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Abstract 
 

Ovarian cancer kills more than 40 000 women in Europe and more than 150 000 

women globally each year. The epithelial ovarian cancer (EOC) is the most common 

subtype and encompasses a collection of neoplasms with distinct clinical-pathological, 

molecular features and prognosis; among them the most common are the clear cells 

(CCOC), the mucinous (MOC), the endometrioid (ENOC), the low grade serous 

(LGSOC) and the high grade serous ovarian cancer (HGSOC). The HGSOC, in 

particular, is the most deadly form of EOC due to its high intratumor heterogeneity and 

lack of early diagnosis. The mechanical properties can be useful as new possible 

biomarkers of EOC subtypes in association to the classic ones used in clinical routine. 

In this thesis, the mechanical characterization of 9 ovarian cancer cell lines with 

different histological and morphological classification was carried out by AFM. Then, 

the achieved mechanical properties were evaluated on the same cell lines as markers 

of metastatic potential and drug sensitivity against 2C, a compound synthesized by 

the group of prof. Benedetti at the University of Trieste with anti-tumoral and 

cytoskeleton depolymerizing activity. Finally, an assessment of the effects of the 

culture medium composition on mechanical properties was performed.  

The mechanical characterization showed that the HGSOC cell lines had a high 

variability in the average Young’s modulus and resulted stiffer than the other cell lines 

with different histological classification. Moreover, the cell lines displayed two distinct 

single cell Young’s moduli distribution patterns: unimodal and bimodal. The cell lines 

with bimodal pattern showed two different populations with distinct mechanical 

behaviors.  

The invasion assay indicated a correlation between the stiffness decrease and the 

increase of invasion capacity. Accordingly, in cell lines with bimodal pattern only the 

“softer” population showed eventually the metastatic potential to invade.  

The cell lines with bimodal pattern were more resistant to 2C than the ones with 

unimodal pattern. For cell lines with bimodal pattern, the “stiffer” population had 

tendentially a higher resistance to 2C than the “softer” one. The F-actin network 

organization could influence the 2C resistance and the stiffness of cell lines: the HEY 

and OVCAR4 (high 2C resistance and high average Young’s modulus) had an Actin 

cytoskeleton more distributed over the cell than the TYKNU (low 2C resistance and 

low average Young’s modulus).  
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Finally, variations in the culture medium components had an impact on the achieved 

Young’s moduli. This highlighted the need to develop optimized culture protocols for 

elasticity measurements, able to overcome the effects of different media on the 

mechanical properties.   
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1. INTRODUCTION 

 

1.1 Ovarian Cancer 

 

1.1.1 Epidemiology 

 

Ovarian cancer (OC) is the seventh most common cancer and the fifth cause of 

cancer death among females [1]. In 2018, as reported by Global Cancer Observatory 

[2], OCs have accounted for 3.4% of all female cancer diagnoses and for 4.4% of all 

female cancer deaths. 

A higher incidence of OC has been estimated in USA, Eastern and Centre Europe 

(>8 for 100 000 inhabitants) than Africa and Asia (<3 for 100 000 inhabitants) (Figure 

1.1). Moreover, the incidence rate is dependent by age: OC is rare in young women, 

(<30 age) while occurrence drastically increases after the age of 50, with a peak 

between 50 and 70 years [3].  

 

Despite the progresses in understanding OC biology, the carcinogenesis of this tumor 

remains poorly understood. This is due to late diagnosis and molecular heterogeneity 

of OCs. As a consequence, the assessment of risk factors is clinically difficult and is 

primarily based on family history [4].  

Figure 1.1: Global incidence of Ovarian Cancer in 2018. ASR: age-standardized rates [49]. 



4 

 

The high heterogeneity is one of the main causes of lack of molecular and tissue 

biomarkers allowing an efficient screening of OCs. This hampers its diagnosis in early 

stage and consequently a better prognosis and survival of patients. 

Advances in cancer research and medical practice have determined an increase of 

the 5-year survival rate from 33.7% (1975) to 46.6% (2009) [4], but the lack of an 

efficient screening method and treatment hinders the improvement of survival rate 

over this value. 

 

1.1.2 Pathologic Classification of Ovarian Cancer 

 

Ovarian cancer encompasses a collection of neoplasms with distinct 

clinicopathological and molecular features and prognosis. The current classification 

splits ovarian tumors into three groups according to their anatomic site of origin:  

 

 Epithelial tumors (EOC): these tumors originate from ovarian surface 

epithelium (OSE) or from extra-ovarian epithelia and account for 60% of all 

ovarian cancers and for 90% of all malignant ovarian tumors. The EOCs can 

be further classified in subtypes according to their histology [5]. 

 Sex cord-stromal tumors (SC-SOC): these tumors originate from gonadal 

stroma cells (e.g. Granulosa cells, theca cells, Sertoli cells and Leydig cells) 

and account for 8% of all OCs and for 5-6% of all malignant ovarian tumors 

[5][6]. These tumors are often characterized by consistent endocrine 

manifestations and for this reason are easily diagnosable. The granulosa cell 

tumors are the most common SC-SOC subtypes [7]. 

 Germ cell tumors (GOC): these tumors originate by primordial germ cells and 

account for about 25% of all OCs, but only for 2-3% of all malignant ovarian 

tumors [5]. The GOCs typically occur in children and adolescent (about 50% 

of OCs in young women are GOCs) and 33% of these are malignant. These 

tumors are relatively uncommon in adult and are mostly benign [6].  

 

Each category has different subtypes that can be often found in different combination 

within a single tumor. These kinds of tumors are called mixed (for the classification 

only subtypes that accounts for >10% of total tumor mass are considered) [6]. 
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1.1.3 Epithelial Ovarian Cancer  

 

The epithelial ovarian cancers (EOCs) are the most common and deadly OCs and 

constitute a heterogenous groups of neoplasms with different behavior, 

epidemiology, molecular profile and prognosis [8]. According to current classification, 

the EOCs are divided in nine groups [9]: 

 

 Serous tumors (SOC): characterized by two different subtypes, high grade and 

low grade 

 Endometrioid tumors (ENOC) 

 Clear Cells tumors (CCOC) 

 Mucinous tumors (MOC) 

 Brenner tumors (BOC) 

 Seromucinous tumors (SMOC) 

 Mesenchymal tumors (MesOC) 

 Mixed epithelial tumors (MixOC): composed by two or more subtypes of 

common EOCs. 

 Undifferentiated tumors (UOC). 
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Among them the high grade serous carcinoma (HGSOC, 70% of all EOCs cases), 

the low grade serous carcinoma (LGSOC, <5% of all EOCs), the endometrioid 

carcinoma (10%), the clear cell carcinoma (10%) and the mucinous carcinoma (3%) 

are by far the most common and representative subtypes [5]. A correct diagnosis of 

these subtypes is a key point in EOC management, because each one needs a 

different treatment approach. The classification of ovarian cancer is now highly 

reproducible using modern diagnostic criteria supplemented (when necessary) by 

immunohistochemistry [10] (Figure 1.2). 

 

 

Figure 1.2: Representative histological H&E images (200x magnification) of most 
common EOCs subtypes: a) HGSOC, characterized by solid masses of cells with glandular 

lumens, nuclear atypia and necrosis; b) LGSOC, papillary architecture characterized by 

cells with small and uniform nuclei c) MC, shows expansile invasion and closely packed 
malignant glands with no stromal response d) ENOC, well-differentiated adenocarcinoma 

characterized by confluent growth of glands and squamous cells e) CCOC, with clear cells 

lined to papillae and hyalinized cores [8]. 
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1.1.4 Low Grade Serous Ovarian Cancer 

 

LGSOC is a rare form of epithelial ovarian cancer that accounts annually for 5-10% 

of all ovarian cancers diagnosed in Canada and United States [11][12]. This tumor is 

mildly aggressive but is usually highly resistant to chemotherapy (response rate is 4-

25%). For this reason, the survival rate at ten years from diagnosis is only of 10-20% 

[13].  

The LGSOCs have a slow tumoral growing and are usually diagnosed at an earlier 

median age than the high grade counterpart (around 50 years versus around 60 

years) [14]. This tumor origins mostly from a Mullerian epithelium which can arise in 

ovary in three different ways: 1) Cortical inclusion cysts (CICs) originated from 

salpingeal cells of fallopian tubes, 2) metaplasia of ovarian surface epithelial cells 

(OSE), 3) retrograde passage of endometrial epithelium [14]. 

The molecular characterization of this tumor has showed rare mutations at TP53 (only 

8%) [15] and a widespread expression of estrogen and progesterone receptors (ER 

and PR respectively) [16]. Moreover, LGSOCs are characterized by activating 

mutations of genes involved in MAPK pathway, such as KRAS (20-40%), NRAS (7-

26%) and BRAF (5-33%) [17][18]. The involvement of MAPK pathway in LGSOC has 

led to consider MEK inhibitors (like selumetinib or binimetinib) as candidates for an 

efficient therapeutic approach [19]. 
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Other possible molecular biomarkers for LGSOC are mutations at USP9X and 

EIF1AX (genes involved in mTOR pathway, they are mutated in 11% and 15% of all 

LGSOC cases respectively) and the overexpression of PAX2, AGR3 and IGF-1 (Fig 

1.3). In contrast with high grade serous tumors, the low grade ones are characterized 

by chromosomal stability [14]. 

 

1.1.5 Clear Cells Ovarian Cancer 

 

The Clear cells ovarian tumor (CCOC) is a subtype of EOC characterized by high 

aggressiveness and resistance to platinum based chemotherapies [20]. These 

tumors are usually associated to endometriosis, which is identified in 50% of all 

CCOCs cases [21] and is widely described as principal precursor of CCOC [22]. The 

presence of endometriosis is related to good prognosis [23]. 

Figure 1.3: Molecular drivers in LGSOC. In red are circled the protein mutated [165]. 
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The median age of diagnosis of CCOC is lower than serous carcinoma (around 55 

years versus 64 years). In the early stage the prognosis is good: the five years 

survival rate in patients with stage I is 84-100% [24]. Nevertheless, CCOCs cases 

diagnosed at advanced stage show a poorer outcome in comparison to the 

corresponding ones at early stage [25]. Moreover, the recurrence of this tumor is 

relatively common and tends to occur in different sites: 62% of CCOC patients 

indeed, show multiple-recurrence sites in pelvis, extra-pelvis, intrathorax, 

lymphonode and meninges [26]. Relapsed CCOCs patients have a poor prognosis: 

the survival rates at one, two and five years from recurrence are 67.8%, 93.1% and 

13.2% respectively [27].  

From a morphological point of view, CCOC is characterized by different patterns 

(papillary, tubulocystic and solid mixed in different combination) and eosinophilic 

clear cells. Moreover, the tumor can show a background endometriosis or a clear cell 

adenofibroma [28]. 

The molecular profile of CCOC shows a remarkable percentage of mutations in 

ARID1A (around 50% of all cases), a gene that plays an important role in the 

chromatin remodeling complex SWI/SNF [29]. The presence of disfunction in 

SWI/SNF complex as biomarker for CCOC is further proved by mutations in other 

genes involved in the chromatin remodeling pathway, such as ARID1B and 

SMARCA4 (6-18% and 5-18% of all CCOC cases respectively) [30] (Figure 1.4a).  

Another gene often mutated in CCOC is PIK3CA (around 50% of case), the activity 

of which is increased by mutation and leads to altered activation of the downstream 

AKT pathway (Figure 1.4b). Mutations in PIK3R1 (7-10% of all cases) and PTEN (2-

13%), in addition to the amplification of AKT2 (8-26.6%), indicate frequent alterations 

of AKT pathway in CCOC [31].  

Aberrations in chromatin remodeling pathway and AKT pathway are closely 

correlated in CCOC. ARID1A and PIK3CA were, indeed, found co-mutated in 20-56% 

of cases, while 82% of tumors with activation in AKT pathway present also mutations 

in components of SWI/SNF complex [30]. 

Other typical molecular alterations of CCOC are: PPP2R1A mutations (4.1-20%), 

KRAS mutations (4.7-20%) [20], ERBB2 mutations and amplifications (4-13%) [30] 

(Figure 1.4c), MET amplifications (24-37%) [32] and TERT mutations (5.7-16.0%, 

the highest frequency among EOC subtypes) [33]. Finally, TP53 is usually wild-type 

and BRCA1/2 have a low mutation frequency [30]. 
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1.1.6 Endometrioid Ovarian Cancer 

 

The endometrioid ovarian cancer (ENOC) is a EOCs subtype characterized by a high 

proportion of cases with well differentiated histology and early stage diagnosis (50% 

of all cases are diagnosed at stage I and II) [34]. This tumor arises from endometriosis 

and often is associated to synchronous endometrial carcinoma (with which share 

many molecular and histologic features) [35]. ENOC patients have tendentially a 

good outcome (five-years survival rate is 78%) [36], regardless to their stage and 

differentiation level [34]. Nevertheless, some patients can suffer from disease relapse 

which is responsible for a poorer prognosis [37]. 

ENOCs have heterogeneous molecular profiles characterized by microsatellite 

instability (MSI, 19% of cases) and mutations and/or expression alterations in KRAS 

(46%), PIK3CA (39%), PTEN (33%), CTNNB1 (25%), KMT2B (24%), KMT2D (20%), 

ARID1A (19%), TP53 (17%), PIK3R1 and R2 (11% and 8% respectively), AKT1 (8%), 

CDKN2A (6%) [36] [38]. These tumors show a mutational burden of 0,17-263 

mutations/Mb, which suggests for a ENOC subtype characterized by a hypermutated 

phenotype. The latter is associated to disfunctions in mismatch / homologous 

recombination repair pathway and mutations in POLE, a molecular profile that 

resembles the HGSOC one (Figure 1.5b). The distinction between this ENOC 

subtype and HGSOC is possible considering the lowest mutational burden of the 

serous carcinoma (0,07-64 mutations/Mb) [36] (Figure 1.5a). 

