amount of interest 

genes the following probes were employed: alkaline phosphatase (ALPL) probe 

(Hs.PT.56a.40555206) from Roche Diagnostics (Basel, Switzerland), LMNA probe (Hs.01108900_g1), 

RUNX2 (Hs.00231692_m1), nestin (Hs.PT.58.1185097), SOX2 (Hs.PT.58.237897.g), Connective 

Tissue Growth Factor (CTGF) (Hs00170014), Cysteine Rich Angiogenic Inducer 61 (CYR61) 

(Hs00155479), Neurofilament H (NEF-H) (Hs00606024) and β3-tubulin (Hs.PT.58.20385221). All of 

these were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

Results were expressed as 2−ΔCt (ΔCt = CT gene of interest − CT internal control) to compare the 

relative gene expression among samples, and as 2−ΔΔCt (ΔΔCt = ((CT gene of interest − CT internal 

control) sample − (CT gene of interest − CT internal control) universal)) to compare gene expression 

of the treated (or silenced/overexpressed) cell lines with that of untreated (or empty) control.  
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7. Western blotting 
Western blotting analyses were performed using a standard method. OS and EWS cells were lysed 

in RIPA lysis buffer (containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM 

EGTA1, % NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM, b-

glycerophosphate 1 mM, Na3VO4, 0.1% SDS) plus protease inhibitors, and then sonicated. We 

recovered protein fractions by centrifugation at 13,000× g, 4 °C, for 10 min. We loaded and resolved 

20-30 μg of proteins by SDS– PAGE, employing Criterion TGX polyacrylamide gels (Bio-Rad).  

For samples preparation, sample buffer with β-mercaptoethanol was added to the proteins, and the 

samples were then heated to 95°C for five minutes. Each sample was pipetted into its own pocket 

in the gel, which was previously immersed in running buffer (25mM Tris base, 190mM glycine, 0.1% 

SDS) in the electrophoresis apparatus. Proteins were separated applying to the electrophoretic 

apparatus a voltage of 100 V and 125 mA. 

Proteins were transferred into a nitrocellulose membrane using Trans-blot Turbo apparatus (Bio-

Rad, Hercules, CA, USA) and immunoblotted.  

Antibody Product code Company Application Species 

LAMIN A/C #4777 CST WB, ICC Mouse 

GAPDH #5174 CST WB Rabbit 

ROCK2 PA5-78290 Invitrogen WB Rabbit 

-ACTIN #4970 CST WB Rabbit 

SUN1 HPA008346 Sigma-Aldrich WB, ICC Rabbit 

SUN2 HPA001209 Sigma-Aldrich WB, ICC Rabbit 

EMERIN #30853 CST WB, ICC Rabbit 

NESPRIN2 G #IQ562 IMMUQUEST ICC Mouse 

PRELAMIN A MABT858 Merck Millipore WB Mouse 

YAP #14074 CST WB, ICC Rabbit 

Phospho-YAP #13008 CST WB Rabbit 

MYC #18583 CST WB Rabbit 

3-TUBULIN T5076 Sigma-Aldrich ICC Mouse 

NEUROFILAMENT-
H 

#2836 CST WB, ICC Mouse 

 

Table 1: List of antibodies employed 
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Membrane was washed with PBS/Tween-20 (PBS/T) 1X and saturated for 1 hour at room 

temperature with 5% non-fat milk diluted in PBS/T. After three washes with PBS-T, the membrane 

was incubated overnight with primary antibodies (listed in Table 1) diluted in 5% of BSA in PBS/T at 

4 C°. 

The next day the membrane was washed with PBS/T and incubated with the appropriate secondary 

antibodies diluted in PBS/T. Secondary antibodies were conjugated to horseradish peroxidase. 

The detection of the bands of interest was carried out with the ChemiDoc-It®2Imager digital system 

(UVP), using the Cyanagen Westar ECL western blotting detection reagent. Densitometric analyses 

were performed with the appropriate software. 

8. Immunofluorescence and confocal analyses 
To determine the expression and subcellular localization of the proteins of interest, OS and EWS 

cells were seeded on coverslips in 12-well and then fixed with cold methanol (100%) or 

paraformaldehyde 4% (in this case a permeabilization step with methanol/triton X-100 was 

performed) in PBS for 8 minutes. TC-71 cells were seeded on fibronectin-coated coverslips. 

Cells were blocked with 3% BSA in PBS solution for 1 h. The incubation with primary antibodies (see 

Table 1) diluted in 3% BSA-containing PBS were performed overnight at 4 °C and revealed by using 

secondary antibodies from Thermo Fisher after an incubation for 1 hour at room temperature. 

Samples were mounted with a DAPI-containing anti-fade reagent (Molecular Probes, Thermo Fisher) 

and observed with a Nikon Eclipse Ni epifluorescence microscope. The images were detected with 

NIS-Elements 4.3 AR software and processed using Photoshop CS6 (Adobe Systems, Inc., San Jose, 

CA, USA). 

We also used a Leica TCS-SP8X laser-scanning confocal microscope (Leica Microsystems, Mannheim, 

Germany) equipped with tunable white light laser (WLL) source, 405 nm diode laser, 3 Internal 

Spectral Detector Channels (PMT), and 2 Internal Spectral Detector Channels (HyD) GaAsP. 

Sequential confocal images were acquired using an HCPLAPO 63x oil-immersion objective (1.40 

numerical aperture, NA, Leica Microsystems).  

9. Gene overexpression/silencing 
OS transient transfections were performed according to manufacturer’s protocol, using 

Lipofectamine 3000 (Thermo Fisher Scientific). We overexpressed lamin A-GFP plasmid, using a 

pEmpty-EGFP as control, in 143B and HOS cells. 
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We also employed Empty-GFP and Lamin A-GFP plasmids (Clontech) carrying the Enhanced Green 

Fluorescent (EGFP) gene and a neomycin resistance gene expression cassette to stably transfect TC-

71 cells. We obtained three stably transfected clones: Empty-GFP vector #2, lamin A-GFP #30-40 

and lamin A-GFP #84.  

We also performed a loss of function approach, silencing LMNA gene. We employed siRNAs 

duplexes specific for human LMNA (siRNA LMNA) purchased from Thermo Fisher Scientific. 

Scrambled duplexes were used as control. Approximately at 50% of confluence, MG-63, A-673 and 

LAP-35 cells were transfected with the specific siRNA-LMNA and siRNA-scrambled using 

lipofectamine 3000 protocol.  

We also overexpressed an unprocessable prelamin A isoform (LA-C661M), in both OS and EWS cell 

lines. 

10. Wound healing 
OS and EWS cells were seeded in multi-well plates and left to grow until they reached the 

confluence. Then, a reproducible longitudinal scratch was made in the confluent monolayer by the 

use of a sterile micropipette tip. The process of wound closure was monitored at 0 and 24 hours 

with inverted light microscopy (Olympus CKX41, Olympus Corp.) mounted with a digital camera (C-

7070 Wide Zoom, Olympus) at 10X magnification. To standardize every time the illustrated field (our 

region of interest (ROI)), we traced a horizontal line under each plate passing through the center of 

all wells. We used a computerized image analysis system (Qwin, 3.0 software, Leica Microsystem 

Imaging Solution, Ltd., Wetzlar) to assess morphometric analysis of cell migration. The wound 

healing closure was determined as (1-Ax/A0) %, where A0 and Ax correspond to the empty scratch 

area at 0 and 24 h, respectively. 

11. Migration and invasion assays 
We employed CytoSelect Cell Migration Assay Kit and Invasion Assay Kit (Cell Biolabs.) to study the 

migration and invasion abilities of EWS cell lines. Kit is composed of transwells covered with 8 μm 

pore size polycarbonate membrane for migration assay, while the membrane contains a   layer of 

matrigel in the invasion assay kit. To be considered invasive cells must before degrade the matrigel 

layer and then migrate through the pores of the membrane. Each experiment was performed in 24-

well plates. We added 300 μl of serum-free medium to each transwells to rehydrate the membranes 

and incubated them at 37°C for one hour. Then, we removed the serum-free medium and added 

500 μl of 20% fetal bovine below the transwell. An exact number of OS and EWS cells have been 
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resuspended with 1% serum-free medium and seeded in 300 μl for each transwell. We incubated 

the plates at 37°C, in 5% CO2 in a humidified atmosphere. At different time points (24 or 48 hours), 

the medium was removed from the transwell and the inserts have been stained with 400 μl of Cell 

Stain Solution and incubated for 15 minutes at room temperature. We then performed several 

washings and used cotton swabs to remove the excess of colorant. At the end, inserts were 

incubated with 200 μl and the solution read using an ELISA plate reader (absorbance at 570 nm). 