 

Figure 1.4: a) Pattern of gene mutations of SWI/SNF family subunit; b) Pattern of genes alterations in AKT pathway; 
c) Pattern of genes alterations in RTK/RAS pathway. Adapted from Itamochi [30]. 
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1.1.7 Mucinous Ovarian Cancer 

 

The Mucinous Ovarian Cancer (MOC) is a unique EOC subtype with etiology and 

poorly defined progression mechanisms [39]. Its origin is still uncertain and the 

debate is focused on its nature of actual ovarian tumor or metastatic disease from 

other organs [40]. The mucinous benign cystadenomas and mucinous borderline 

ovarian tumor (MBT) have been suggested as precursor lesions of MOC. Since both 

of them can be cured by surgery alone, the theory of their ovarian origin (and so of 

MOC ovarian origin) is more likely than an extra-ovarian one [41].   

The molecular profile of MOC is characterized by mutations or copy number loss at 

CDKN2A (76% of cases), mutations at KRAS or TP53 (64% of cases for both), 

amplification of ERBB2 (26%) and mutations at RNF43, BRAF, PIK3CA and ARID1A 

(8-12%). These molecular data indicate the MOC as ovarian carcinoma rather than 

extra-ovarian metastasis: the comparison with molecular profiles of similar tumors 

(e.g high grade serous ovarian cancer, endometrial, gastric and colorectal tumors, 

mucinous colorectal tumors) shows indeed marked differences [39] (Figure 1.6).  

Figure 1.5: Comparison between mutational profile of endometrioid ovarian cancer, endometrial cancer 
and high grade serous ovarian cancer. a) Somatic mutation frequencies observed in exomes. Tumor types 

are ordered by median mutation frequencies (red lines). Mutation frequencies vary more than 1000-fold 

within tumor types.; b) Mutational signatures in tumor types. Endometrioid and endometrial cancer show 

19% and 10% of samples respectively with Homologous recombination defect. Moreover, they have 

similar mutation frequencies of POLE (red). Adapted from Pierson [36]. 
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According to the theory of a benign tumor as precursor lesion of MOC, the 

comparison of molecular profiles of the latter and MBT shows a similar mutation 

pattern, especially in driver events such as loss of CDKN2A and/or mutations in TP53 

and KRAS (around 90% of all MOC cases and 95% of MBT cases) [39]. MOC tumors, 

especially high-grade ones, have a higher copy number variation rate than MBT 

tumors, which suggests the increase of copy number alterations as key event in 

malignance insurgence. The commonest chromosomal aberration in MOCs is the 

depletion/LOH of 9p and amplification of 9p13, which are associated to poorer clinical 

outcome [42].  

 

Figure 1.6: Comparison of molecular profile (Copy number alterations and mutation frequencies) of 

MOC and similar tumors. Below is reported the number of samples for each tumor. Adapted from 

Cheasley [39]. 
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1.2 High Grade Serous Ovarian Cancer 

 

1.2.1 Epidemiology and Risk Factors 

 

The High Grade Serous Ovarian Cancer (HGSOC) is the most common epithelial 

ovarian cancer (EOC) subtype and accounts for the 70-80% of all ovarian cancer 

death. The diagnosis generally occurs at a median age of 65 years, mostly in an 

advanced stage. The HGSOCs limited to the ovary are very rare (<10%), because 

these tumors have a remarkable inclination to extraovarian dissemination with 

common and extensive omentum involvement. Interestingly, the size of ovarian tumor 

is smaller than other EOCs types and the bilateral involvement occurs in around 66% 

of cases [8]. 

The HGSOC is characterized by high mortality: the five years survival rate is indeed 

around 46%. One of the main causes is the late stage diagnosis due to lack of efficient 

predictive biomarkers and specific symptoms. The diagnosis in advance stages 

occurs in 75% of cases, which have a five year survival rate of 30%, while early stage 

diagnosis is rare with 25% of cases, that have a five years survival rate of around 

92% [43]. 

The most important risk factor is a strong family history of breast and/or ovarian 

cancer. Hereditary HGOSCs are, indeed, mainly correlated at inherited mutation in 

BRCA1 and BRCA2 (women with germline mutation in these genes have a lifetime 

risk of 44% and 10% respectively). Other possible risk factors have been proposed 

(e.g. lifetime ovulations, oral contraceptives, smoking, obesity etc.), but their validity 

must yet be proved [44]. 

 

1.2.2 Carcinogenesis 

 

The carcinogenesis and tumoral progression of HGSOC are widely studied and 

debated topics, but, still now, they are not completely understood.  

Currently, two main theories try to establish a coherent model for the carcinogenesis 

of HGSOC. The first and oldest one indicates the ovarian surface epithelium (OSE) 

as the site of origin for HGSOC insurgence. The OSE cells are exposed during normal 

ovulation at a prooxidative and proinflammatory environment that induces DNA 
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damages. According to this model, some altered OSE cells can invaginate and form 

cortical inclusion cysts (CICs) in underlying stroma. Under the effects of ovarian 

hormones, the CICs mesothelial cells can differentiate in Müller epithelial cells 

(metaplasia) and then progress to a malignant state [45].  

The second theory, most widely accepted nowadays, proposes the fallopian tube as 

origin site of HGSOC. Accordingly, the fallopian tube secretory serous epithelial cells 

(FTSEC), after oxidative or inflammatory genotoxic stress, undergo malignant 

transformation and clonal expansion that progress to a precursor lesion called serous 

tubal intraepithelial carcinoma (STIC). Probably, a starting mutational event of TP53 

in FTSECs leads to a sensitive-DNA damage state that promotes the subsequent 

tumorigenic molecular alterations (like BRCA loss that further increases the 

chromosomal instability and so the copy number variations rate) [8]. However, these 

malignant cells can exfoliate from fimbriated ends of fallopian tube to peritoneal 

surface or near ovaries inducing the HGSOC insurgence [46] [47] (Figure 1.7).  

There are some evidences supporting this theory such as the presence of a STIC 

lesion in 50-60% of sporadic tumors and in 80% of hereditary tumors with germline 

BRCA mutations [48]. Moreover, some studies have highlighted similar mutation of 

TP53 in some serous ovarian tumors and correlated to STICs. Furthermore, the 

expression of PAX8 (a Müller epithelium marker), but not of calretinin (a mesothelium 

marker) has been detected by immunohistochemistry in serous ovarian cancers [47].  

The correlation between tumorigenic mutations and a proinflammatory-prooxidative 

environment induced by ovulation indicates that the number of lifetime ovulations 

(absence of pregnancy, early age of menarche and late age at menopause) can be 

used as possible risk factor [49]. 
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1.2.3 Morphological Features 

 

HGSOCs are heterogeneous tumors characterized by different morphological 

patterns and tissue architectures that can also coexist in the same tumoral mass.  

From a cytologic point of view, the HGSOC cells are often pleomorphic (different 

size), multinucleated and characterized by the presence of psammoma bodies 

(concentric calcium deposits associated to papillary growth pattern). Moreover, they 

have a great nuclear atypia, large hyperchromic nuclei, nuclear pleomorphism and 

large eosinophilic nucleoli (typical characteristics of tumors with high mitotic index) 

[50]. 

The HGSOCs can show different tissue architectures: solid, transitional, 

cribriform/pseudo-endometrioid, papillary, classic and compressed micropapillary, 

infiltrative papillary and infiltrative micropapillary [51]. According to these 

Figure 1.7: Sequence of principal carcinogenesis events of HGSOC according to the "fallopian 

tube" model.  Moreover, in figure are reported the results of immunohistochemical staining for TP53 

in each step of tumor progression and the molecular profile of HGSOC cells [166]. 
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morphological architectures, to the invasion behavior and to the presence of BRCA 

mutations, HGSOCs can be grouped in two main groups (Table 1.1): 

 

 Classic HGSOCs including tumors with papillary and micropapillary patterns. 

Papillary tumors show a finger-like connective axis surrounded by tumoral 

cells. Micropapillary tumors instead show clusters of tumor cells without a 

vascular core [51]. These tumors show BRCA mutation in 28% of cases, lag 

between STIC lesion and symptomatic disease insurgence (in women without 

BRCA mutations), higher median age of diagnosis, low responsiveness to 

chemotherapy, PARPs inhibition and poor outcome [52]. 

 SET HGSOCs including solid, endometrioid-like and transitional tumors. Solid 

tumors show cells arranged in sheet, endometrioid-like tumors have instead 

cells that grow in a glandular and nested pattern, while transitional tumors are 

characterized by thick and stratified layers. SET HGSOCs are characterized 

by more tumor infiltrating lymphocytes (TILs), necrosis and higher mitotic index 

than classic ones. Moreover, they are mutated at BRCA genes in about 50% 

of cases, and they are also associated to a rapid growth after the tumorigenic 

lesion (in patients with BRCA mutations), young age of occurrence, good 

response to therapy and good outcome [52] (Figure 1.8).  
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Figure 1.8: Morphological patterns of HGSOC: a) papillary; b) micropapillary; c) 
infiltrative; d) solid; e) pseudoendometrioid; f) transitional; g) summary of dualistic model 

of HGSOC [52].  

Table 1.1: Principal features of the two morphological groups of HGSOC: SET and Classic 

[52]. 
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1.2.4 Molecular Features 

 

In 2011, the Cancer Genome Atlas (TCGA) has provided an overview of molecular 

profile of HGSOC by whole genome sequencing (WGS) of 489 cases [15]. The results 

of this study have showed a low mutation rate and a multitude of genomic structural 

variants which indicate HGSOC as an extremely heterogenous tumor characterized 

by high chromosomal instability.  

The only gene with a significant mutational frequency in HGSOC is TP53, which is 

mutated in 96% of the cases. Around 80% of these mutations occur in the exons 

coding the DNA binding domain and cause loss of function inherent to transcriptional 

activity of TP53. Sometimes the mutations can cause a gain of function that makes 

TP53 a promoter of invasiveness, drug resistance and cellular proliferation [53].  

The other genes with a significant mutation rate are BRCA1 and BRCA2 which are 

mutated respectively in 12.5% and 11.5% of the cases. Moreover, around 11% of 

patients present an inactivation to BRCA1 due to gene hypermethylation. Besides 

these genes, HGSOCs show alteration in other genes involved in the DNA repair 

mechanism such as RAD50, RAD51, RAD51C (genes from RAD core, mutated in 

1.5% of all cases) CDK12 (3%), FA genes (mainly PALB2, FANCA, FANCI, FANCC 

for a total of 2%), ATM, ATR, CHECK1 and CHECK2 (genes involved in DNA damage 

response, mutated in 2% of cases) [15]. According to presence of alterations in 

homologous recombination DNA repair system (HRR, where are involved BRCA1 

and BRCA2) it is possible to divide HGSOCs in two groups [54]: 

 

 HRR deficient: accounting for 51% of all HGSOC and showing alterations in 

different components of DNA repair mechanism. 

 HRR proficient: characterized by amplification of CCNE1 in 15-20% of cases. 

This alteration is mutually exclusive with BRCA mutations and it is often 

correlated to activation of AKT pathway [55]. These tumors show a worst 

chemotherapy response and outcome than HRR deficient ones (Figure 1.9). 

 

Other molecular hallmarks of HGSOCs include alterations of different pathway, such 

as RB pathway (CDKN2A, CCNE1, CCND1, CCND2, RB1), PIK3CA/RAS pathway 

(PTEN, PIK3CA, AKT1, AKT2, NF1, KRAS, BRAF) and NOTCH pathway (JAG1, 

JAG2, MAML1, MAML2, MAML3, NOTCH3) [15]. 
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Moreover, the results of the TGCA study have highlighted a higher rate of copy 

number variation that involves mainly the amplification of MYC, MECOM and CCNE1 

in around 20% of HGSOCs and depletion of PTEN, RB1 or NF1 [15].  

 

1.3 Prognosis and Treatment of Ovarian Cancer 

 

1.3.1 Prognosis 

 

The Ovarian cancers (OCs) are a group of tumors characterized by high 

heterogeneity and complexity, as reported above. This hinders a clear interpretation 

of anatomopathological prognostic factors. Usually, the evaluation of OC patients 

prognosis is performed using three parameters: 

 

 Histologic type and malignance grade of the disease. 

Figure 1.9: Pattern of genetic alterations in HGSOCs concerning the RB and RAS/PI3K patway a); 

Notch pathway b); HR pathway c) and FOXM1 pathway d). Moreover, in panel c is reported the 

survival analysis of patients with different BRCA status (wildtype, epigenetically silenced and 
mutated). In panel d each gene is surrounded by an outer ring and an inner ring which indicate 

respectively the copy number and gene expression. Each line generating the rings represents a single 

patient sample. Rings are sorted in increasing order of FOXM1 expression. Dashed lines indicate 
transcriptional regulation [29]. 
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 Volume of the residual tumoral mass after surgery. 

 Tumoral stage at first diagnosis. This evaluation is performed according to the 

International Federation of Gynecology and Obstetrics (FIGO) staging system. 

The latter is based on the extension of tumoral mass (a parameter that 

indicates if the tumor is confined to the ovary or if it involves other neighboring 

organs), on lymphocytic infiltration and on the presence of metastasis [56] 

(Table 1.2). 

 

According with FIGO system we can identify three groups of patients with different 

relapse risk in early stage: low risk (stage IA-IB grade 1), intermediate risk (stage IA-

IB grade 2 and stage IC grade 1), high risk (stage IA-IB grade 3, stage IC grade 2-3, 

all stage II) [57].  

 

Table 1.2: FIGO Staging system. TNM: TNM classification of malignant tumors [167]. 
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1.3.2 Ovarian Cancer Treatments 

 

Despite the advances in knowledge of ovarian cancer and its histological variants, 

which point out the need of different approach treatment for each subtype, the basic 

therapy of this tumor has remained almost the same in the last 40 years. The latter 

is based on a debulking surgery followed by an adjuvant chemotherapy with alkylating 

agents such as platinum analogs (e.g. cis-platinum and carbon platinum). 

The aims of surgery are the complete macroscopic resection of the tumoral mass and 

the assessment of the tumor stage. An efficient debulking surgery is one of the most 

favorable prognostic factors for survival [58]. The surgery is based on a radical 

hysterectomy and a bilateral salpingo-oophorectomy, peritoneal surface examination 

and harvesting of ascitic fluids.  

The adjuvant chemotherapy is performed after surgery in order to prevent possible 

recurrences. This step is required especially for patients with advanced stage disease 

(stage III or IV) or at early stage but with high risk of relapse (stage IA-IB grade 3, 

stage IC grade 2-3, all stage II). Women with diagnosis at early stage and with low or 

intermediate risk of recurrence (IA-IB grade 1-2 and stage IC grade 1) have a five-

years survival rate of 90-95% after surgery and for this reason they don’t need 

adjuvant chemotherapy [59]. 

The first agents used in adjuvant chemotherapy of OCs were platinum analogs, a 

class of molecules with an antineoplastic effect. These molecules are able to 

intercalate the DNA double strands binding the alkyl group on guanine. This leads to 

different DNA damage and subsequently to cellular apoptosis [60]. For this reason, 

the platinum-based treatment is particularly effective against tumors with deficient 

DNA repair mechanisms, such as HGSOC.  

An improvement of this therapeutic approach is based on the use of a combination 

of antitumoral drugs with synergistic effects. A typical example of polychemotherapy 

in OC is the carboplatin-paclitaxel treatment. The paclitaxel is an antitumoral agent 

which induces mitotic arrest (and so cellular apoptosis) binding the beta-tubulin 

monomers altering the depolymerization/polymerization equilibrium of cellular 

microtubules [61].  

Despite the advances provided by platinum analogous use in first line treatments, this 

chemotherapy is extremely debilitating and it is characterized by a remarkable 

percentage of recurrence within two years after treatment. The relapses are almost 
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resistant to first line treatment and so there is the need of a different second line 

therapeutic approach.  

For this reason, the development of new therapeutic treatments targeting specific 

molecular markers and overcoming the side effects of typical chemotherapy drugs is 

a key point. The use of PARP inhibitors (PARPi) is an example of promising target 

therapy. These drugs inhibit the PARP enzymes, a class of proteins involved in 

reparation of single strand DNA breaks. Since double strand DNA breaks are repaired 

by homologous recombination repair pathway (HRR), tumors characterized by 

dysfunction in this pathway (e.g. HGSOC with BRCA mutations) are sensitive to 

PARPs inhibition. The latter, indeed, causes the accumulation of single strand DNA 

breaks, collapse of replication fork and accumulation of double strand breaks which 

can’t be repaired by the altered HRR mechanism. This leads to accumulation of DNA 

damages and so to cellular death [62]. 

 

 

1.4 Biomechanics and Atomic Force Microscope 

 

1.4.1 Role of Mechanical Features in Biological Specimens 

 

The rheology is a branch of physics which deals with the deformation of materials in 

response to a force application on them. Since this response is related to the 

macroscopic structure of materials, the principal aim of rheology is to develop 

mathematical models able to correlate the stress response of materials to their 

structural features [63].  

From a rheologic point of view, the biological specimens (e.g. tissue, cells, extra-

cellular matrix) show a viscoelastic behavior. The latter is characteristic of materials 

that have both an elastic and a viscous component and so show a stress response 

intermediate between materials closely elastic and purely viscous.  

Since biological specimens are in a physical environment where they are subjected 

to different mechanical stresses, the comprehension of the role played by the 

mechanical forces in basic life processes is paramount.  

Despite the complexity and heterogeneity of biological specimens (characterized by 

different components with different mechanical properties), many studies have 

improved the knowledge on their mechanics. For example, it has been proved that 

the stiffness of a matrix influences the differentiation of mesenchymal stem cells 
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(MSCs). If these cells are on a rigid matrix that mimics collagen bones (25-40 kPa), 

they differentiate into skeletal-like polygonal cells; on a matrix with stiffness similar to 

muscles (8-17 kPa), MSCs transform into muscle-like spindle cells and finally on soft 

matrix that mimics the stiffness of brain tissues (0.1-1 kPa) they assume a nerve-like 

branched morphology [64] (Figure 1.10). 

The first cellular structure involved in the determination of the cellular mechanical 

features is the cytoskeleton. This is an extremely dynamic molecular network (mainly 

composed by actin, microtubule and intermediate filaments) that is involved in 

different cellular processes (organelle transport, determination of cell shape, 

movement, differentiation and signaling) [65]. Changes in cytoskeleton homeostasis 

are fundamental, for example, in different tumoral processes like uncontrolled 

proliferation, invasion and metastasis. It has been proved that tumoral cells are soften 

than the corresponding healthy ones [66], due probably to their higher proliferation 

rate. Cells in mitotic interphase, indeed, show a widespread distribution of actin 

Figure 1.10: Differentiation of naïve MSCs on substrates with 
different stiffness. They can assume a neuron-like branched 

morphology (first column), a muscle-like spindle morphology 

(second column) or a skeleton-like polygonal morphology. 

Adapted from Engler [64]. 
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monomers in the cytoplasm instead of the typical well organized actin network of non-

mitotic cells [67]. 

Moreover, tumoral cells with overexpression of vimentin and keratins (two 

components of intermediate filaments) have a higher stiffness and aggressiveness 

[68]. The cell stiffening is, indeed, an important step which allows the tumoral mass 

to expand against a rigid tissue matrix and so to invade the surrounding tissues [69]. 

Changes in cytoskeleton organization are involved also in the metastatic process. 

The cellular softening, for example, can improve the lamellipodial movement velocity 

of malignant fibroblast [70], while a depolymerization of cortical actin network can 

allow the microtubule filaments penetration and so the formation of micro-tentacles 

which are involved in the metastatic process of blood circulating breast tumor cells 

[71]. 

 

1.4.2 Atomic Force Microscope 

 

The mechanical characterization of biological specimens can be performed by using 

different tools, such as the atomic force microscope (AFM). The AFM is a scanning 

probe microscope (SPM) invented by Binnig, Quate and Gerber in 1986. Like other 

SPM, AFM is an instrument based on the use of a mechanical probe (a microlever 

called cantilever) which comes into contact with the sample and of a piezoelectric 

element that allows accurate and precise movements of the cantilever in the three 

spatial dimensions: x, y and z. The interaction between the sample and the cantilever 

leads to a deflection of the latter.  The deflection is recorded by a laser beam pointed 

on the cantilever and then deflected on a photodiode, which acts as detector system 

(Figure 1.11). The deflection of the cantilever is determined by attractive and 

repulsive forces which occur when the microlever and the sample comes into contact. 

These forces are associated to the mechanical and molecular features of the sample 

and, for this reason, the cantilever deflection can be used to analyze them. 

The AFM has a resolution in the order of nanometer (more than 1 000 times better of 

optical diffraction limit) and can apply and record forces in the order of 1 pN – 100 nN 

[72]. The high versatility and resolution of AFM make it a useful tool for different 

purposes (e.g. force measurement, topographic imaging, molecular manipulation). 

The AFM can be used for example to acquire high-resolution images of different 

materials. In imaging-mode, the sample is scanned by the cantilever which is 

deflected according to the topographic profile of the sample surface. The resulting 
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image is highly detailed and can provide information on the tridimensional features of 

the sample. 

Another useful and versatile AFM mode is the force spectroscopy (FS), where the 

achieved forces are analyzed in function of the probe distance from the sample. In 

FS, the cantilever is initially brought into contact with the sample and then it is pulled 

toward its. This leads to the generation of a force-displacement curve characterized 

by the initial approach curve (associated to the first contact between the sample and 

cantilever) and the subsequent retract curve (inherent to retraction of cantilever). 

These curves provide information on mechanical and adhesion properties of the 

sample (from the approach curve and the retract curve respectively) (Figure 1.11). 

Moreover, by functionalizing the cantilever with different molecules (e.g. antibodies, 

receptors or DNA filaments) it is possible to analyze their interactions with other 

molecules on a substrate (e.g. antigens, ligands or complementary DNA filaments).   

 

1.4.3 Application of Atomic Force Microscope in Biology 

 

Although the initial aim of AFM was the study of materials, in the last decades this 

instrument has widely been used in biomedicine and biology due to its high resolution 

and the possibility to work in physiological fluids (and so on living biological 

specimens).  

Figure 1.11: Scheme of AFM components (a), working principle (b) and modes (c). Contact and 

intermittent mode are two different AFM approaches to scan the sample. The contact mode provides 

images with higher resolution than intermittent mode but can damage the sample. For this reason, 

in imaging of biological samples it is better to use the intermittent mode [168]. 

a b 

c 
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For example, the AFM was used to obtain images of different virus morphologies, 

such as Tobacco virus [73] or HIV [74]. Viruses have very small size (20-400 um) 

which is lower than the resolution limit of an optical microscope. Consequently, the 

AFM, with its high resolving power and poorly destructive effect on sample 

preparation, is a good choice in the analysis of viral morphologies. Moreover, the 

AFM has been also used to analyze some physiological processes involved in virus 

pathogenicity, such as the self-assembly of core proteins in HIV and Mason-Pfizer 

monkey viruses [75] or the formation of lipidic raft microdomains induced in infected 

cells by replication complex of the hepatitis C virus [76]. 

AFM is also used in the analysis of bacteria and their morphological properties. It was 

used for example to analyze the surface changes of Streptomyces coelicolor during 

the different steps of its life cycle [77] or to observe the structure of bacterial annexes 

like cilia or flagella [78]. The AFM can be used also to analyze the morphological 

changes of bacteria after the treatment with antibiotics [79] or antimicrobial peptides 

[80] in order to improve the comprehension of the physiological processes that 

underline the antibiotic resistance. 

As concern eukaryotic specimens instead, AFM studies was mainly focused on 

morphology and mechanical properties of tumor cells. This instrument was used to 

analyze the morphological changes of tumoral cells induced by chemotherapy drugs. 

The treatment with paclitaxel, for instance, determines a higher superficial roughness 

and softness of HeLa cells [81]. In 2012, Plodinec and colleagues have demonstrated 

that invasive tumoral tissues were softer than the corresponding benign and healthy 

counterparts. Malignant tissues have also shown a broad range of stiffness 

distribution (due probably to tissue heterogeneity) with a main low stiffness peak 

associated to invasive cells [82] (Figure 1.12). 
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The AFM represents a good tool to analyze phenomena at the molecular scale, such 

as molecular interactions. In this experimental setting, the cantilever is functionalized 

with a molecule and then it is brought into contact with a possible ligand placed on a 

substrate. After the bond formation between the two molecules, the cantilever is 

retracted in order to observe the force required to break the bond. This kind of 

analysis was performed to observe the bond strength between avidin and biotin [83]. 

The resolving power of AFM is high enough to observe the conformational changes 

of proteins. An example of these studies refers to OmpF, the most common porine in 

outer membrane of Gram negative. The porins are proteins that cross the cellular 

membrane and act as a pore, through which molecules can diffuse. In 1999, Muller 

and Engel have demonstrated by AFM imaging that voltage changes caused 

conformational variations of OmpF and so the opening or closing state of the channel 

[84].  

Like proteins, also nucleic acids were submitted to several AFM studies. This 

instrument can be used to obtain high-resolution images of chromosome marked with 

the standard method of Giemsa-trypsin-Giemsa. These images have a higher 

resolution of chromosome banding than the electronic microscope making AFM a 

Figure 1.12: The left column shows the stiffness distribution of 

a normal mammary gland tissue, a benign breast lesion and an 

invasive breast carcinoma (from top to bottom). In the right 

column are reported the H&E-stained sections of the analyzed 

samples. Adapted from Plodinec [82]. 
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good alternative for the construction of a karyotype and for the observation of possible 

structural alterations [85] (Figure 1.13). 

 

 

 

1.5 The Ubiquitin-Proteasome System 

 

1.5.1 Proteolysis  

 

The proteostasis is a fundamental network of competitive and integrated biological 

pathway the aim of which is the dynamic regulation of a balanced and functional 

proteome. These pathways are involved in biogenesis, folding, trafficking and 

degradation of proteins within cells. The proteostasis is essential to ensure a proper 

cellular function. The proteolysis, for example, is involved in the disruption of 

misfolded or aberrant proteins, the accumulation of which can be toxic for cells [86]. 

Wild-type proteins also need to be degraded after having accomplished their function 

or when they are involved in pathway where a rapid protein turnover is required. For 

this reason, the protein degradation pathway is essential for different cellular 

processes (e.g. proliferation, differentiation, stress response, DNA repair, 

transcriptional regulation) [87]. 

Eukaryotic cells have different proteolytic systems, the most important of which are 

the lysosome pathway and the proteasome-ubiquitin system (UPS). The latter is a 

cellular pathway which mediates a highly specific protein degradation. Unneeded or 

damaged proteins undergo a post-translational modification, where the ubiquitin, a 

Figure 1.13: Comparison between electronic microscopic imaging and AFM imaging of Giemsa-

trypsin-Giemsa treated chromosome. Adapted from Chang [85]. 
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protein with low molecular weight, is covalently bound. This linkage marks the altered 

protein and drives it to the proteasome where it is degraded [88].  

Disfunctions in UPS can lead to different pathological states, which include tumors 

and genetic or neurodegenerative diseases [89] [90]. 