Finally, the data obtained were reported as percentages, considering the invasion of Empty vector 

or scramble cells as 100%. 

12. Patients 
Microarray data analyses were performed in EWS samples (GSE17679 in gene expression omnibus 

(GEO)) to assess LMNA gene expression (probe 203411_s_at) (191). We evaluated LMNA levels in 

64 patients and these values were plotted for metastatic samples and primary samples. We also 

analyzed microarray data (GSE63157) of EWS patients (192). We considered EWS patient’s clinical 

data and we created a Kaplan-Meier graph plotting 5 years overall survival rate in relation to LMNA 

values. 

13. Immunohistochemistry 
We assess lamin A immunostaining through avidin–biotin–peroxidase method. The nuclear shape 

in relation to LMNA expression was evaluated in four representative EWS samples (patients R72, 

R80 R48, R29) from GSE17679 (191). Prior to incubation with the anti-lamin A/C antibody (E-1, 

mouse, sc-376248 dilution 1:100; Santa Cruz Biotechnology), the antigen retrieval was performed 

using citrate buffer pH 6.0. Representative images were captured with a Nikon Microscope (100X). 

We used the contour ratio algorithm to measure nuclear circularity. The following formula, with the 

use of NIS-Elements 4.3 AR software were applied: Contour ratio=4π x nuclear area/nuclear 

perimeter2.  

14. In vivo studies 
For the in vivo studies, immunodeficient double knockout BALB/c Rag2-/-;Il2rg-/- mice were kindly 

provided by the Central Institute for Experimental Animals (Kawasaki, Japan) (193) and bred in the 

Animal Care Facility of the Laboratory of Immunology and Biology of Metastasis (University of 

Bologna). To evaluate the metastatic potential of EWS cells, we injected intravenously (iv) 2× 106 

cells/mouse of TC-71 parental cells and the stably transfected clones, Empty-GFP vector #2, lamin-
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GFP #30-40 and lamin-GFP #84 in mice. Each group was composed of 7 male mice, 19-33-week-old. 

On the basis of age, the animals of each litter were randomly assigned to the different experimental 

groups. Mice were sacrificed after 4 weeks and the count of metastases was performed.  We 

analyzed metastatic lesions at adrenal glands, interscapular brown fat, lymph nodes, kidneys, lungs 

(stained with black India ink), and livers (fixed in Fekete’s solution). We measured the size of liver 

metastases macroscopically visible on the surface of liver lobes with calipers and individual 

metastasis volume was calculated as π·[√(a·b)]3/6 where a and b are the two maximal perpendicular 

diameters. 

15. Statistical analysis 

All in vitro experiments were repeated three times independently, and the mean/median values ± 

SD were plotted. Quantitative data were compared by two-tailed unpaired Student’s t-test and 

ANOVA with Bonferroni’s or Dunnet’s post-test multiple comparisons test when appropriate. 

LMNA gene expression values in primary versus metastatic tumors and individual liver metastasis 

volume analyses were expressed as mean ± SEM.  

Spearman rank correlation analysis was performed to assess correlation analyses between lamin A 

protein expression levels and EWS migration capabilities. We estimated the survival probability of 

EWS patients according to their median value of LMNA using the Kaplan-Meier method and log-rank 

tests. 

Differences in metastases number and volume in in vivo models were evaluated with the 

nonparametric Mann-Whitney test. 

 Variances with p values <0.05 were considered statistically significant (p values: *p < 0.05; 

**p < 0.01; ***p < 0.001). Statistical analyses were performed using Graph Prism Software (version 

5). 
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Abstract: Lamin A/C is the main constituent of the nuclear lamina and changes in its expression 
levels correlate with malignant transformation in several tumors. However, the role of lamin A has 
not been explored in osteosarcoma (OS). Here, we assessed the role of lamin A in OS aggressiveness. 
Firstly, we evaluated lamin A/C expression in OS cells compared to osteobalsts (OBs) and the we 
studied the effects of lamin A overexpression in OS cell lines. We demonstrated that lamin A 
expression increases during OBs differentiation, while it is expressed at very low levels in OS cell 
lines. Low expression of lamin A promotes migratory abilities in OS cells; on the contrary, the OS 
migratory potential resulted attenuated after lamin A overexpression. Moreover, we overexpressed 
an unprocessable prelamin A, which also led to decreased OS cell migration. To accumulate prelamin 
A, we treated OS cells with mevinolin, a statin able to inhibit lamin A maturation and we obtained a 
significantly reduction in migration abilities. Mevinolin treatment also induced an apoptotic cell 
death in a RAS-independent, lamin A-dependent manner. Pro-apoptotic effects and cell migration 
inhibition obtained by mevinolin treatment are comparable to those obtained by prelamin A 
overexpression, suggesting that modulation of lamin A expression and its post-translational 
processing can be a novel strategy to reduce migratory capacities in OS. 
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1. Results 

1.1 Lamin A levels increase during osteogenic differentiation 

We cultured osteoblasts from healthy donors in differentiation medium for 21 days and we 

observed morphological changes and the formation of hydroxyapatite crystals in cell cultures after 

7 days of culture (Figure 6a).  

 

Figure 6: (a) Representative images of osteoblasts cultured for 7, 14, 21 days in differentiating medium. Arrows indicate 
hydroxyapatite crystals; (b) Alizarin Red staining of osteoblasts at 7, 14 or 21 days in differentiation medium; (c) ALPL 
and RUNX2 gene expression by qRT-PCR analysis in nd versus differentiated osteoblasts (OBs); (d) LMNA gene 
expression analysis by qRT-PCR in nd versus differentiated osteoblasts (OBs); (e) Western blotting analysis of lamin A/C 
protein expression in nd and differentiated OBs. Densitometric analysis is shown as mean values ± SD of three different 
experiments; (f) ALPL gene expression by qRT-PCR analysis in nd versus differentiated osteoblasts; (g) Protein expression 
analysis of Osterix (OSX) and Osteocalcin by western blotting. Densitometric analyses are plotted on the right; (h) LMNA 
gene expression analysis by qRT-PCR in ADSCs versus differentiated OBs; (i) Western blotting analysis of lamin A/C 
protein expression in non-differentiated ADSCs (nd) and differentiated OBs. Densitometric analysis is reported as mean 
± SD. 
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Alizarin red staining confirmed osteoblast differentiation (Figure 6b), and we found a strong 

upregulation of ALPL and RUNX2 genes, well-established osteoblast differentiation markers (Figure 

6c). Moreover, LMNA gene and lamin A/C protein levels were significantly upregulated during 

osteoblast differentiation, relative to undifferentiated cells (nd) (Figure 6d, 6e). We also employed 

adipose tissue-derived pluripotent stem cells (ADSCs), which can differentiate into different cell 

types, including osteoblasts (194) (195). After 21 days of cell culture in osteogenic differentiation 

medium, we demonstrated a significant increase in ALPL gene expression (Figure 6f). Moreover, 

protein levels of osteogenic differentiation markers Osteoblast-specific Transcription Factor Osterix 

(OSX) and Osteocalcin were significantly increased in ADSCs at 14 and 21 days in differentiating 

medium (Figure 6g). During ADSC osteogenic differentiation, also LMNA gene expression was 

significantly increased (Figure 6h), accompanied by a significant upregulation of lamin A/C protein 

at day 14 and 21 (Figure 6i). 

 

1.2 Osteosarcoma cells express low levels of lamin A/C 

Western blot analysis showed that OS cell lines expressed significantly lower lamin A expression 

levels relative to OBs from healthy donors differentiated for 21 days (Figure 7a, 7b). 

However, as compared to other OS cell lines, MG63 showed higher amount of lamin A (Figure 7a, 

7b), while the lowest lamin A/C levels were detected in HOS cells, and in the 143B Ras-mutated HOS-

derived cell line (Figure 7a, 7b).  

Immunofluorescence analyses demonstrated that lamin A/C was localized at the nuclear periphery 

in OS cells (Figure 7c, 7e). We observed morphological nuclear abnormalities both in osteoblasts 

and osteosarcoma cells. However, honeycomb structures, typical of some laminopathic cells, were 

only detected in OS nuclei (Figure 7d, 7f). 
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Figure 7: (a) Western blotting analysis of lamin A/C in osteosarcoma (OS) cell lines, and OBs from healthy donor 
differentiated for 7, 14, 21 days in osteogenic medium; (b) Densitometric analysis of lamin A/C as mean values ± SD of 
three different experiments; (c) Immunofluorescence staining of lamin A/C in OS cell lines. Arrows indicate honeycomb 
structures; (d) High magnification of a honeycomb structure in a SaOS2 nucleus. The area indicated in the rectangle is 
shown at higher magnification in the merged image (merge); (e) Immunofluorescence staining of lamin A/C in 
osteoblasts (OBs) from healthy donors differentiated for 7, 14 or 21 days in osteogenic medium; (f) Percentage of 
honeycomb structures detected in osteoblasts at all differentiation stages or in osteosarcoma cells. Mean of values ± 
SD are plotted. 

 

1.3 Low LMNA expression confers migration and proliferation abilities to OS cells 

We overexpressed lamin A/GFP fusion protein in 143B and HOS cell lines, which have the lowest 

lamin A/C levels. Western blotting analyses confirmed lamin A/C overexpression after 24 h of 

transfection in 143B and HOS cells (Figure 8a). Then, we wanted to analyze the effect of lamin A 

overexpression on cellular proliferation. Overexpression of lamin A also impacted on cell 

proliferation leading to decreased cell proliferation in 143B cells 24 and 48 h after transfection with 

lamin A/GFP vector (Figure 8b). Then, we tested migration abilities of lamin A transfected cells. 

Lamin A overexpressing cells displayed a significantly lower migration potential in wound healing 

assay compared to cells only expressing GFP (Figure 8c). We confirmed the involvement of lamin A 

in reducing cellular migration, silencing the LMNA gene in MG63 cells and demonstrating that the 

silenced cells migrated faster compared to scramble (Figure 8d, 8e). 

Based on these results, we performed a wound healing assay on five OS cell lines. 143B and HOS, 

which express the lower amount of lamin A/C, completeley repaired the wound after 24 h. On the 
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contrary, MG63 cells, with the highest lamin A amount among OS cell lines, were not able to totally 

repair the wound in the same time (Figure 8f, 8g).  

 

Figure 8: (a) Western blotting analysis of lamin A/C in 143B and HOS cells transfected with GFP and lamin A/GFP; (b) 
Cell count of 143-B viable transfected cells after 24 and 48 h after transfection; (c) Wound healing assay in 143B- and 
HOS-transfected cells. Representative pictures were taken at 0 and 24 h after scratching. Magnification 10×. Histograms 
of cell migration of 143B- and HOS-transfected cells are plotted; (d) Western blotting analysis of lamin A/C in siScramble- 
and siLMNA-transfected MG63 at 48 and 72 h of transfection; (e) Wound healing assay of siScramble- and siLMNA-
transfected MG63. Representative pictures were taken at 0 and 24 h after scratching. Magnification 10×; (f) Wound 
healing assay of OS cell lines; (g) Histograms of OS cell migration in wound healing assay as mean ± SD. 
 

1.4 Prelamin A accumulation decreases migration abilities of OS cells 

We then tested  if an unbalance in lamin A maturation could reduce migration potential of OS cells. 

To this aim, we expressed an unprocessable prelamin A sequence (LA-C661M), which causes 

accumulation of non-farnesylated prelamin A, in 143B and HOS cells. As expected, we obtained 

prelamin A accumulation in both cell lines (Figure 9a) which lead to a significant decrease in 

migration ability in 143B and HOS cells (Figure 9b). 
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Figure 9: (a) Western blotting analysis of prelamin A and lamin A/C in 143B and HOS cells overexpressing prelamin A; 
(b) Wound healing assay performed in 143B and HOS cells overexpressing prelamin A; (c) Western blotting analysis of 
lamin A/C and prelamin A in OS cell lines treated with mevinolin (10 µM); (d) mmunofluorescence analysis of prelamin 
A in OS cells treated with mevinolin (10 µM) for 24 h; (e) Wound healing assay of OS cell lines treated with mevinolin 
(10 µM); (f) Western blotting analysis of MMP9, Cathepsin K, and ROCK2 proteins in 143B, HOS, and MG63 cells treated 
with mevinolin. Densitometric analyses are plotted on the right. 

 

We then employed mevinolin, a drug known to reduce the production of farnesyl-pyrophosphate 

that is fundamental for prelamin A farnesylation and further lamin A maturation, causing 

accumulation of non-farnesylated prelamin A (196). We treated OS cell lines with mevinolin, 

obtaining accumulation of prelamin A (Figure 9c). Prelamin A accumulation was also confirmed in 

immunofluorescence analysis which also showed intranuclear clusters and invaginations, typical 

nuclear morphological changes associated with this phenomena (Figure 9d) (197). After mevinolin 

treatment, we also obtained a decrease in cell motility in all OS cells (Figure 9e).  

Moreover, we evaluated signaling effectors of cellular migration and invasion, like MMP9 (matrix 

metallopeptidase 9) and Cathepsin K, showing a significant decrease in their protein expression 

levels in MG63 OS cells tratedi with statin and, to a lesser extent in the other OS cell lines (Figure 

9f). Finally, ROCK2 (Rho-associated protein kinase 2) kinase, a crucial intracellular player regulating 

OS migration (198) (76), was significantly downregulated in MG63 OS cells (Figure 9f). 
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1.5 Effects induced by mevinolin are mediated by prelamin A accumulation in OS cells 

We treated OS cells with increasing concentration of mevinolin and evaluated concentration-

dependent viability. Only 143B and HOS cells showed a significant reduction in cell viability (around 

25% when mevinolin was employed at 10 µM concentration) after 24 or 48 h of treatment (Figure 

10a). However, the most significant effect of mevinolin was observed after 72 h of treatment in 

MG63 cells , expressing the highest prelamin A levels (Figure 10a). Consinstent with this, after long-

term mevinolin treatment, MG63 cells show the highest percentage of apoptotic cells (Figure 10b). 

 

 

Figure 10: (a) MTT assays performed at 24, 48, and 72 h after treatment with increasing concentrations of mevinolin; 
(b) Percentage of apoptotic (Annexin V-FITC/PI staining) OS cells treated with mevinolin for 48 h; (c) Western blotting 
analysis of Ras, cleaved caspase 3 and PARP protein in OS cell lines treated with mevinolin. 
 
 

Proliferation and cell survival, particularly in cancer cells, is also related to Ras, whose activity is 

dependent on farnesylation (199). Since 143B cells carry a Ras mutation (200), we reasoned that 

mevinolin-induced reduction of cellular viability could be also related to the effects on Ras de-

farnesylation. Interestingly, while impairment of Ras farnesylation by mevinolin was evident in 143B 

cells, the highest activation of apoptotic markers, such as cleaved Caspase 3 and PARP (Poly (ADP-

ribose) polymerase), was obtained in mevinolin-treated MG63 cells (Figure 10c). These results 

suggest that, although effects of mevinolin on apoptosis and cell viability are partly mediated by Ras 

inhibition, the most effect on cell survival is associated with prelamin A accumulation.
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2. Discussion 

Recently, an increasing number of studies has reported the implication of lamin proteins in human 

cancers (160). However, their role in OS, the most common primary malignant neoplasia of the 

skeletal system (14) , has not been investigated. 

Lamin A seems to be involved in differentiation of human bone marrow stromal cells as its levels 

increase during osteogenesis (201). Here, we firstly evaluated lamin A physiological expression in 

ADSCs and in differentiated OBs derived from ADSC cells or from healthy donors, demonstrating 

that lamin A plays a role in differentiation process. Indeed, our results are consistent with prevoius 

reports that demonstrated the involvement of lamin A in differentiation of several cellular types 

(202). In particular, it has been demonstrated that lamin lamin A/C knockdown suppresses OB 

differentiation (201) (203). We observed lower lamin A expression levels relative to differentiated 

OBs in all OS cells here examined, suggesting that the loss of lamin A could play a role in OS 

tumorigenesis. Consistent with this hypothesis, we demonstrated that lamin A protein levels directly 

correlate with deceased migration and proliferation of OS cells and overexpression of lamin A in 

143B OS cells, which express very low lamin A levels, is sufficient to significantly reduce cellular 

migration. 