 

1.5.2 Ubiquitination  

 

The first step in ubiquitin-proteasome degradation pathway is the binding of the 

ubiquitin to the protein to degrade. The ubiquitin (Ub) is a highly conserved protein of 

76 amino acids with a total molecular weight of 8.6 kDa [91]. The covalent bond with 

target proteins occurs between the carboxyl group of ubiquitin’s terminal glycine and 

the ε amino-group of the substrate’s lysine. Afterwards, other ubiquitins are added (at 

least four) to form a polymeric tail which directs the protein to proteasome-mediated 

degradation. The covalent bond with the substrate is reversible and allow the 

ubiquitins to be released during the protein degradation process and, so, to be used 

in other marking cycles [92].  

It is important to stress that the monoubiquitination is involved, over the proteolysis, 

in other cellular processes, such as protein translocation, pathway activation and 

DNA damages signaling [93]. 

 

1.5.3 Proteasome 

 

The proteasome is a multicatalytic protein complex with high molecular weight (2,5 

MDa and sedimentation coefficient of 26S), involved in the degradation of proteins 

marked by ubiquitin. It is characterized by two different functional compartments: the 

catalytic core 20S (or Core Particle, CP) and the two regulatory subunits 19S (or 

Regulatory Particle, RP). The CP is able to degrade unfolded and aberrant proteins 

by itself, but it can also catalyze the degradation of wildtype proteins associating with 

the two RPs, which are made up by two compartments, base and lid, composed by 

19 subunits with different sizes (24-106 kDa). These two compartments are linked by 

subunit Rpn10, which additionally acts as a structure stabilizer. The base is 

composed by nine subunits and is involved in the direct link with the CP. The lid, 

instead, is composed by 10 subunits and is essential to recognize the polyubiquitin 

tail. Moreover, the subunit Rpn11 is a deubiquitinating enzyme of the JAMM/MPN 



30 

 

domain-associated metallopeptidases family and is involved in the removal of 

polyubiquitin tail from substrates [94] (Figure 1.14). 

 

1.5.4 Deubiquitination 

 

An important feature of the ubiquitin-proteasome system is the reversibility of 

ubiquitin-target protein link, which allows recycling the ubiquitin monomers for new 

proteins to degrade. The hydrolysis of the iso-peptide bond between the carboxyl 

group of ubiquitin’s terminal glycine and the ε amino-group of a target protein’s lysine 

is catalyzed by deubiquitinating enzymes (DUBs), a class of cysteine proteases and 

metalloproteases [95]. Over the standard function, the DUBs are involved in the 

removal of ubiquitins from erroneously marked proteins and in modulation of the 

signal carried from the polyubiquitin tail [96]. 

The DUBs are involved in many cellular processes due to their precise control on the 

activity, location and stability of proteins. For this reason, mutations/deregulations of 

these enzymes can be recognized in different diseases, including tumors. The 

Figure 1.14: Schematic diagram depicting the proteasome 26S, 

the two compartments CP 20S and RP 19S and their subunits. 

Adapted from Turakhiya [169]. 
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overexpression of USP18, an isopeptidases, has been found to limit the apoptotic 

susceptibility of tumors to IFN-α or bortezomib treatment [97].  

 

 

1.5.5 Inhibitors of Ubiquitin-Proteasome System for Tumor 

Treatment 

 

Despite the high potential of ubiquitin-proteasome system inhibitors (iUPSs) in tumors 

treatment, their use has remained limited due to their poor specificity and stability. 

For this reason, the efforts to develop new efficient iUPSs are focusing on the 

improvement of their selectivity.  

The first iUPSs developed are called first-generation inhibitors. They are small natural 

or synthetic peptides with a functional group able to undergo a nucleophilic attack to 

a hydroxyl group on the proteasome’s active site. This leads to the inactivation of the 

protein complex and consequently of the entire pathway. The most important first-

generation inhibitor is the Bortezomid, a dipeptide with a modified leucine, carrying a 

boronic acid in substitution of the carboxylic group. It was approved for clinical use in 

2003 [98]. The Bortezomid binds, and reversibly inhibits, the β5 subunits of 

proteasome 20S with high affinity and specificity. This leads to an intracellular 

accumulation of unfolded or misfolded proteins (especially immunoglobulins) with 

subsequent cell cycle arrest and activation of apoptosis.  

The Bortezomid is used to treat different neoplasms, such as multiple myeloma and 

mantle cell lymphoma [99]. However, its serious side effects (including peripheral 

neuropathy, hearth failure, neutropenia and thrombocytopenia) have highlighted the 

need of more efficient iUPSs [100]. 

The second-generation inhibitors are focused on other components of UPS, like the 

E1, E2 and E3 enzymes or the DUBs. Their inhibition, in particular, have many 

consequences: intracellular accumulation of protein-ubiquitin complexes and 

unfolded/damaged proteins, diminution in availability of ubiquitin monomers and 

proteotoxic stress. Some efforts have indicated that malignant cells are extremely 

dependent from functioning UPS due to their high proliferation rate and high amount 

of aberrant proteins. This makes the tumoral cells more sensitive to inhibitor of DUBs 

(iDUBs) than healthy ones [101]. 

According to their selectivity, it is possible to distinguish two different classes of 

iDUBs: 
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 Selective inhibitors: They act on DUBs and for this reason have a high 

therapeutic potential for tumors characterized by alteration in specific iso-

peptidases. An example is the RA-9 drug, a specific inhibitor of DUBs 

associated to the regulatory particles 19S of the proteasome 26S. Its 

effectiveness in ovarian cancer treatment was proved on both cell lines and 

murine models [102]. 

 Non-selective inhibitors (N-SIIs): They act on different isopeptidases and 

cellular pathway, which make them usable for several tumors. A promising 

class of N-SIIs includes drugs containing a α-β unsaturated di-enone cross-

conjugated with two electrophilic carbons [103]. They act as Michael 

acceptors for the free thiol groups of cysteines on the DUBs’s active sites. 

This leads to the formation of an irreversible bond which inactivates the 

proteases [104]. However, these inhibitors can interact with other molecules 

over the DUBs, and so, the presence of these competitor molecules can 

reduce the cytotoxic effects induced by N-SIIs. Glutathione (GSH) is an 

example of molecule with high affinity to N-SIIs. It has been shown, indeed, 

that glioblastoma cell lines previously treated with agents able to reduce the 

GSH cellular level, are more sensitive to N-SIIs than untreated ones [105]. 

 

 

1.5.6 The Inhibitors G5 and 2C 

 

The 2C (also called DU-UC15) is a N-SIIs developed in the laboratory of bio-organic 

chemistry leaded by prof. Fabio Benedetti (Department of Chemical and 

Pharmaceutical Sciences of University of Trieste). It is a symmetrical bis-

arylidenecycloalkanone structurally related to the nonselective iso-peptidase inhibitor 

G5 [103]. The structure of 2C contains two possible binding sites for the catalytic 

cysteines of DUBs and a hydroxyl group which allows further structure modifications 

and/or the covalent conjugation with other molecules (e.g. peptides, carriers, 

fluorescent probes) (Figure 1.15).  

Over the inhibition of DUBs, the G5 inhibitor and its derivatives trigger a non-specific 

necrotic pathway that involves the actin cytoskeleton reorganization. The treatment 

with these drugs indeed stabilizes and increases the activity of protein phosphatase 

PP2A, which stimulates in turn the dephosphorylation of serine 3 on cofilin-1, a 
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protein with actin depolymerization activity. As the activity of cofilin-1 is negatively 

regulated by the phosphorylation of the serine-3, the treatment with G5 and its 

derivates triggers indirectly the depolymerization of the cellular cytoskeleton and 

subsequently the necrotic death [106]. 

  

Figure 1.15: Chemical structure of inhibitors G5 and 2C. 
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2. Aim of the Study 

 

The principal goal of this doctoral thesis is the assessment of the mechanical 

properties as new possible biomarkers of epithelial ovarian cancer (EOC) in 

association with the classic ones used in clinical routine. To do so, the Atomic Force 

Microscope (AFM) was used to perform the mechanical characterization of 9 ovarian 

cancer cell lines with different histological and morphological classification. An 

invasion assay was performed on the same cell lines to test the association between 

mechanical properties and the metastatic potential. Moreover, each cell line was 

treated with 2C, an anti-tumoral drug with cytoskeleton depolymerization activity, and 

then analysed to AFM in order to observe possible correlation between the 

mechanical properties and the drug responsiveness. The results of this analysis were 

validated with a fluorescence staining of F-actin and β-tubulin. To conclude, parallel 

AFM measurements aimed to observe the role of culture medium composition on 

achieved Young’s moduli were carried out. 
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3.  MATERIALS AND METHODS 

 

3.1 Cell Lines 

 

3.1.1 Culture Methods and Cell Lines Features 

 

In this doctoral thesis nine different immortalized ovarian cancer cell lines have been 

analyzed, namely: CAOV3, HEY, IGROV1, OAW42, OVCAR4, OVCAR8, SKOV3, 

TYKNU and TYKNU CpR. The SKOV3 and IGROV1 were generously provided by 

Dr. A. Ricci (Burlo Garofolo Pediatric Institute, Trieste, Italy), while the other seven 

cell lines were provided by Prof. O.M. Carpen (University of Helsinki, Helsinki, 

Finland).  

The HEY, OVCAR4 and OVCAR8 were cultured in RPMI 1640 medium (EuroClone 

S.p.A., Milan, Italy) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich 

Co., St. Louis, USA), 1% Streptomycin-Penicillin 25X (EuroClone S.p.A., Milan, Italy) 

and 1% Gentamicin (EuroClone S.p.A., Milan, Italy). The SKOV3, CAOV3 and 

OAW42 were grown in high-glucose DMEM medium (Sigma-Aldrich Co., St. Louis, 

USA) supplemented with 10% FBS, 1% streptomycin-Penicillin 25X and 1% 

Gentamicin. Finally, the TYKNU and TYKNU CpR cell lines were cultured in EMEM 

medium (Sigma-Aldrich Co., St. Louis, USA) supplemented with 10% FBS, 1% 

streptomycin-Penicillin 25X and 1% Gentamicin, while the IGROV1 cells were grown 

in DMEM:F12 (1:1) medium supplemented (Sigma-Aldrich Co., St. Louis, USA) with 

10% FBS, 1% streptomycin-Penicillin 25X and 1% Gentamicin.  

All cell lines were incubated at 37 °C, in a humidified atmosphere of 5% CO2 and 

were plated in flask (T25 or T75, Corning®, Corning, NY, USA) with filtered cap, which 

allows gas exchange and prevents contaminations. 

 

 

3.1.1.1 CAOV3 

 

The CAOV3 cell line was isolated by J. Fogh in 1976 from a 54-year-old Caucasian 

female with serous adenocarcinoma (unpublished data). At the optical microscope, 

CAOV3 cells show an epithelioid morphology and a clustered growth characterized 
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by tightly packed colonies (Figure 3.1a). The doubling time of this cell line is around 

65 hours, which indicate a relatively slow growth [107]. The analysis of chromosomal 

alterations display an aneuploid karyotype (generally triploid) and different structure 

alterations (e.g. [del(6)(q21-23)], a common chromosome aberration in ovarian 

cancer cell lines) [108].  

 

3.1.1.2 HEY 

 

The HEY cell line was established from a xenografted ovarian tumor in 

immunologically deprived mice in 1980 [109]. The xenograft was derived from a 

peritoneal deposit of a moderately differentiated papillary cystadenocarcinoma of the 

ovary. The original patient’s age is unknown.  

The microscopic observation of HEY cells point out a mesenchymal-fibroblastic 

morphology with a certain degree of ramification. Moreover, the cells are usually 

poorly aggregated regardless of their cellular density (Figure 3.1b). The doubling 

time is of around 30 hours. 

The HEY cell line is characterized by a highly aneuploid karyotype with common 

polyploid cells. The number of chromosomes vary from 43 to 113 and display an 

apparently bimodal distribution around 49 and 94 chromosomes (which can indicate 

two different clonal populations). There are different chromosome structure 

aberrations, like [del(3)(p12:)] (the short arm of chromosome 3 is frequently altered 

in ovarian cancer cell lines) and [del(6)(q21-23)] (found also in CAOV3 and SKOV3) 

[108].  

 

 

3.1.1.3 IGROV1 
 
 
The IGROV1 cell line was derived from a 47-year-old woman with a stage III ovarian 

carcinoma extending to the cervix and rectum. The histological diagnosis classified 

the tumor as endometrioid carcinoma with serous clear cells and undifferentiated foci. 

This cell line was established in 1985 and has since become one of the most utilized 

cell lines in ovarian cancer research. 

Morphological studies performed by electronic and optical microscope have 

highlighted polygonal epithelioid cells characterized by microvilli and tight junctions 

(Figure 3.1c). In particular, the observation at the electronic microscope has shown 

two different morphological populations: one with small cells with clear cytoplasm and 
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round nuclei and another one characterized by large cells rich in organelles with 

polyglobular nuclei. At confluence, a formation of foci has been observed. These foci 

can even loose adherence and float in culture medium in clusters of different size. 

The doubling time was estimated around 20 hours, which indicate a rapid growth. 

The IGROV1 cell line displays two clonal populations with different chromosome sets: 

pseudodiploid with 46 chromosome and hypotetraploid with 92 chromosomes. The 

most common structure aberrations are the inversion at short arm of chromosome 3 

(breakpoints located at 3p13 and 3p25) and the translocation between chromosomes 

2 and 5 ([(t2;5) (q33;q229]). Finally, this cell line shows a microsatellite instability and 

sensitivity to cis-platin [110]. 

 

 

3.1.1.4 OAW42 
 
 
The OAW42 cell line was derived from an ascitic fluid of a 46-year-old patient 

relapsing after cis-platinum treatment. The tumor was diagnosed as a papillary serous 

cystadenocarcinoma.  

The OAW42 cells show an epithelioid morphology (proved by presence of 

desmosomes), cellular and nuclear pleomorphism, prominent multiple nucleoli, 

occasional cilia and tendence to form hemi cysts at confluence (Figure 3.1d). This 

cell line has a doubling time of around 34 hours. 

The OAW42 cell line has a complex karyotype characterized by different structural 

and numerical alterations. The chromosome set is hypotetraploid with aberrations in 

chromosome 1, 3, 4, 5, 12, 17, 18 and 20 [111].  

 

 

3.1.1.5 OVCAR4 
 
 
The OVCAR4 cell line was isolated from ascites of a 42-years patient with a serous 

adenocarcinoma refractory to cyclophosphamide, cis-platinum, and Adriamycin 

treatment [112]. 

At the microscopic analysis, the OVCAR4 cells show a polygonal epithelioid 

morphology and a growth pattern characterized by tightly packed colonies (Figure 

3.1e). The doubling time is of around 40 hours [107]. 
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3.1.1.6 OVCAR8 

 

The OVCAR8 cell line was isolated from a 64-year-old woman with serous 

adenocarcinoma previously treated with carboplatin chemotherapy. 

Similarly to OVCAR4, the OVCAR8 cells are characterized by epithelioid morphology 

and clustered growth pattern (Figure 3.1f). The kinetics of growth instead is relatively 

quick, with a doubling time of around 24 hours [113]. 

 

  

3.1.1.7 SKOV3 
 

The SKOV3 cell line was established in 1973 from the ascites of a 64-year-old 

Caucasian female with adenocarcinoma of the ovary. It is one of the most used 

ovarian cancer cell line in research.  

The microscopic investigation reveals cells with fibroblastic morphology and different 

degrees of branching (Figure 3.1g). The doubling time is of around 40 hours [113]. 

The SKOV3 cells are resistant to tumor necrosis factor and to several cytotoxic drugs 

including cis-platinum and Adriamycin [114]. 

This cell line is characterized by two clonal populations with different karyotypes: 

hypodiploid and near-triploid. Several structural chromosome aberrations common in 

ovarian cancer cell line are recognized, such as deletions in short arm of chromosome 

3 or in long arm of chromosome 6 [115] [108]. Moreover, the SKOV3 cells display a 

microsatellite instability. 

 

 

3.1.1.7 TYKNU and TYKNU CpR 
 

The TYKNU cell line was derived from a 38-year-old patient with undifferentiated 

adenocarcinoma of the ovary. Subsequently, a cis-platinum resistant subline named 

TYKNU CpR was developed by treatment of TYKNU cells with stepwise increasing 

concentration of cis-platinum. 

From a morphological point of view TYKNU and TYKNU CpR cells show an elongated 

shape which suggests a fibroblastic-like morphology with a clustered growth at low 

density. At confluence, both cell lines form a monolayer with pavement-like 

arrangement characterized even by large cells (especially TYKNU CpR) (Figure 

3.1h-i). The doubling time of these cell lines is similar, with 43 hours for TYKNU and 

48 hours for TYKNU CpR. 
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Both cell lines show a hyperdiploid karyotype (56 chromosomes for TYKNU and 51 

for the corresponding cis-platinum resistance subline) and similar chromosome 

aberrations, with an exclusive deletion of long arm of chromosome 7 in TYKNU CpR. 

This can suggest a possible involvement of genetic changes in the mechanisms 

underlining resistance to cis platinum [116][117]. 

 

 

 

Figure 3.1: a) CAOV3, b) HEY, c) IGROV1, d) OAW42, e) OVCAR4, f) OVCAR8, g) SKOV3, h) 

TYKNU, i) TYKNU CpR. Adapted from ATCC, Kyeong A. So., CLS, EZ Biosystems, JCRB Cell Banks 
[170-175]. 
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3.1.2 Histological Classification 

 

Cell lines are the most frequently utilized models in cancer research, although 

genomic differences between them and tissue samples have been proved in several 

studies [118]. For this reason, the evaluation of cell lines molecular profiles is aimed 

to find the model that most closely resemble in vitro the molecular alterations of a 

given tumor subtype. As concern this thesis, the histological classification of the 

analyzed cell lines was based on the mutation status, expression levels and copy 

number alterations of genes usually reported in literature as biomarkers 

discriminating different EOC subtypes (see introduction chapters 1.1.4, 1.1.5, 1.1.6, 

1.1.7 and 1.2.4) (Table 3.1). These data were collected from the database Broad-

Novartis Cancer Cell Lines Encyclopedia (CCLE, 

https://portals.broadinstitute.org/ccle), which includes the genomic profiles of 1457 

cancer cell lines commonly used in cancer research.  
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Table 3.1: Panel of genetic alterations hallmarks of most common EOC subtypes used for histological 

classification of cell lines. Mut: Mutated, Amp: Amplified, Del: Deleted, Down: Down-expressed, 
High: Over-expressed. 

 

 

3.1.3 Morphologic Classification 

 

Mammalian cells can be divided in three main groups according to their morphology: 

 

 Fibroblast or fibroblastic-like: characterized by bipolar/multipolar and 

elongated shape. They grow attached to substrate and often form cluster in 

which they align in parallel strips (Figure 3.2a).  

EOC subtypes (Epithelial Ovarian Cancer) Genetic Hallmarks 

HGSOC (High Grade Serous Ovarian Cancer) 

TP53 mut, BRCA1/2 mut, CDKN2A down/del, 

CCNE1 amp, RB1 del/mut, PIK3CA amp/mut, 

CCND2 over, PTEN del/mut, NF1 del/mut, 

Notch1-3 amp/mut, RAD complex mut, FANC 

complex mut, ATM mut, FOXM1 amp/over, 

C11orf30 amp/mut. 

LGSOC (Low Grade Serous Ovarian Cancer) 

ERBB2 mut, CHRNBA mut, PIK3CA mut, NRAS 

mut, KRAS mut, IGF1 high, BRAF mut, NF1 

mut, TNK1 mut, NCK mut, PAK mut, RASSF1 

mut, TSC1 mut, EIF1AX mut, USP9X mut. 

CCOC (Clear Cells Ovarian Cancer) 

ARID1A mut, ARID1B mut, ERBB2 mut/amp, 

KRAS mut, ERBB3 mut/amp, PIK3CA mut, 

PIK3R1 mut, PIK3R2 amp, AKT1-2 amp, 

SMARC4A amp, PTEN mut, PPP2R1A mut, 

TERT mut, HGFR amp. 

ENOC (Endometrioid Ovarian Cancer) 

TP53 mut, KRAS mut, ARID1A mut, PIK3CA 

mut, PIK3R1 mut, PTEN mut, CTNNB1 mut, 

KMT2B-D mut, PIK3R2 mut, AKT1 mut, POLE 

mut, ERBB2 mut, BCOR mut, SPOP mut. 

MOC (Mucinous Ovarian Cancer) 

TP53 mut, KRAS mut, BRAF mut, ARID1A mut, 

PIK3CA mut, ERBB2 mut/amp, CDKN2A 

mut/del/down, RNF43 mut, USH2A mut, HMCN1 

mut, ZNF469, ABCA13 mut/amp, NEB mut/amp, 

FCGBP mut, DNAH14 mut. 
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 Epithelial-like: shows polygonal shape and in general more regular 

dimensions. They grow attached to substrate usually in discrete clusters 

(Figure 3.2b). These cells exhibit a basal-apical polarity which divided the 

plasma membrane in two sub-areas with different structures and functions. In 

cultured cell lines, the apical membrane faces the culture medium, while the 

basolateral membrane spreads between the single cells and the culture 

vessel. Neighboring cells are connected by tight junctions.  

 Lymphoblastic-like cells: cells are rounded and grow in suspension (Figure 

3.2c). An example of lymphoblastic-like cells are the blood cells [119]. 

 

 

It has already been reported that the morphological features of cells can be related 

to their fundamental molecular and physiological properties, such as health status, 

cell cycle progression, responsiveness to drug, metastatic potential, and cytoskeleton 

organization [120] [121]. Consequently, to find a possible correlation between the 

morphological features of the cell lines and their mechanical properties, some shape 

parameters were obtained for each cell lines used in this thesis by ImageJ (U. S. 

National Institutes of Health, Bethesda, Maryland, USA), an open-source software 

commonly used for analyzing microscope images [122]. This software allows 

segmenting single cells and achieving different shape parameters, such as the cell 

perimeter and area. Since each cell line grows attached to a substrate, rounded 

morphology was automatically excluded, and the analysis was aimed to discriminate 

cell lines into fibroblastic-like and epithelial-like. To do so, single cells was analyzed 

by ImageJ to obtain the circularity (C) and the aspect ratio (AR), two markers of cell 

elongation degree. In particular, the circularity is a parameter indicating how much 

the cell profile resembles a perfect circle (with circularity equal to 1) and it is 

expressed by: 

Figure 3.2: a) Fibroblastic Morphology; b) Epithelial Morphology; c) Rounded morphology. Adapted from 

Greb [119]. 
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C =  
4лA

P2
 

 

Where A is the area of cell and P its perimeter (Figure 3.3b). Instead, the AR is 

defined as the ratio between the length of major axis and of minor axis for the best-

fitted ellipse of the cell. The latter is defined as an ellipse with the center in the cell 

centroid and the same area of fitted cell (Figure 3.3a) [123].  

Since the fibroblast-like cells have a more elongated shape than epithelial-like ones, 

an AR higher than 2.5 and a C lower than 0.5 were established as hallmarks of cell 

lines with fibroblastic-like morphology. 

 

3.1.4 Cell Count and Viability Assay 

 

In order to have healthy cells for subsequent measurements, cell lines were cultured 

for a number of passages ranged between 1-4 after their thawing. This allows 

recovering cell lines from freezing and avoiding possible modifications due to 

Figure 3.3: a) Schematic diagram of Aspect Ratio (AR) or Elongation (EL), that is the ratio between the 

major axis (a) and minor axis (b) of the best-fitted ellipse of the cell. In the right panel is possible to 

observe how the cell profile changes in function of the elongation; b) Circularity of a perfect sphere 

(left) and an ellipse (right). Adapted from Yu [123]. 

(1) 
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excessive passages. Moreover, the viability of cell line was tested at each passage 

by the use of the Thoma cell counting chamber (Exacta-Optech Labcenter S.p.A.,San 

Prospero, Modena, Italy). The latter is a tool which allows performing a cellular count 

by the use of a grid printed on its surface. This grid is basically structured in sixteen 

squares bordered by three parallel lines including smaller squares bordered inside in 

turn by two parallel lines. The application of a coverslip glass on the grid leads to the 

formation of a thin space which can be filled with the cell suspension by capillarity. In 

this way the cells are spread over the grid and can be counted separately in each 

square under an optical microscope (Figure 3.4a). After at least four independent 

counts, the number of cells in 1 mL of original cell suspension is derived as follows: 

 

Xn = nm ∗ CF ∗ 104
 

 

Where Xn is the number of cells in 1 mL of cell suspension, nm is the mean of 

independent counts, CF is the dilution coefficient of cell suspension aliquot load in 

Thoma chamber and 10⁴ is the conversion factor for the latter. 

The Thoma chamber can be used also to test the cell viability by the use of Trypan 

blue, a dye able to penetrate only damaged cellular membranes and so marking only 

the cytoplasm of dead cells. This provides an overview of general health status of 

cultured cell lines (usually a percentage of alive cells greater than 90 indicate a 

healthy cell line) (Figure 3.4b). 

As concern this thesis, the viability assay was performed at each cell line passage by 

dilution of 10 ul of cellular suspension in 10 ul of Trypan blue 0.04% (Sigma-Aldrich 

Co., St. Louis, USA) in PBS 1X (Sigma-Aldrich Co., St. Louis, USA). Subsequently, 

10 ul of this solution was loaded in Thoma Chamber and the number of living (not 

(2) 
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marked) and dead (marked) cells was counted under the optical microscope (Nikon 

Eclipse TS100, Nikon, Tokyo, Japan).  

 

 

3.2 AFM  

 

The principal aim of this doctoral project is the mechanical characterization of nine 

cell lines described above in order to achieve a new possible characterization 

biomarker of EOC and a deeper comprehension of the latter by combination between 

the mechanical and the molecular properties. This characterization was performed 

by atomic force microscope (AFM), a scanning probe microscope (SPM) able to 

provide the mechanical properties of materials. 

The working principle of AFM is based on use of a cantilever, a micro-lever with its 

own elastic constant which deflects when brought into contact with the sample. The 

cantilever is usually made up of silica or silicon nitride, it has a triangular or 

rectangular shape and a length of 100-200 µm. Usually, the end of cantilever is 

functionalized with a pyramidal tip for high-resolution imaging. 

The cantilever is covered up with a gold layer able to reflect a laser beam pointed on 

it on a photodiode, which acts as detector system. So, any deflection of the microlever 

leads to a movement of the laser on the photodiode and generates an electric signal 

proportional to the size of the cantilever deflection (Figure 3.5). This signal can 

provide the force which led the microlever deflection by Hooke’s Law. The latter states 

that the force needed to compress or expand a spring is directly proportional to the 

elastic constant of the spring and the module of spring deformation: 

Figure 3.4: a) Grid of Thoma Chamber; b) Labelling of cells by Trypan Blue. Adapted from Rs’science 

[176]. 
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𝐅 =  −𝐤𝐬 

 

Where F is the force, k the elastic constant of spring and s the module of deformation. 

The minus sign (-) is required for cantilevers where the direction of deformation is 

opposed to the force one. Since the size of the deflection depends on material 

features, the achieved force can provide different information about the analyzed 

sample.  

 

 

 

 

To obtain the mechanical properties of cell lines, it was used a particular AFM mode 

called Single Cell Force Spectroscopy (SCFS), in which the achieved forces are 

analyzed in function of probe distance from the sample. In SCFS the cantilever is 

initially brought into contact with cell and then it is retracted towards it. This leads to 

a generation of a force-displacement curve which can be divided in two sections: an 

initial approach curve and a subsequently retract curve. The latter is inherent to 

retraction of cantilever from the cell and provide information on adhesive properties 

of the sample under test. In this project, it was used the approach curve, that is the 

section of force-displacement curve characterized by a force increase associated to 

the first contact between the cantilever and the cell. Since the force increase is 

determined by the sample stiffness, the analysis of approach curve is useful to obtain 

Figure 3.5: Schematic diagram of AFM working principles. Adapted from X. Deng [177]. 