On the basis of these results, we tested the effects of mevinolin, a statin that interferes with 

processing of prelamin A, lamin A precursor protein, inhibiting the HMG-CoA (3-hydroxy-3-

methylglutaryl-coenzyme A) reductase enzyme. This one is fundamental for farnesyl production 

which is required for prelamin A maturation, and its inhibition results in the block of isoprenoid 

lipids in the mevalonate pathway (197) (204). This condition reduces availability of the farnesyl 

amount to many cellular constituents, among which prelamin A and Ras are examples. Currently, 

statins are used in human to hypercholesterolemia treatment. Previous studies demonstrated that 

statins sensitize OS cells to chemotherpy, having a synergistic effect in reducing cell invasiveness of 

human and murine OS cells (205) (206). Here, we wanted to evaluated the role of prelamin A in 

statin-dependent effects. We confirm that mevinolin effects are related to Ras de-farnesylation and 

inhibition, but our data show that the highest efficacy of mevinolin treatment is obtained in OS cells 

that accumulate the highest prelamin A levels. This supports the observation previously proposed 

in a study performed in laminopathic mice (207), that prelamin A accumulation per se reduces 

tumor cell migration and metastatic potential. The role of prelamin A accumulation in reducing cell 

migration was also demonstrated in pancreatic cancer cells (208). In addition, our study 

demonstrated that the reduction of cellular migration is the first effect of statin in OS cells, while 
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effects on cellular viability are visible later on. The effects of statin tretatment on cell migration 

could be linked to lamin A and prelamin A accumulation at the nuclear lamina and changes in 

cytoskeleton-dependent dynamics, previously well documented (209) (129, 156).  

What is the mechanism regulated by prelamina A and resulting in decreased OS cell migration 

remains to be investigated. A possible explanation could be that changhes in lamin A levels are 

reflected in LINC-dependent effects on mechanosignaling and cell migration. In fact, previous 

studies demonstrated that accumulation of prelamin A can increase SUN1 levels having effects on 

nucleo-cytoskeleton interplay (209, 210). Accordingly, a recently published paper shows that low 

levels of SUN1 increase migration of bone-marrow derived MSCs (211). 

This study demonstrates for the first time a role of lamin A in the regulation of crucial tumor aspects, 

such as proliferation, differentiation and migration capabilities of OS cells. Although further studies 

are fundamental to validate the clinical relevance of our observations, these data support the 

possible use of statins as adjuvant agent in OS therapy. 
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Abstract: Lamins are type V intermediate filaments which constitute the nuclear lamina and are 

involved in a wide range of nuclear functions, including higher order genome organization, 

transcriptional regulation, stress response and mechano-signaling. Lamin A interacts with LINC 

complex components, constituted by the nuclear envelope proteins SUN1, SUN2 and nesprins that 

connect the nucleoskeleton to the cytoskeleton, cooperating in mechano-transduction. Alterations 

in lamin A/C expression levels correlate with malignant transformation in several types of cancer. 

However, the role of lamin A/C has not been explored in Ewing sarcoma (EWS), an aggressive 

developmental bone tumor. Here, we investigated lamin A fate and biological role in EWS settings. 

We found a significant inverse correlation between lamin A expression and invasiveness, showing 

that low LMNA levels are an unfavorable prognostic marker in EWS patients. In vitro experiments 

demonstrated that low lamin A expression correlated with increased cell invasion, and with 

enhanced metastatic load in vivo. 
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We further observed that LINC proteins are mislocalized in EWS cells, while increase of lamin A or 

prelamin A levels rescue LINC complex mislocalization, thereby promoting a more differentiated 

phenotype and a significant decrease in invasiveness, also mediating a significant downregulation 

of YAP/TAZ signaling. Based on these findings, we tested statins, as a tool to promote accumulation 

of prelamin A. Interestingly, in EWS cells, mevinolin not only induced prelamin A accumulation, but 

also increased lamin A/C expression and rescued LINC complex proteins, an effect reflected on 

cytoskeleton reorganization and differentiation. As a consequence, mevinolin-treated EWS cells 

acquired a more differentiated phenotype and significantly reduced their migration and invasion 

abilities. These results demonstrate that acting on nuclear envelope remodeling could be a new 

strategy to be exploited to improve EWS outcome. 

 

1.Results 

1.1 Low LMNA levels correlate with aggressiveness and poor prognosis in EWS patients 

To assess the role of lamin A/C in EWS, we firstly evaluated microarray datasets. We analyzed LMNA 

transcript expression in sixty-four samples (GSE 17679), divided in patients with primary tumors or 

with metastatic lesions (191), showing a significant lower LMNA gene expression in metastasis 

(Figure 11a). We then verified the status of cell nuclei’s shape in relation to lamin A expression levels 

in four (2 primary local tumors vs 2 metastatic lesions) representative clinical samples from patient 

tissue samples of GSE17679. Immunohistochemistry analyses and contour ratio analyses of EWS cell 

nuclei demonstrated that cells with higher lamin A expression (primary lesions) and cells with lower 

levels of lamin A (metastatic lesions) had significant difference in the contour ratio values. In 

particular, cells with lower LMNA levels (from metastatic lesions) showed significant less nuclear 

circularity, compared to cells from primary patients with higher LMNA gene expression (Figure 11b). 

We then evaluated another dataset (GSE63157) which included clinical data from primary EWS 

tumors, founding a correlation between LMNA gene expression and five years overall survival of 

EWS patients (192). We classified patients as high- or low- LMNA expressors, according to the 

median value of LMNA gene expression, obtaining a Kaplan-Meier survival curve, which indicated 

that patients with higher expression of LMNA in their primary tumors had a significantly better 

overall survival (p < 0.04) (Figure 11c). Based on these findings, we performed deeper in vitro 

analysis using a panel of patient-derived EWS cell lines. We evaluated lamin A/C protein levels and 

we found that it is expressed at low levels in EWS cell lines, except for LAP-35, which derives from a 

PNET (Primitive Neuro-Ectodermal Tumors) tumor and showed a more differentiated phenotype 

(190) (Figure 11d). 
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Figure 11: (a) LMNA gene expression levels (GSE17679) in EWS patients with primary tumors and metastatic tumors; (b) 
Representative images of immunohistochemical staining for lamin A in four EWS patient samples. Magnification 100X, 
scale bar 10 μm. Contour ratio of nuclei determined in four EWS samples with high and low LMNA expression, based on 
GSE17679 is reported in the graph; (c) Comparison between values of LMNA gene expression and five-years overall 
survival shown by Kaplan-Meier curve; (d) Western blotting analysis of lamin A/C protein expression in EWS cell lines. 
Graph shows densitometric analysis as ratio referred to GAPDH, used as loading control; (e) Lamin A expression levels 
and migration ability values are plotted. Spearman’s rank correlation test demonstrated a significant inverse correlation 
among these two characteristics. 

 

Since migration capacity is fundamental to promote metastatic processes, we correlated lamin A/C 

protein expression with migration abilities of EWS cells, demonstrating a significant inverse 
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correlation between lamin A expression and cell migration (Spearman’s rank correlation r=-0.857; p 

< 0.01) (Figure 11e). 

1.2 Lamin A expression significantly decreases migration and invasion abilities of EWS 
cells 
We assessed the role of lamin A in migration and invasion processes of EWS, performing a gain- or 

loss-of-function approach to force or silence its expression. We stably expressed lamin A in TC-71 

cell line (Supplementary Figure 1a, 1b), while transient overexpression was obtained in the IOR/CAR 

cell line (Supplementary Figure 1c). We demonstrated that lamin A-overexpressing cells were less 

able to migrate compared to Empty-GFP cells in wound healing and migration assays (Figure 12a, 

12b; Supplementary Figure 1d).  

 

 

 
 

Figure 12: (a) Wound healing assay of Empty-GFP clone (pEV #2), lamin A-GFP #30-40 (#30-40) and lamin A-GFP #84 
(#84). Representative pictures were taken at 0 and 24 h after scratching. Magnification 10×. Histograms are plotted as 
mean ± SD of three independent experiments. Asterisks indicate statistically significant differences with respect to 
Empty-GFP clone; (b) Migration assay of pEV #2, #30-40 and #84 performed at 24 and 48 hours. Histograms show the 
percentage of migrated cells respect to Empty-GFP clone, which was considered as 100%. Asterisks indicate statistically 
significant differences with respect to Empty-GFP clone; (c) Invasion assay pEV #2, #30-40 and #84 performed at 24 and 
48 hours. Histograms show the percentage of migrated cells respect to Empty-GFP clone, which was considered as 
100%. Asterisks indicate statistically significant differences with respect to Empty-GFP clone; (d) Wound healing assay 
of siRNA scramble cells (SCR) and siLMNA A-673 (siLMNA). Representative pictures were taken at 0 and 24 h after 
scratching. Magnification 10×. Histograms were plotted as mean ± SD of three independent experiments. Asterisks 
indicate statistically significant differences with respect to siRNA scramble cells; (e) Migration assay of SCR and siLMNA 
performed at 24 and 48 hours. Histograms show the percentage of migrated cells respect to siRNA scramble cells, which 
was considered as 100%. Asterisks indicate statistically significant differences with respect to siRNA scramble cells; 
(f) Invasion assay of SCR and siLMNA performed at 24 and 48 hours. Histograms show the percentage of migrated cells 
respect to siRNA scramble cells, which was considered as 100%.  
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Invasion assay also showed that TC-71 cells transfected with lamin A had significantly decreased 

invasion ability compared to controls (Figure 12c).  

On the other hand, when LMNA was silenced in A-673 (Supplementary Figure 2a) or in LAP-35 cells, 

this (Supplementary Figure 2b) resulted in a significant increased cell motility and migration versus 

scramble siRNA-transfected cells (Figure 12d; Supplementary Figure 2c, 2d). Moreover, LMNA-

silenced A-673 cells were more able to migrate and invade compared to control cells (Figure 12e, 

12f). 

 

1.3 Forced lamin A expression significantly decreases liver metastatic load in in vivo 
models 
As previously reported, most human sarcomas show high metastatic ability in Rag2-/-; Il2rg-/- mice, 

which are characterized by the loss of B, T, and NK (natural killer) immune response, resulting in a 

distinctive pattern of organ affected by metastases.   

 

 

 

 

Figure 13: (a) Individual liver metastasis volume for TC-71 parental cells (n = 190), TC-71 EV#2 (EV#2) (n = 199), TC-71 
lamin A-GFP #30-40 (#30-40) (n = 100) and TC-71 lamin A-GFP #84 (#84) (n = 115), red lines represent mean ± SEM for 
each group. Asterisks indicate statistically significant differences with respect to TC-71 parental cells and Empty-GFP 
clone; (b) Representative images of liver metastases in one mouse of each different group are shown. 
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The most involved organs are represented by liver, lung and other sites such as lymph nodes, 

interscapular brown fat pad, kidneys, and adrenal glands (212). 

We confirmed this attitude after the intravenous injection of TC-71 cells and their derived stably 

transfected clones (Empty-GFP vector #2, lamin A-GFP #30-40 and lamin A-GFP #84) in double 

knockout Rag2-/-;Il2rg-/- mice. Metastases were detected in liver, lungs, lymph nodes, interscapular 

brown fat, kidneys, and adrenal glands. The growth of liver metastases was significantly reduced in 

mice after the injection of TC-71 lamin A-GFP #30-40 (#30-40) or TC-71 lamin A-GFP #84 (#84) cells 

overexpressing lamin A, relative to parental TC-71 or Empty-GFP vector #2 injected animals (Figure 

13a, 13b). We also found a global reduction in the total number of metastases in mice that received 

clones overexpressing lamin A (Supplementary Figure 3a). The number of lung metastases was 

reduced in mice receiving lamin A-overexpressing clones compared to parental cells but was not 

reduced compared to Empty-GFP vector #2 (Supplementary Figure 3b). 

 

1.4 LINC complex localization in EWS cells is rescued by lamin A expression 
Alteration of nucleo-cytoskeletal dynamics by disruption of the LINC-complex or loss of lamin A can 

impair cytoskeletal organization resulting in altered cell polarization and migration(209)  (213) (214). 

We observed impaired anchorage of NE proteins in EWS cells. The major constituents of LINC 

complex, SUN1, SUN2, nesprin 2, and emerin, the main partner protein of  lamin A were not only 

localized at the NE, but were also found in the cytoplasm, although nuclear rim anchorage was 

partially maintained in TC-71 cells (Figure 14a). We demonstrated that lamin A overexpression was 

sufficient to recruit SUN1 to the NE (Figure 14a), also determining an overall increase of its protein 

levels (Figure 14b). The impaired anchorage of LINC complex proteins in fully dependent on lamin A 

deregulation in EWS cells. Indeed, its forced expression resulted in corrected localization of LINC 

complex components at the NE, and induced mild increase of SUN2 and nesprin 2 protein levels, 

compared to parental TC-71 (Figure 14a, 14b). 
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Figure 14: (a) Lamin A-GFP (green), SUN1 (red), SUN2 (red), nesprin 2 (red) and emerin (red) localization in TC-71 Empty-
GFP clone (pEV #2) and TC-71 lamin A-GFP #84 (#84). DNA was counterstained with 2-(4-amidinophenyl)-1H -indole-6-
carboxamidine (DAPI). Merge of fluorescence signals are shown (MERGE). Graphs indicate the fluorescence intensity 
profile along the white arrows. Representative graphs of at least 30 nuclei analyzed for each sample were shown. 
Magnification 100x, scale bar 10 μm; (b) Western blotting analysis of lamin A, SUN1, SUN2, emerin and nesprin 2 in TC-
pEV #2 and #84 clones. GAPDH was used as loading control. Densitometric analysis is shown as mean values ± SD of 
three different experiments. Asterisks indicate statistically significant differences with respect to TC-71 Empty-GFP 
clone. 

 

1.5 The expression of lamin A affects YAP and ROCK2 activity and stimulates neural 
differentiation in EWS cells 
Lamin A is known to influence mechano-signaling dynamics through the regulation of nuclear import 

of transcriptional regulators involved in cytoskeleton remodeling, including YAP/TAZ. Indeed, the 

influence of lamin A deficiency on YAP/TAZ nuclear import has been recently demonstrated in 

muscle cells (215, 216). We observed YAP localization to the nucleoplasm in parental TC-71 cells, 

while lamin A overexpression was able to reduce YAP nuclear retention and increase its 

phosphorylation (Figure 15a, 15b). We also showed a significant downregulation of MYC protein 

levels, previously identified as a decisive target of YAP, in EWS cells overexpressing lamin A (Figure 

15b). 

Besides, we evaluated ROCK2 expression because this kinase is a crucial driver of EWS migration, 

regulating actin cytoskelatal organization (76). Western blotting analysis showed a significant 

decrease of ROCK2 protein levels in lamin A overexpressing clones, compared to Empty-GFP cells 

(Figure 15c). On the contrary, we found a significant upregulation of ROCK2 levels in siLMNA A-673 
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cells (Figure 15d). Moreover, lamin A overxpression pushed EWS cells to more differentiated 

phenotype as demonstrated by a significant increase of neural markers, including NEF-H and 3-

tubulin in TC-71 clone #84 relative to TC-71 empty vector cells (Figure 15e). 