(3) 
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the mechanical properties of cell under test. In SCFS the cantilever is functionalized 

with a tip of well-defined geometry to punch into the cell throughout the approach step 

(Figure 3.6). This microindentation allows a deeper and more accurate mechanical 

characterization of the cell by contact of its inner parts. 

 

 

3.2.1 Cell Seeding 

 

Before measurements, cells were seeded on a support which can be transferred in 

AFM. In this thesis, the cell seeding was carried out on a quadrangular glass coverslip 

with side of 1.8 cm (LLG ®, Meckenheim, Germania). The latter was initially sterilized 

in autoclave and then put in ethanol 100% to maintain the sterility. Before the cell 

seeding, the coverslip was placed in a six-well cell culture plate (Costar, Corning®, 

Corning, NY, USA) and treated with 100 ul of Poly-L-Ornithine 0.01% (Sigma-Aldrich 

Co., St. Louis, USA) to promote cell attachment on it. After two hours at 37 °C to 

stimulate the polymerization of poly-L-ornithine, an aliquot of cell suspension was 

spotted on the coverslip at a cellular density of around 7.0*10³ - 8.0*10³ cells for cm². 

AFM measurement was performed within three days after the seeding to allow the 

cellular growth and simultaneously to have well separated cells. 

 

 

Figure 3.6: a) Schematic diagram of Force Spectroscopy working steps: I. Approach, II. Contact and 

indentation, III. Retraction, IV. Return of cantilever to initial position; b) Force-Displacement curve where 
are reported the different steps illustrated in panel a) to indicate the corresponding regions of the curve. 

Adapted from Soft Matter Wiki [178]. 
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3.2.2 AFM Set-up 

 

For AFM measurements a MF3D-Bio AFM (Asylum Research, Santa Barbara, CA) 

with inverted optical microscope (Nikon, Melville, NY) was used. The single cell force 

spectroscopy was performed using the cantilevers PNP-TR-TL-50 (Nano World, 

Neuchâtel, Switzerland) with triangular shape and nominal elastic constant of 0.32 - 

0.08 N/m. Moreover, the cantilevers were functionalized with silica beads with 

diameter of 4.5 µM to allow cell microindentation and decrease simultaneously the 

risks of sample damages.  

 

3.2.2.1 Cantilever Functionalization 

 

To attach the silica bead on the cantilever end, a glue that cures when exposed to 

UV was used, namely NOA 73 (Norland products Inc., Cranbury, NJ, USA). In first 

place, the cantilever loaded on AFM head (The AFM component with all functional 

elements) was brought into contact with the glue placed on a microscope slide. This 

step was aimed at withdrawing with cantilever end a small glue droplet required for 

bead attachment. Subsequently, the cantilever was approached to several silica 

beads placed near the glue on the same microscope slide. Taking care to place the 

bead at cantilever end as closely as possible, the microlever was slowly retracted to 

pick up the silica bead (Figure 3.7). Finally, the functionalized cantilever was exposed 

to UV for at least 20 minutes and then left at room temperature for around one week 

to stabilize the glue [124].  
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3.2.2.2 Cantilever Elastic Constant Calibration 

 

Although the nominal elastic constant of cantilever is reported in the manufacturer’s 

instructions, it is a good practice to perform an elastic constant calibration at the 

beginning of each experimental section. Basically, the first step of cantilever 

calibration is aimed at obtaining the invOLS (inverse optical lever sensitivity), a 

parameter that describes the amount of photodiode response per nanometer of 

cantilever deflection. To do so, a force spectroscopy was performed on surface of a 

microscope slide with a drop of sterilized milliQ H2O. The calibration was in liquid 

environment because the subsequent AFM measurements were performed in culture 

medium. The contact region of the resulting force curve was fitted to obtain the slope 

(in nm/V), the reciprocal of which is the invOLS (in V/nm). 

The next step was the determination of the spring constant by thermal noise, a 

method based on the continuous vibration of the cantilever in air or liquid. In this 

method, the thermal vibration of laser beam is recorder by the photodiode to obtain a 

force spectrum with different peaks. The fit of data segment centered at lowest-

frequency peak provides the spring constant of the cantilever [125]. 

 

 

Figure 3.7: Steps of cantilever functionalization with bead. 

Adapted from Chen J [124]. 
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3.2.3 AFM Measurements 

 

Once the cantilever was calibrated, it is possible proceed with AFM measurements. 

For each cell line around 100 different cells were analyzed by Force spectroscopy in 

three different experimental sections. To avoid unhealthy or apoptotic cells, an optical 

assessment of their state of health was performed before the indentation. Rounded 

and poorly attached cells were excluded from the analysis.  

The measurements were carried out in complete medium warmed at 37 °C to keep 

cells healthy during the analysis. For the same reason, the AFM analysis was 

performed within two-three hours. For each analyzed cell at least five force-

displacement curves at different locations in the cell peri-nuclear region were 

collected. The microindentation was performed at an indentation velocity of 2 µm/s 

(slow enough to avoid hydrodynamic effects) and force distance of 5 µm/s (large 

enough to ensure that the tip will be fully detached from the cell between indentation 

instances). Moreover, the deflection trigger point (indicating the maximum force of 

indentation) was settled at 2 nN to avoid cell damage [125]. 

 

3.2.4 Data Analysis 

 

The recorded force-displacement curves were analyzed at the end of each 

experimental section to obtain the mechanical properties of the tested cells. To do 

so, the Hertz model, a mathematical model able to appropriately describe the 

interaction between cantilever and cell, was used. The latter approximates the sample 

to an isotropic and linear elastic solid occupying an infinitely extending half space. 

Furthermore, it assumes that the indenter is not deformable and that there are no 

additional interactions between indenter and sample (for this reason it is important to 

use clean cantilever). If these conditions are met, the Hertz model is able to fit the 

contact region of force-displacement curve achieved with force spectroscopy to 

obtain the Young’s Modulus (E), a parameter that indicate the materials stiffness 

[126].  

There are different variants of Hertz model according to the shape of the indenter: 

spherical, pyramidal, and conical (Figure 3.8) [127]. Since in this thesis the cantilever 

was functionalized with a bead, the Hertz model variant used to fit the achieved 

displacement-force curves was the following one: 
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F =  
4ER0.5

3(1 − ν2)
 δ1.5

 

 

Where v is the Poisson’s ratio (assuming to be 0.5 for soft biological samples), R is 

the radius of bead, δ is the indentation, F is the force recorded and E the Young’s 

modulus.  

 

The fitting of curves was performed using a custom Igor pro 8 (Wavemetrics, Lake 

Oswego, OR, USA) procedure integrated in the management software of AFM. The 

advance of the custom procedure is the automatic identification of contact point, 

which is the part of the curve inherent to the first contact between cantilever and 

sample. The correct identification of the contact point is essential to have a good 

fitting [125]. As concern this thesis, the force curves were fitted at a maximum 

indentation of 500 nm. This value allows significant indentation of cells with different 

heights and stretching remaining simultaneously within the linear viscoelasticity. 

 

3.2.5 Variation in Experimental Set-up 

 

Over standard measurements described above, the parallel AFM analysis was 

performed in order to investigate possible effects of experimental set-up variations on 

achieved Young’s modulus.  

The first aspect to be investigated, was the influence of culture methods on cell 

stiffness. The culture media differ in components concentration (e.g. calcium, 

Figure 3.8: Schematic representation of Hertz model with different indenter geometry: a) Spherical; b) 

Conical; c) Pyramidal. Adapted from Perez S.C. [179]. 

(4) 



52 

 

phosphate, glucose, nutrients) and this was reported to influence cell proliferation and 

cell viability [128]. Therefore, there is a possible role played by culture medium 

composition in the mechanical properties of cells [129]. These possible effects need 

to be taken into consideration when interpreting elasticity measurements in cell lines 

grown in different media. 

To this aim, IGROV1 was cultured in DMEM:F12 (1:1) and RPMI 1640 (supplemented 

with equal concentration of FBS and antibiotics). These culture media differ in several 

parameters, such as amino acids and glucose concentration (higher in DMEM:F12). 

After 2-3 passages, around 30 cells from each subline were analyzed at AFM as 

described above.  

An important component of a complete medium is the FBS, a complex mix of 

albumins, growth factors and growth inhibitors. It serves as source of molecules 

essential for cell proliferation and survival, such as amino acids, vitamins, proteins, 

lipids, hormones, growth factor and protease inhibitor [130]. A possible role played 

by FBS in the determination of cell stiffness should be considered. 

Therefore, TYKNU CpR was split in two sublines and cultured in EMEM with two 

different concentrations of FBS: 10% and 20%. After 2-3 passages, around 30 cells 

for each subline were analyzed in AFM.  

Finally, since some cell lines with epithelial morphology display a clustered growth 

which does not allow analyzing well-separated cells, the mechanical properties of 

IGROV1 cells from small cluster (with 3-4 cells) and from a continuous monolayer 

were compared. The aim of this analysis was to investigate if cells in confluence 

characterized by complex interactions with neighboring cells show different 

mechanical properties in comparison to the same ones in small colonies. According 

to this purpose, IGROV1 cells were seeded on two coverslip and analyzed with AFM 

after three days and one week. The cells analyzed after three days were 

characterized by certain well-separated small clusters, while the ones left in culture 

for one week reached the confluence and formed a continuous monolayer. 

 

3.3 Invasion Assay 

 

An important step toward metastasis is the invasion though the extracellular matrix 

(ECM). The first step of invasion is the adhesion and spreading of tumoral cells along 

the blood vessel walls. Then, the expression of specific proteolytic enzymes, such as 

MMP collagenases, induce the formation of tiny holes in the basement membrane 
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surrounding the blood vessels allowing cancer cells to invade [131]. Before that, the 

tumoral cells undergo a particular transformation called epithelial-mesenchymal 

transition (EMT). As the name suggests, the EMT is a process by which epithelial 

cells loose polarity and cell-cell adhesion in order to assume a mesenchymal 

morphology and gain migratory and invasive properties. This transformation is 

involved in several biological processes, such as wounds healing and also the 

metastatic diffusion.  

The EMT induces cytoskeletal structure changes and influences in this way the cell 

stiffness [132]. This suggests a possible use of mechanical properties as marker of 

malignancy.  

Accordingly, the metastatic potential of the cell lines analyzed in this thesis was 

carried out by the use of the CHEMICON Cell Invasion Assay Kit (EMD Millipore 

Corp., Burlington, Massachusetts, USA). The working principle of this kit is based on 

an invasion chamber, a 24-well tissue culture plate with 12 cell culture inserts. The 

insert contains an 8 µm pore size polycarbonate membrane, over which a thin layer 

of ECMatrix™ (which simulates the basement membrane) is dried. The ECM layer 

occludes the membrane pores, blocking non-invasive cells from migrating. The 

invasive cells instead can migrate and cling to the bottom of the polycarbonate 

membrane. Basically, by injecting a serum free cell suspension aliquot on insert and 

filling the well with complete medium it is possible to observe the invasion potential 

of cells using the FBS as chemoattractant (Figure 3.9a). 

For each cell line, a cell suspension aliquot in serum free medium containing 0.9* 10⁶ 

cells/ml was injected in the cell culture insert. After 72 hours of incubation, the non-

invading cells was washed out from the insert while invading ones were colored using 

the kit’s staining solution and counted though an optical microscope. The average 

invading cells number for each cell line was achieved by cell count of at least three 

optical fields at a magnification of 10X (Figure 3.9b). 



54 

 

 

3.4 2C Treatment 

 

The 2C is a new non-selective and irreversible inhibitor of isopeptidases used in 

tumor treatment. The inhibition activity of this drug is due to two possible binding sites 

on its structure for the catalytic cysteines of isopeptidases. Basically, the thiol group 

of cysteines is alkylated by 2C to irreversibly inhibit the catalytic activity. The principal 

target of this drug are the DUBs, a class of isopeptidases involved in the proteasome-

mediated protein degradation pathway. The inhibition of DUBs leads to a proteo-toxic 

shock of tumoral cells, which are extremely dependent on the functional protein 

degradation pathway because of the high number of aberrated proteins.  

Some efforts have indicated a parallel activity of this drug in triggering a cellular 

necrotic pathway that involves the cytoskeletal reorganization. This is due to the wide 

range of proteins which can be targeted by the inhibitory activity of 2C. For instance, 

it was proved that this drug stabilizes and increases the activity of protein 

phosphatase PP2A, which in turn stimulates the dephosphorylation of serine 3 on 

cofilin-1, a protein with actin depolymerization activity. As the latter is negatively 

regulated by the phosphorylation of the serine-3, the treatment with 2C triggers 

indirectly the depolymerization of the cellular cytoskeleton and subsequently the 

necrotic death (Figure 3.10) [106] [133]. 

 

 

Figure 3.9: a) Schematic diagram of the invasion chamber working principle; b) Microscope images of stained 

invasive cells from cell lines with different metastatic potential. Adapted from Cellbiolabs and Wang Y.  

[180][181]. 
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According to this evidence, the cell lines were treated with 2C and then analyzed by 

AFM. The aim of this measurement was to investigate the mechanical properties as 

predictive markers of drugs effectiveness in the treatment of different tumor subtypes. 

 

3.4.1 2C Sensitivity Assessment 

 

Firstly, the IC50 was achieved for each cell lines for 2C. The IC50 indicates the 

concentration of a drug at which there is the 50% of its max inhibitory activity. This 

parameter is a measure of the potency of a substance in inhibiting a specific biological 

or biochemical function. The assessment of IC50 was performed to observe the 

sensitivity of each cell line to 2C and the possible correlation between the drug 

resistance and the mechanical behavior. 