 
 

 
 

Figure 15: (a) Lamin A-GFP (green) and YAP (red) localization in Empty-GFP clone (pEV #2) and lamin A-GFP #84 (#84). 
DNA was counterstained with DAPI (DAPI). Merge of fluorescence signals are shown (MERGE). Graphs indicate the 
fluorescence intensity profile along the white arrows. Representative graphs of at least 30 nuclei analyzed for each 
sample were shown. Magnification 100x, scale bar 10 μm; (b) Western blotting analysis of YAP, p(Ser127) YAP and MYC 
protein expression in pEV #2 and #84 clones. GAPDH was used as loading control. Densitometric analysis is shown as 
mean values ± SD of three different experiments. Asterisks indicate statistically significant differences with respect to 
Empty-GFP clone; (c) Western blotting analyses of lamin A/C and ROCK2 protein expression in pEV #2, #30-40 and #84 
clones. GAPDH was used as loading control. Densitometric analysis is shown as mean values ± SD of three different 
experiments. Asterisks indicate statistically significant differences with respect to Empty-GFP clone; (d) Western blotting 
analysis of lamin A/C and ROCK2 protein expression in siRNA scramble cells (SCR) and siLMNA A-673 (siLMNA). GAPDH 
was used as loading control. Densitometric analysis is shown as mean values ± SD of three different experiments. 
Asterisks indicate statistically significant differences with respect to siRNA scramble cells; (e) qRT-PCR analysis of NEF-H 

and 3-tubulin in pEV #2 and #84 clones. Data are shown as 2-ΔΔCt. GAPDH was used as a housekeeping gene. Asterisks 
indicate statistically significant differences with respect to Empty-GFP clone. 

 

1.6 Prelamin A accumulation reduces migration and invasion capabilities of EWS cells 
Prelamin A, the precursor protein of lamin A, is involved in chromatin organization and in 

transcriptional regulation. Generally, prelamin A is present at very low levels in normal cells, being 

rapidly processed, but its moderate accumulation has been observed in senescent cells and it has 

been linked to the reduction of invasion potential of cancer cells, both in cellular models and 

laminopathic mice (208) (207). We evaluated if prelamin A accumulation could decrease the 

invasiveness of EWS cells. To this aim, we expressed a mutated prelamin A sequence, which causes  
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Figure 16: (a) Western blotting analysis of prelamin protein expression in parental TC-71 (CTRL), empty vector cells (E) 
and prelamin transfected TC-71 cells (OV) performed at 24 and 48 hours. GAPDH was used as loading control; (b) Wound 
healing assay of empty vector cells (EMPTY) and prelamin overexpressed TC-71 cells (OV). Representative pictures were 
taken at 0 and 24 h after scratching. Magnification 10×. Histograms are plotted as mean ± SD of three independent 
experiments. Asterisks indicate statistically significant differences with respect to empty vector cells; (c) Migration assay 
of EMPTY and prelamin overexpressed TC-71 cells (OV). Histograms show the percentage of migrated cells respect to 
empty vector cells, which were considered as 100%. Histograms are plotted as mean ± SD of three independent 
experiments. Asterisks indicate statistically significant differences with respect to empty vector cells; (d) Invasion assay 
of EMPTY and prelamin overexpressed TC-71 cells (OV). Histograms show the percentage of migrated cells respect to 
empty vector cells, which were considered as 100%. Histograms are plotted as mean ± SD of three independent 
experiments. Asterisks indicate statistically significant differences with respect to empty vector cells; (e) Western 
blotting analysis of prelamin A and lamin A/C protein expression in non-treated TC-71 cells (CTRL) and in mevinolin 
treated EWS cells (2.5 μM or 5μM MEV). GAPDH was used as loading control. Densitometric analyses are shown as mean 
values ± SD of three different experiments. Asterisks indicate statistically significant differences with respect to CTRL 
cells; (f) Wound healing assay of non-treated TC-71 cells (CTRL) and mevinolin treated EWS cells (2.5 μM or 5μM MEV). 
Representative pictures were taken at 0 and 24 h after scratching. Magnification 10×. Histograms are plotted as 
mean ± SD of three independent experiments. Asterisks indicate statistically significant differences with respect to non-
treated TC-71 cells; (g) Migration assay of non-treated TC-71 cells (CTRL) and mevinolin treated EWS cells (2.5 μM or 
5μM MEV). Histograms show the percentage of migrated cells respect to non-treated TC-71 cells, which were 
considered as 100%. Histograms are plotted as mean ± SD of three independent experiments. Asterisks indicate 
statistically significant differences with respect to non-treated TC-71 cells; (h) Invasion assay of non-treated TC-71 cells 
(CTRL) and mevinolin treated EWS cells (2.5 μM or 5μM MEV). Histograms show the percentage of migrated cells respect 
to non-treated TC-71 cells, which were considered as 100%. Histograms are plotted as mean ± SD of three independent 
experiments. Asterisks indicate statistically significant differences with respect to non-treated TC-71 cells; (i) Lamin A/C 
(green), SUN1 (red), SUN2 (red), Nesprin2 (red), and Emerin (red) localization in non-treated TC-71 cells (CTRL) and 
mevinolin treated (5 μM) EWS cells (MEV). DNA was counterstained with DAPI (DAPI). Merge of fluorescence signals are 
shown (MERGE). Graphs indicate the fluorescence intensity profile along the white arrows. Magnification 100x, scale 
bar 10 μm; (l) Western blotting analysis of SUN1, SUN2, Emerin, and Nesprin 2 in non-treated TC-71 cells (CTRL) and 
mevinolin treated (5 μM) EWS cells (MEV). GAPDH was used as loading control. Densitometric analysis is shown as mean 
values ± SD of three different experiments. Asterisks indicate statistically significant differences with respect to CTRL 
cells. 
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the accumulation of non-farnesylated prelamin A (LA-C661M) (194), as demonstrated in western 

western blot analysis (Figure 16a). Prelamin A overexpression resulted in significant decreased 

cellular motility, migration and invasion of EWS cells (Figure 16b, 16c, 16d). 

We then modulated prelamin A expression by a pharmacological approach, employing mevinolin, 

which is a statin that inhibits the mevalonate pathway and farnesyl production, fundamental for 

prelamin A farnesylation and maturation, thus promoting the accumulation of non-farnesylated 

prelamin A (194, 209). Remarkably, we found that mevinolin treatment caused prelamin A 

accumulation, as expected, but also induced a significant increase in lamin A/C protein levels (Figure 

16e), resulting in significant decrease of cell motility and invasivness of EWS cell (Figure 16f, 16g, 

16h). Moreover, tretment with mevinolin caused a rescued localization of LINC complex proteins, 

accompanied by a significant increase in SUN1 protein levels, as obtained in lamin A overexpressing 

clones (Figure 16i, 16l). 

 

1.7 Mevinolin induces neural differentiation and rescues YAP and ROCK2 dynamics in 
EWS cells 
As already stated, after mevinolin treatment, we observed an increase in lamin A levels and this 

modulation is likely to be linked to both differentiation and cytoskeletal remodeling  (127, 156) 

(217). In fact, we found that mevinolin treatment induced neural differentiation in EWS cells, as 

demontrstaed by the increase of β3-tubulin and neurofilament-H, which are expressed at the early 

stages of neuronal development (Figure 17a, 17b). qRT-PCR analysis also shown an upregulation of 

nestin, β3-tubulin and NEF-H genes, associated with a significant increase in LMNA gene expression 

(Figure 17c). To assess the role of lamin A/C during spontaneous neural differentiation of EWS cells, 

we cultured TC-71 cells in low-serum medium to induce differentiation process (Supplementary 

Figure 4). We found an increase in lamin A/C protein levels in differentiating TC-71 cells, 

demonstrating that lamin A/C upregulation is able to push  EWS cells in a more differentiated state 

(Supplementary Figure 4). 

Moreover, mevinolin had effects on cytoskeletal components. Indeed, after mevinolin treatment 

we found downregulation of YAP/TAZ signaling and exclusion of YAP from cell nucleus (Figure 17d). 

We confirmed the decreased activity of YAP/TAZ signaling evaluating its downstream effectors. qRT-

PCR analysis demonstrated a downregulation of CTGF and CYR61, the main effectors of this pathway 

(Figure 17e) (218), and we also found a significant increase in phospho-(Ser127)-YAP (inactive form) 

protein levels (Figure 17f) (219). We then observed a downregulation of MYC (Figure 17f), another 
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target of YAP/TAZ signaling, as YAP/TAZ is known to activate MYC at transcriptional and post-

transcriptional level, promoting tumorigenesis (220). Mevinolin treatment was also able to 

significantly reduce ROCK2 protein levels in EWS cells (Figure 17f). 