To do so, each cell line was treated for 24 hours with increasing concentrations of 

2C: 1-2-4-10-20-40-80 uM. Afterwards, an assessment of cell viability for each 

concentration was performed by MTT assay.  

The MTT assay is a colorimetric analysis based on the enzymatic activity of the 

lactate dehydrogenase. In viable cells, this protein reduces the tetrazolium dye MTT 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to its insoluble 

formazan, which has a purple color (Figure 3.11). As a consequence, cell lines with 

Figure 3.10: Summary of the necrotic pathway engaged by 2C. CFL1: Cofilin 1. 

Adapted from Ciotti [133]. 
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resistance to a specific drug will develop a high intense color after treatment because 

of the high number of living cells. 

 

In this thesis, the MTT (Sigma-Aldrich Co., St. Louis, USA) was initially administered 

to cell lines treated with 2C at a concentration of 0.4 mg/ml. After 4 hours in incubator 

at 37 °C, the cell lines were treated with DMSO (EuroClone, Milan, Italy) to solubilize 

the formazan crystals and then analyzed at the spectrophotometer at 570 nm 

(Spectra Max Plus 384, Molecular Devices, San Jose, California, USA). The 

percentage of viable cells was calculated as follows: 

 

%C =
OD treated cells

OD untreated cells
∗ 10 

 

Where %C is the percentage of viable cells and OD the optical density recorded at 

the spectrophotometer. 

The calculation of IC50 from experimental data of MTT assays was performed by 

using a four-parameter logistic regression model, so called because it uses four key 

parameters in the equation as follows: 

 

Y = Max −  
Max − min

1 + (
X

IC50)Hill
 

 

Where the four parameters are min (minimum inhibition response, assuming to be 0 

because negative response are typically incoherent in biological contexts), Max 

(maximum inhibition response), Hill (Hill Coefficient, an indication of the steep of the 

Figure 3.11: Reduction of MTT to formazan in Mitochondria. 

(5) 

(6) 
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response curve) and IC50. X and Y indicate respectively the drug concentration and 

the corresponding percentage of dead cells after treatment (Figure 3.12) [134]. 

 

 

 

3.4.2 2C Uptake Assay 

 

The time-course AFM analysis of cell lines treated with 2C was performed in medium 

supplemented with the drug to observe the 2C effects on the mechanical properties 

in real-time. To do so, it is fundamental to know the 2C uptake kinetics in cells to 

understand the time required by the drug to be incorporated in the cellular population 

at appropriate levels. 

The 2C uptake assay was performed by the use of the drug labelled with the 

fluorophore 4-propylamino-N-allyl-1,8-naphthalimide (F2, λ emission = 524nm, 

green). The 2C structure is indeed characterized by a hydroxyl group in position 4 of 

cyclohexane ring which allows the functionalization with several molecules, such as 

fluorophores. The evaluation of 2C uptake was performed at two different time steps 

after drug administration: 6 and 24 hours. The OVCAR4 and HEY cell lines were 

seeded on coverslips and left in culture for one day. Subsequently, they were treated 

with 2 µM of 2C-F2 and fixed in 4% paraformaldehyde for 15-20 minutes after the two 

time checkpoints. After fixation, the coverslips were treated with DAPI and assembled 

on a microscope slide. Finally, images of the cell lines were obtained at the 

Figure 3.12: Example of the sigmoidal curve with four parameters: 

Min, Max, IC50 and Hill coefficient. Adapted from Beam A. [182]. 
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fluorescence microscope (Leica DM2000, Leica Microsystems, Wetzlar, Germany) 

and the intensity of the fluorescence was achieved by ImageJ. 

 

3.4.3 AFM Measurements of Treated Cell Lines 

 

Before AFM analysis, the cell lines were seeded on coverslips as described above 

and left in culture for two-three days. Afterwards, they were treated with 20 µM of 2C 

and analyzed at AFM after seven hours. To have comparable results, the AFM 

experimental set-up was basically the same as the one used for untreated cells. For 

each cell line, around 70 cells were indented in different spots of their peri-nuclear 

region. Moreover, to observe possible time-depending effects of 2C on mechanical 

properties, around 30 cells for each cell line were analyzed in parallel by AFM keeping 

the 2C in the medium during the measurement.  

The force-displacement curves were analyzed using the Hertz model with stricter 

fitting parameters since the 2C treatment leads to higher percentage of unhealthy and 

apoptotic cells. As concern the AFM analysis performed in medium supplemented 

with 2C, since it was carried out between 7 and 9 hours from the drug treatment, the 

achieved Young’s Moduli were divided in four half-hour groups (7:00-7:30, 7:30-8:00, 

8:00-8:30, 8:30-9:00) to better observe the changes in average stiffness with time.  

 

3.4.4 Immunofluorescence Assay 

 

Since the 2C have a side effect on the cytoskeletal organization, an 

immunofluorescence assay for β-tubulin and a phalloidin fluorescence assay for F-

actin were carried out on TYKNU, HEY and OVCAR4 cell lines before and after 2C 

treatment. 

 

3.4.4.1 β-Tubulin 

 

The immunofluorescence stain of β-tubulin was aimed at observing the microtubule 

network organization after 2C treatment. Microtubules are important components of 

the cytoskeleton and are involved in several biological processes, such as cell shape 

determination and maintenance, vesicular transport, and spindle formation during 

mitosis. With this aim, OVCAR4, HEY and TYKNU cell lines were seeded on two 

different coverslips, one of which was used as negative control by treatment with 2 
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µm of VV1, an inactive isomer of 2C. The other coverslip was treated with 2 µM of 2C 

and then fixed after 24 hours in 4%paraformaldehyde 0.15% and picric acid (the 

fixation was performed also for the negative control). After treatment with 0.1% Triton 

X 100 and 1% BSA to promote the membrane permeation, fixed cells were treated 

with the primary antibody for β-tubulin at a concentration of 10 ug/ml for one hour at 

room temperature. Subsequently, an anti-rabbit secondary antibody labeled with a 

green fluorophore (Alexa Fluor® 488, λ emission= 519 nm, Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) was used at a concentration of 2 µg/ml for 45 

minutes to detect the primary antibody/β-tubulin complex in fixed cells (Figure 3.13). 

After the treatment of cell lines with DAPI, the coverslips were assembled on 

microscope slides and left at 4 °C overnight. Finally, cell lines images were taken at 

the fluorescence microscope (Leica DM2000) at a magnification of 20X and 40X. 

 

 

 

 

 

 

 

 

Figure 3.13: a) A diagram illustrating the procedure involved in the 

immunofluorescence assay (IFA). b) example of IFA on HeLa cells, in green the 

actin, in red the vimentin and in blue the DNA. Adapted from Wang-Shick Ryu [183]. 
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3.4.4.2 F-Actin 

 

Since 2C indirectly activates Cofilin-1, a protein that binds and depolymerizes 

filamentous F-actin, a fluorescence staining of the Actin network was performed using 

phalloidin conjugated with the red-orange fluorescent dye tetramethylrhodamine 

(TRITC, λ emission= 565 nm, ActinRed™ 555, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA). The phalloidin is a mycotoxin isolated from the deadly Amanita 

phalloides “death cup” mushroom, which binds with high affinity the F-actin. For this 

reason, this molecule is commonly used in biomedical research to visualize the Actin 

network [135]. 

Similarly for β-tubulin immunofluorescence, the OVCAR4, HEY and TYKNU cell lines 

were split in two populations for the treatment with 2 µm of 2C and VV1. After 24 

hours, the cell lines were fixed, permeabilized and treated with 2 drops of phalloidin-

TRITC for ml of media. After an incubation of 30 minutes and washes with PBS 1X, 

cell lines images were taken at the fluorescence microscope (Leica DM2000) at 20X 

and 40X magnification. 

 

3.4.4.3 Analysis of Cytoskeleton Distribution 

 

The analysis of F-actin/β-tubulin images were carried out by a Fiji Macro of ImageJ 

able to analyze the intensity and the distribution of fluorescence inside cells. As first 

step, the Macro segments cells to calculate the average fluorescence inside the 

selected area. Then, the Macro draws a line that passes for the cell centroid and 

calculates the fluorescence intensity over it. In this way it is possible to observe the 

F-actin/β-tubulin distribution in cross-sections. Moreover, the intensity data over the 

line are divided in 10 equal sections (called bins) and the average fluorescence was 

calculated for each of them. This renders the analysis independent from changes due 

to cell size and/or shape [136] (Figure 3.14). 
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3.5 Statistical Analyses 

 

All data in this thesis were expressed as mean ± standard deviation. Since the 

heterogeneous distribution pattern of tested samples, the distribution-free 

nonparametric Mann-Whitney and Kruskal Wallis tests were run to assess the 

statistical relevance [184]. Similarly, pairwise correlation analyses were carried out 

using the Spearman correlation coefficient rs [185]. For each correlation analysis was 

reported also the 95% confidence interval with the lower and upper confidence limits. 

Data distribution was assessed by the Anderson-Darling test, a distribution-free 

omnibus test alternative to the Kolmogorov-Smirnov (one of the most used test for 

the normality distribution assessment). Regard the latter, which required a huge 

sample size, the Anderson-Darling test show a decent sensitivity also with a smaller 

sample size [186]. The analysis of time series trend was performed by the 

nonparametric Mann-Kendall test, which return an eventual statistically significant 

decreasing or increasing trend in a temporal data set [187]. The fluorescence intensity 

was reported as the mean pixel intensity (m.p.i.), that is the sum of the color intensity 

values of all pixels in the selected area divided by the number of pixels. All p-values 

values <0.05 were considered statistically significant. Statistical analyses were 

Figure 3.14: Schematic diagram of Macro working principle. a) different 

step of the cell image processing; b): output of macro’s analysis for 
fluorescence intensity on intersecting line (left), nucleus (middle) and cell 

(right). Adapted from Zonderland J. [136]. 

a 

b 
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carried out using GraphPad Prism 9 (GraphPad Software, Inc., San Diego, CA, USA), 

R 4.04 and Origin 2021 (OriginLab Corporation, Northmpton, Massachusetts). 
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4.  Results 

 

4.1 Cell lines Classification  

 

4.1.1 Histological Classification 

 

The analysis of the molecular properties of the cell lines, aimed at finding the EOC 

subtype genomic profile resulted in the following classification.  

 

4.1.1.1 CAOV3 

 

The molecular profile was characterized by different genetic alterations associated to 

HGSOC, such as mutations of TP53 (non-sense mutation p.Q136*) and ATM 

(insertion with frame shift, p.K1903fs) and amplification of Notch3 and PIK3CA (see 

chapter 1.2.4) (Table 4.1). These features, the high copy number variation rate 

(CCLE reports 3236 genes with copy number alterations) and the low mutation 

burden (only 441 mutations have been recognized by CCLE) make the CAOV3 cell 

line a good model of HGSOC.   

 

4.1.1.2 HEY 

 

The presence of TP53 wild-type, mutations of KRAS (missense mutation, p.G12D) 

and BRAF (missense mutation, p.G464E) and overexpression of IGF1 make the HEY 

cell line a model that well resemble the LGSOC (Table 4.1). This consideration was 

further proved by the high resistance of this cell line to cis-platin treatment and the 

relatively low copy number variation rate (652 genes with copy number variations 

have been reported in CCLE panel) (see chapter 1.1.4). 

 

4.1.1.3 IGROV1 

 

The analysis of molecular features of IGROV1 cell line indicated a very 

heterogeneous profile including HGSOC hallmarks (TP53 mutated, BRCA2 mutated, 

disfunction in repair DNA pathway), ENOC hallmarks (ARID1A mutated, PIK3CA 

mutated, PTEN mutated, KMTB-D mutated) and CCOC hallmarks (ARID1A-1B 



64 

 

mutated, PIK3CA mutated, SMARA4 mutated) (Table 4.1). Despite these features, 

the presence of microsatellite instability, mutation of POLE, low copy number 

variation rate (only 93 genes with copy number alterations) and high mutational 

burden (4224 mutations detected by CCLE panel) indicated the molecular profile of 

IGROV1 cell line as extremely similar to ENOC with hypermutated phenotype (see 

chapter 1.1.6). 

 

4.1.1.4 OAW42 

 

Despite the serous origin of OAW42 cell line, its molecular profile did not show any 

hallmark of HGSOC or LGSOC. The mutations of ARID1A (deletion with frameshift, 

p.P559fs; insertion with frameshift, p.F1118fs) and PIK3CA (missense mutation, 

p.H1047L) are prominent biomarkers of ENOC and CCOC (Table 4.1) . Since these 

hallmarks have a high incidence in CCOC (50%) and considering the relapse and 

poor outcome of patient from which this cell line was established (she died 1 month 

after paracentesis, [111]), the OAW42 can be indicated as a good model of CCOC 

relapsed (see chapter 1.1.5).   

 

4.1.1.5 OVCAR4 

 

The most important molecular aberrations found in this cell line were amplification of 

CCNE1, mutations in TP53 (missense mutation, p.L130V), BRCA2 (missense 

mutation, p.P2505L), CDKN2A (missense mutation, p.S21T) and different 

disfunctions in DNA repair mechanisms (Table 4.1). Although mutated CDKN2A is a 

key biomarker of MOC, these features and the high copy number variation rate (2449 

genes with copy number alterations according to CCLE panel) make the OVCAR4 an 

excellent model of HGSOC.   

 

4.1.1.6 OVCAR8 

 

The molecular profile of this cell line is not easy to interpret. Mutations in TP53 (Splice 

site alteration), in some genes of the DNA repair pathway and in Notch1 (missense 

mutation, p.P1486L) indicate OVCAR8 as a model of HGSOC, but the simultaneous 

mutation of TP53 and KRAS (missense mutation, p.P121H) did not allow excluding 

OVCAR8 cell line as a good model of MOC (Table 4.1). However, according to the 

prior classification of this cell line [137], to the high age at diagnosis of original patient 
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and to the high copy variation rate (1687 genes reported by CCLE) OVCAR8 cell line 

was more likely a model of HGSOC. 