 

 

 

Figure 17: (a) Lamin A/C (green) and β3-tubulin (red) localization in non-treated TC-71 cells (CTRL) and in mevinolin 
treated (5 μM) EWS cells (MEV). DNA was counterstained with DAPI (DAPI). Merge of fluorescence signals are shown 
(MERGE). Magnification 100x, scale bar 10 μm; (b) Lamin A/C (green) and neurofilament-H (NEF-H) (red) localization in 
non-treated TC-71 cells (CTRL) and in mevinolin treated (5 μM) EWS cells (MEV). DNA was counterstained with DAPI 
(DAPI). Merge of fluorescence signals are shown (MERGE). Magnification 100x, scale bar 10 μm; (c) qRT-PCR analysis of 
LMNA, NEF-H, β3-tubulin, nestin and SOX2 genes in untreated TC-71 cells (CTRL) and in mevinolin treated EWS cells (2.5 
μM or 5μM MEV). Data are shown as 2-ΔΔCt. GAPDH was used as a housekeeping gene. Data are shown as mean values 
± SD of three different experiments. Asterisks indicate statistically significant differences with respect to CTRL cells; (d) 
Lamin A/C (green) and YAP (red) localization in non-treated TC-71 cells (CTRL) and in mevinolin treated (5 μM) EWS cells 
(MEV). DNA was counterstained with DAPI (DAPI). Merge of fluorescence signals are shown (MERGE). Graphs indicate 
the fluorescence intensity profile along the white arrows. Magnification 100x, scale bar 10 μm; (e) qRT-PCR analysis of 
CTGF and CYR61 in non-treated TC-71 cells (CTRL) and in mevinolin treated EWS cells (2.5 μM or 5μM MEV). Data are 
shown as 2-ΔΔCt. GAPDH was used as a housekeeping gene. Data are shown as mean values ± SD of three different 
experiments. Asterisks indicate statistically significant differences with respect to CTRL cells; (f) Western blotting 
analysis of YAP, p(Ser127) YAP, MYC and ROCK2 protein expression in non-treated TC-71 cells (CTRL) and in mevinolin 
treated EWS cells (2.5 μM or 5μM MEV). GAPDH was used as loading control. Densitometric analysis is shown as mean 
values ± SD of three different experiments. Asterisks indicate statistically significant differences with respect to CTRL 
cells. 
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As a whole, we demonstrated that mevinolin is able to increase lamin A and prelamin A levels, 

mediateing LINC complex rescue and modulating soluble mechanosignaling effectors YAP and 

ROCK2, thus resulting in reduced cell migration abilities of EWS cells. Moreover, mevinolin also 

pushes EWS cells toward a neural differentiation. 

 

2. Discussion 
Due to the high EWS aggressiveness, investigating pathways and mechanisms involved in EWS 

metastatic process is urgently needed. Indeed, Ewing sarcoma patients with metastases still fare 

badly, and the therapy carries short-term and long-term toxicities. 

Previous studies demonstrated that nuclear stiffness, due to lamin A levels, is crucial to limit nucleus 

deformability and consequently cellular migration, preventing the passage of the cells through 

extracellular matrix pores (221). Lamin A has been reported to act as tumor suppressor in several 

cancers, including endometrial or breast cancer (222) (223).  

Here we investigated the role of lamin A in EWS setting. Firstly, we found a significant inverse 

correlation between lamin A expression and tumor invasiveness in EWS patients. Moreover, we 

performed in silico analysis from EWS patient datasets, showing that LMNA gene expression was 

significantly lower in EWS metastatic lesions compared to primary samples, and higher LMNA levels 

also correlated to a better 5-year EWS patient survival. We also evaluated cell nucleus’s shape, 

observing severe loss of nuclear shape in cell nuclei with very low/absent levels of lamin A protein 

(metastatic samples). We found that the overexpression of lamin A was able to reduce motility 

capacity, migration and invasion of EWS cells in in vitro experiments and these effects were 

associated to a significant reduction of metastatic load in mice models, while lamin A silencing 

induced a more invasive phenotype in EWS cells. In particular, lamin A expression significantly 

reduced liver metastases’ size and count, suggesting that liver-produced growth and motility factors 

such as insulin-like growth factor (IGF) and hepatocyte growth factor/scatter factor (HGF/SF), which 

were involved in crucial molecular mechanisms of liver metastasis in sarcomas, may be at least 

partly implicated in the different behaviors of EWS cells with high or low expression of lamin A (212).  

Finally, we demonstrated that also prelamin A accumulation can reduce migration abilities of EWS 

cells, according to previous results which shown that this protein prevents metastatic potential in 

several cell and animal models (207). We then wanted to clarify how lamin A expression can 

influence EWS dynamics, focusing on LINC complex proteins, the main lamin A partners in mechano-

signaling transduction, thereby influencing cytoskeleton dynamics and cell migration (214). The 
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forced expression of lamin A was able to reconstitute the physiological positioning of LINC proteins, 

SUN1, SUN2, nesprin-2, and emerin confirming previously published data that showed the possible 

involvement of these proteins in metastatization and cancer progression (98)  (181) (220). SUN1 and 

SUN2 mediate effects on cytoskeletal remodeling and stress fiber formation not only interacting 

with cytoskeleton components but also modulating RhoA-ROCK2 signaling (224) (211) (225). In 

particular, SUN1 inhibits RhoA activation and focal adhesion assembly through the inhibition of 

SUN2 which normally activates RhoA pathway (224). It has been shown that low SUN1 expression 

increases migration of bone marrow MSCs (211), while the predominant SUN1 splice isoform 

(SUN1_916) has an inhibitory effect on cellular migration in HeLa cells (225). We demonstrated that 

the rescue of SUN1 levels and localization resulted in significantly lower levels of ROCK2 and reduced 

cell motility in both cells overexpressing lamin A or treated with mevinolin. It has been shown that 

the use of statin reduces migration, proliferation and invasion in gastric cancer cells or in breast 

cancer cells through the inhibition of YAP signaling pathway (219). The effects of statins on YAP 

signaling pathway are mediated, at least in part, by Rho-small GTP-ase. When Rho is activated is 

able to activate YAP-TAZ pathway that supports proliferation, cell plasticity, therapy resistance and 

metastasis in different type of tumors (226).  The use of statin inhibits the geranylgeranyl 

pyrophosphate production by the mevalonate cascade, required for activation of Rho GTPases 

(219). It results in cytoplasmic accumulation of YAP, and this leads to inhibition of YAP-target genes 

transcription and activation. The use of statin was able to induce a downregulation of YAP/TAZ 

signaling in EWS settings, as demonstrated by the increased levels of p-YAP and by the 

downregulation of YAP-target genes. Based on the previous mentioned published studies, we 

propose a similar mechanism in EWS cells. The use of mevinolin, inhibiting the mevalonate pathway, 

results in inhibition of Rho GTPase and its effector ROCK2. It has been demonstrated that ROCK2 

was involved in the maintenance of the nuclear localization of YAP, thus promoting YAP activity 

(227) (228). A recent work demonstrated that ROCK2 also promoted YAP activity in osteosarcoma 

cells and the ROCK2 deprivation lead to the inhibition of metastatic potential through the 

modulation of YAP activity (198). The downregulation of YAP was able to reduce the motility 

capacity also in EWS cells, confirming the crucial role of this pathway in the metastatic process of 

cancer cells. Lamin A overexpression further inhibited YAP/TAZ signaling in EWS cells, which might 

also explain the reduced cell migration, as inhibition of the YAP/TAZ/TEAD complex with verteporfin 

resulted in reduced cell migration of EWS cells in vitro and decreased metastasis formation in EWS 

xenograft models (97). 
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Moreover, this signaling pathway was described as a prognostic marker in EWS patients. A study on 

55 primary human EWS samples revealed that high YAP/TAZ expression was associated with disease 

progression and predicted poorer outcome, resulting a negative prognostic factor in EWS (85). Thus, 

mevinolin could act as an inhibitor of EWS cell migration by increasing prelamin A levels as well as 

by reducing mevalonate-dependent YAP/TAZ activity. 

Upon mevinolin treatment of EWS cells, we also found an unexpected increase in mature lamin A 

levels, which could be associated to a more differentiated phenotype (127) (202). 

Indeed, our results show that mevinolin treatment prompted EWS cells toward a more 

differentiated phenotype, as demonstrated by significantly increased levels of neural markers, and 

downregulation of YAP activity, which was associated with neural differentiation (229).  

EWS is very undifferentiated tumor due to the presence of EWS-FLI1 and the overexpression of CD99 

protein, which prevent terminal neural differentiation (230) (231). Our study suggests a role for 

lamin A in addressing cells toward a more differentiated state, as further supported by induction of 

differentiation markers in EWS clones overexpressing lamin A, despite the presence and activity of 

either CD99 or EWS-FLI1. 

As a whole, this study proposes a new lamin A-related mechanisms involved in the metastatization 

process of EWS cells. In particular, mevinolin treatment induces accumulation of prelamin A and 

increases lamin A/C levels, favoring the correct rescue of nucleo-cytoskeleton dynamics through 

LINC complex components, and inhibiting crucial mechano-signaling effectors such as ROCK2 and 

YAP. Moreover, mevinolin treatment induces a neural differentiation-related cytoskeleton 

remodeling. The main downstream effect of this rescue mechanism is the reduction of migration 

ability in mevinolin treated EWS cells. 

Importantly, our study identifies a drug already employed in clinical practice, as a tool capable of 

reducing migration and invasion ability of EWS cells, while triggering neural differentiation, which 

could be considered as a potential candidate to be fast translated into clinic, especially for those 

EWS cases with metastatic disease at the diagnosis. 
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CONCLUSIONS 

This PhD project identified a novel strategy to decrease the metastatic potential of bone sarcomas 

(i.e. osteosarcoma and Ewing sarcoma). In particular, we deciphered how the nuclear protein lamin 

A can influence the nucleo-cytoskeletal dynamics resulting in less invasive and aggressive bone 

sarcoma phenotype. 

Traditionally, lamin A was considered for its role in genetic diseases called laminopathies (113); 

however, in recent years, its involvement in cancer progression is emerging (220). Indeed, 

alterations in lamin A levels are often found in several types of cancer, and are linked to nuclear 

deformations and increased cellular migration (220).   Here, we demonstrated that lamin A protein 

is able to regulate nuclear envelope stability, rescuing LINC complex proteins localization and 

reconstituting a functional nucleo-cytoskeletal dynamics which results in reduction of bone sarcoma 

invasiveness. 

Indeed, bone sarcoma cells have low levels of lamin A, and the forced expression of this protein as 

well as its accumulation with statin treatment, is able to reconstitute a correct nucleo-cytoskeleton 

dynamics through the regulation of mechano-signaling effectors. The reconstitution of nuclear 

envelope composition and the modulation of crucial effectors responsible for bone sarcoma 

migration result in less invasive phenotype, and in the reduction of EWS metastatic load in vivo. 

Moreover, lamin A expression also pushes bone sarcoma cells toward a more differentiated 

phenotype in both models analyzed. 

All in all, these results pave the way to a new possible therapeutic approach that individuate the 

regulation of nucelo-cytoskeleton interplay, through lamin A modulation, as a strategy that could 

be exploited to meliorate bone sarcomas’ treatment. 

To better characterize how lamin A can influence bone sarcoma cells’ behavior, the next goal is to   

decode how lamin A can influence chromatin status and its conformation, through the alteration of 

lamin associated domains (LADs), thus likely modifying gene expression signatures. Moreover, 

chromatin conformation status can influence the rigidity of nucleus itself contributing to cellular 

migration processes (135). Indeed, the spatial organization of chromatin related to nuclear envelope 

dynamics is linked to its functionality but this biological process and its contribution to cancer 

progression is a new very interesting field in bone sarcoma and more broadly in cancer. 
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SUPPLEMENTARY MATERIAL 

 

 
Supplementary Figure 1: Overexpression of lamin A reduces cell motility in EWS cells. (a) Lamin A (GFP) (green) in 
Empty-GFP clone (pEV #2), lamin A-GFP #30-40 and lamin A-GFP #84. DNA was counterstained with DAPI (DAPI). Merge 
of fluorescence signals are shown (MERGE); (b) Western blotting analyses of lamin A/C and lamin A/GFP protein 

expression in Empty-GFP clone (GFP), lamin A-GFP #30-40 (#30-40) and lamin A-GFP #84 (#84). - actin was used as 
loading control; (c) Flow cytometric analyses of IOR/CAR EWS cells transfected with empty GFP vector or lamin A-GFP 
vector; (d) Wound healing assays of IOR/CAR EWS cells transfected with empty GFP vector or lamin A-GFP vector. 
Representative pictures were taken at 0 and 24 h after scratching. Magnification 10×. Histograms are plotted as mean 
± SD of three independent experiments. Asterisks indicate statistically significant differences with respect to empty GFP 
transfected cells. 
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Supplementary Figure 2: Silencing of lamin A increases cell motility in EWS cells. (a) Western blotting analysis of lamin 

A/C protein expression A-673 siRNA scramble cells (SCR) and siLMNA A-673 (siLMNA) performed at 24 and 48 hours. -
actin was used as loading control. Densitometric analysis is shown as mean values ± SD of three different experiments. 
Asterisks indicate statistically significant differences with respect to siRNA scramble cells at 24 or 48 hours; (b) Western 
blotting analysis of lamin A/C protein expression in LAP35 siRNA scramble cells (SCR) and siLMNA LAP-35 (siLMNA) 

performed at 48, 72, 96 hours. -actin was used as loading control; (c) Migration assay of siRNA scramble cells (SCR) 
and siLMNA LAP-35 (siLMNA) performed at 24 hours. Histograms show the percentage of migrated cells with respect to 
siRNA scramble cells, which was considered as 100%. Histograms are plotted as mean ± SD of three independent 
experiments. Asterisks indicate statistically significant differences with respect to siRNA scramble cells; (d) Wound 
healing assay of siRNA scramble cells (SCR) and siLMNA LAP-35 (siLMNA). Representative pictures were taken at 0 and 
24 h after scratching. Magnification 10×. Histograms are plotted as mean ± SD of three independent experiments. 
Asterisks indicate statistically significant differences with respect to siRNA scramble cells. 
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Supplementary Figure 3: Total metastatic load and lung metastatic load in mice injected with TC-71 cells and empty 
vector or lamin A transfectant clones. (a) Total metastatic load in mice receiving i.v. injection of TC71 cells, Empty-GFP 
clone (pEV #2), lamin A-GFP #30-40 clone (#30-40) and lamin A-GFP #84 clone (#84), expressed as total number of 
metastasis per mouse including metastasis to the lung, liver and other sites such as lymph nodes, interscapular brown 
fat, kidneys and adrenal glands. Black lines represent the median number of metastases for each group; (b) Number of 
lung metastasis per mouse receiving i.v. injection of TC-71 cells, Empty-GFP clone (pEV #2), lamin A-GFP #30-40 clone 
(#30-40) and lamin A-GFP #84 clone (#84). Black lines represent the median number of metastases for each group. All 
of the transfectant clones were significantly different compared to TC-71 parental cells. 
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Supplementary Figure 4: Low-serum conditions drive EWS cells toward neural differentiation. (a) Western blotting 
analysis of Neurofilament-H and lamin A/C protein expression in TC-71 cultured in 10% FCS medium or in 1% FCS 

medium. -actin was used as loading control; (b) Densitometric analysis is shown as mean values ± SD of three different 
experiments. Asterisks indicate statistically significant differences with respect to TC-71 cultured in 10% FCS medium; 

(c) Confocal microscopy analysis of lamin A (green), 3-tubulin (red) and Neurofilament-H (red) proteins in TC-71 cell 
lines cultured in 10% FCS medium or in 1% FCS medium. DNA was counterstained with DAPI (DAPI). Merge of 
fluorescence signals are shown (OVERLAY); (d) Mean fluorescence intensity (MFI) of lamin A/C immunoexpression in 
TC-71 cells cultured in 10% or in 1% FCS medium. Histograms are plotted as mean ± SD of three independent 
experiments Asterisks indicate statistically significant differences with respect to TC-71 cultured in 10% FCS medium; 
(e) Histograms indicate the percentage of differentiated cells in 1% FCS cultured TC-71 cells. Graphs were plotted as 
mean ± SD of three independent experiments Asterisks indicate statistically significant differences with respect to 10% 
FCS cultured TC-71 cells. 
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