 

4.1.1.7 SKOV3 

 

The molecular profile of SKOV3 is quite similar to IGROV1 one. There were molecular 

hallmarks of HGSOC (mutations in TP53 and ATM), ENOC (mutations in ARID1A, 

PIK3CA, CTNNB1 and POLE) and CCOC (mutations in ARID1A, PIK3CA and TERT). 

Unlike IGROV1, the definitive establishment of this cell line as model of ENOC with 

hypermutated phenotype was more difficult due to its high copy number variation rate 

(1771 copy number alteration events in CCLE panel), relatively low mutational burden 

(912 mutations recognized in SKOV3 versus 4224 mutations in IGROV1) and poor 

alteration of DNA repair mechanism. However, the cis-platin resistance, TERT 

mutation and certain key hallmarks of ENOC and CCOC supported the SKOV3 cell 

line as a model of a ENOC associated to clear cells or a CCOC/ENOC mix (see 

chapter 1.1.5 and 1.1.6) (Table 4.1). 

 

4.1.1.8 TYKNU and TYKNU CpR 

 

The molecular profile of TYKNU and TYKNU CpR cell lines was heterogeneous as 

concern the classical hallmarks of EOC subtypes. It was characterized, indeed, by 

mutations in TP53 (missense mutation, p.R175H), in NRAS (double missense 

mutation, p.Q61K – p.G12D) and in ARID1A (deletion with frameshift, p.GGGP91fs) 

(Table 4.1). The young age at diagnosis of the original patient, the relatively low copy 

number variation rate (778 genes have alterations in copy number according to CCLE 

panel) and the functional DNA repair pathway confirmed the prior classification of 

these cell lines as a poor HGSOC model [138]. These features and the double 

mutation in NRAS could suggest TYKNU and TYKNU cell lines as models of LGSOC, 

but the mutation of ARID1A and TP53 did not allow automatically excluding the 

hypothesis of a good MOC model, which seems to be more likely. 
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Cell Line Genetic Alterations Histological Classification 

TYKNU/TYKNU CpR 
TP53 mut, NRAS mut, ARID1A mut, 

USH2A mut, HMCN1 mut 
MOC 

OAW42 PIK3CA mut, ARID1A mut CCOC 

SKOV3 

TP53 mut, PIK3CA mut, NOTCH1 

mut, ATM mut, NF1 mut, ARID1A 

mut, POLE mut, NEB mut 

ENOC/CCOC 

IGROV1 

TP53 mut, EMSY mut, RB1 mut, 

PIK3CA mut, PTEN mut, RAD 50 

mut, ATM mut, FANCA mut, 

CHRNB4 mut, TNK1 mut, USP9X 

mut, ARID1A-B mut, ERBB3 mut, 

PIK3R2 mut, SMARC4A mut, 

CTNNB1 mut, KMT2B-D mut, POLE 

mut, BCOR mut, NEB mut, USH2A 

mut, HMCN1 mut, ZNF469, ABCA 

mut 

ENOC with hypermutated 

phenotype 

HEY 
Notch 3 mut, KRAS mut, IGF1 high, 

BRAF mut 
LGSOC 

OVCAR4 

TP53 mut, CDKN2A del, CCNE1 

amp, Notch1 amp, RAD50 mut, ATM 

mut, POLE mut, SPOP mut, FCGB 

mut 

HGSOC 

OVCAR8 

TP53 mut, Notch1 amp, ATM mut, 

ERBB2 mut, KRAS mut, KMT2B mut, 

USH2A mut, HMCN1 mut 

HGSOC 

CAOV3 
TP53 mut, PIK3CA mut, Notch 3 

amp, ATM mut, DNAH14 mut 
HGSOC 

 

Table 4.1: Genetic alterations and histological classification of each cell lines. Mut: mutated, High: over 
expressed, Amp: amplified, Del: deleted. 

 

4.1.2 Morphological Classification 

 

The morphological classification was carried out by achievement of the aspect ratio 

(AR), circularity and area of at least 30 cells for each cell line. The results showed an 

epithelial morphology for all HGSOC cell lines (OVCAR8, OVCAR4 and CAOV3), 

while the ENOC ones, SKOV3 and IGROV1 displayed respectively a fibroblastic-like 

and an epithelial-like morphology (Table 4.2). It was not possible to speculate about 

possible correlations between histology and morphology of CCOC, LGSOC and MOC 

cell lines since there was only one representative for these histological subtypes 

(TYKNU CpR is a subline of TYKNU). 
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The analysis of AR values showed a higher standard deviation for cell lines with 

fibroblastic morphology (Table 4.2), which suggests a high variability in elongation. 

This was probably due to the different degrees of branching and multipolarity 

characterizing these cell lines. The TYKNU CpR cells did not show relevant difference 

in elongation than TYKNU ones.  

As concern the area of cell lines, the TYKNU CpR cells had a relevant higher average 

area than the TYKNU ones (Table 4.2), which was probably due to the highest 

percentage of large cells [116] [117]. 

 

Cell Line 

(Histology) 
Circularity Aspect Ratio Mean Area (µm²) Morphology 

TYKNU (MOC) 0.43 ± 0.21 3.44 ± 1.49 753.05 ± 384.59 Fibroblastic 

TYKNU CpR 

(MOC) 
0.44 ± 0.17 3.11 ± 1.07 2431.54 ± 1161.54 Fibroblastic 

OAW42 (CCOC) 0.89 ± 0.03 1.37 ± 0.16 450.45 ± 58.77 Epithelial 

SKOV3 (ENOC) 0.46 ± 0.13 3.26 ± 0.63 1049.93 ± 307.88 Fibroblastic 

IGROV1 (ENOC) 0.94 ± 0.01 1.14 ± 0.10 1051.79 ± 155.32 Epithelial 

HEY (LGSOC) 0.27 ± 0.03 5.25 ± 1.51 889.73 ± 337.19 Fibroblastic 

OVCAR4 

(HGSOC) 
0.81 ± 0.15 1.41 ± 0.20 855.14 ± 246.73 Epithelial 

OVCAR8 

(HGSOC) 
0.74 ± 0.13 1.91 ± 0.42 1269.08 ± 279.54 Epithelial 

CAOV3 (HGSOC) 0.86 ± 0.08 1.43 ± 0.37 652.23 ± 141.21 Epithelial 

 

Table 4.2: Shape factors (Circularity, Aspect Ratio, Area) and Morphological classification of each 
cell line. 

 

 

4.2 Mechanical Characterization 

 

4.2.1 Average Young’s Modulus 

 

The average Young’s Modulus (E) was obtained for each cell lines by the analysis of 

the mechanical properties of about 100 cells. These stiffness values are reported in 

a box-and-whisker plot to observe possible similarities or differences among cell lines 

(Figure 4.1). The average Young’s Modulus and standard deviations are instead 

summarized in Table 4.3.  
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It was possible to observe a widespread distribution of the mean Young’s Modulus 

among cell lines (from 0.29 ± 0.12 kPa for TYKNU to 1.84 ± 0.67 kPa for CAOV3) 

with a statistically significant overall difference, as established by Kruskal-Wallis test 

(p<0.0001). Moreover, the average Young’s Modulus of TYKNU CpR cells was 

significantly higher than TYKNU ones (Mann-Whitney test, p<0.0001).  

 

The mean Young’s modulus of HGSOC cell lines was highly heterogeneous 

(OVCAR8: 0.58 ± 0.28 kPa; OVCAR4: 1.13 ± 0.50 kPa; CAOV3: 1.84 ± 0.67 kPa), 

while as concern the ENOC cell lines the average stiffness was almost similar 

(SKOV3: 0.69 ± 0.40 kPa; IGROV1: 0.66 ± 0.21 kPa).  

 

 

Cell line (Sample size) Average Young’s Modulus 

(E) (kPa)  

Standard Deviation (kPa) 

TYKNU (100) 0.28 0.12 

TYKNU CpR (102) 0.52 0.23 

OAW42 (97) 0.37 0.13 

IGROV1 (103) 0.66 0.21 

SKOV3 (107) 0.69 0.40 

HEY (117) 0.96 0.58 

OVCAR8 (103) 0.58 0.28 

OVCAR4 (105) 1.13 0.50 

CAOV3 (94) 1.84 0.67 

Table 4.3: Average Young’s Modulus and corresponding standard deviation of each cell line, with 

the number of analyzed cells in brackets. 

Figure 2.1: Box-and-whisker plots of stiffness of single cells for each cell lines. M: Mucinous, CC: 

Clear cells, E: Endometrioid; LG: Low grade serous; HG: High grade serous. 
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The analysis of Young’s Modulus in function of the histological classification showed 

statistically significant differences among each pair of histological subtypes, excepted 

for MOC vs CCOC and LGSOC vs HGSOC (Mann-Whitney test) (Table 4.4). 

Moreover, this analysis showed a higher stiffness for the serous cell lines (HGSOC 

and LGSOC) with respect of other EOC subtypes (Figure 4.2). 

 

EOC subtype pairs Mann-Whitney test (p-value) 

MOC vs ENOC <0.00001 

MOC vs CCOC 0.9124 

MOC vs LGSOC <0.00001 

MOC vs HGSOC <0.00001 

ENOC vs CCOC <0.00001 

ENOC vs LGSOC 0.049 

ENOC vs HGSOC <0.00001 

CCOC vs LGSOC <0.00001 

CCOC vs HGSOC <0.00001 

LGSOC vs HGSOC 0.07 

 

Table 4.4: Results of the Mann-Whitney test for each EOC histological subtype. 

 

Finally, cells with epithelial morphology had a tendentially higher Young’s Modulus 

than ones with fibroblast morphology (Mann-Whitney test, p<0.00001). 

 
  

Figure 4.2: Box-and-whisker plot representing the stiffness of single cells for each EOC subtypes. 

MOC: Mucinous Ovarian Cancer, ENOC: Endometrioid Ovarian Cancer, CCOC: Clear Cells 
Ovarian Cancer, LGSOC: Low Grade Serous Ovarian Cancer, HGSOC: High Grade Serous Ovarian 

Cancer. 
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4.2.2 Young’s Moduli Distribution 

 

The distribution modality of Young’s Moduli of single cells was obtained for each cell 

line by the Anderson-Darling test. The results indicated a Gaussian distribution for 

TYKNU, OAW42, IGROV1 and CAOV3 cell lines and a non-normal distribution for 

SKOV3, TYKNU CpR, OVCAR8, OVCAR4 and HEY cell lines (Table 4.5). As 

concern the latter, a statistical deconvolution procedure [139] applied to their Young’s 

Moduli distribution histograms has pointed up a bimodal pattern characterized by two 

different peaks (Figure 4.4). This could indicate the presence of two subpopulations 

with different mechanical properties. The analysis of this bimodal pattern highlighted 

a highest-stiffness population usually most widely distributed than the lowest-stiffness 

one (except for TYKNU CpR) (Table 4.6). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Box-and-whisker plot representing the stiffness of single cells for the epithelial 

and fibroblast morphology. 
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The stiffness distribution patterns highlighted another difference between TYKNU and 

TYKNU CpR cell lines: the latter had indeed a bimodal pattern while TYKNU was 

characterized by a Gaussian distribution. Moreover, the mean Young’s Modulus of 

TYKNU CpR lowest-stiffness peak was quite similar to the TYKNU one (0.24 ± 0.12 

kPa for TYKNU CpR and 0.29 ± 0.12 kPa for TYKNU). This could indicate the highest-

stiffness peak presence as consequence of the treatment of the cis-platinum sensible 

cell line (TYKNU) with stepwise increasing concentration of cis-platinum to obtain the 

corresponding drug resistant subline (TYKNU CpR). 

From a histological point of view, both HGSOC cell lines (OVCAR4 and OVCAR8 

have a bimodal pattern, while CAOV3 has a Gaussian distribution) and ENOC cell 

lines (bimodal for SKOV3 and Gaussian for IGROV1) were heterogeneous. As 

concern the cell morphology, the fibroblastic cell lines had tendentially a bimodal 

distribution as three out of four fibroblastic cell lines (TYKNU CpR, HEY and SKOV3) 

were characterized by this stiffness distribution pattern.  

 

 

 

 

 

Cell line Histology Morphology Anderson-Darling (p-value) Distribution pattern 

TYKNU MOC Fibroblastic 0.09 Gaussian 

TYKNU CpR MOC Fibroblastic 0.01 Non-Gaussian 

OAW42 CCOC Epithelial 0.503 Gaussian 

IGROV1 ENOC Epithelial 0.321 Gaussian 

SKOV3 ENOC Fibroblastic 0.0003 Non-Gaussian 

HEY LGSOC Fibroblastic 0.008 Non-Gaussian 

OVCAR8 HGSOC Epithelial 0.0002 Non-Gaussian 

OVCAR4 HGSOC Epithelial 0.01 Non-Gaussian 

CAOV3 HGSOC Epithelial 0.526 Gaussian 

Table 4.5: Results of the Anderson-Darling test on Young’s modulus of single cells for each cell line. In table 

are reported the morphology and the histological classification of each cell line. 
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Cell line 
E Pop#1 

(kPa) 

E Pop#2 

(kPa) 

E Pop#2 – E 

Pop#1 (kPa) 

SKOV3 0.23 ± 0.17 0.92 ± 0.41 0.69 

HEY 0.24 ± 0.20 1.04 ± 0.47 0.8 

OVCAR4 0.41 ± 0.26 1.34 ± 0.48 0.93 

TYKNU CpR 0.24 ± 0.12 0.60 ± 0.12 0.36 

OVCAR8 0.3 ± 0.13 0.70 ± 0.22 0.40 

Figure 4.4: a) Histograms of cell lines with Gaussian distribution; b) Histograms of cell lines with bimodal 

distribution. In red the population with the lowest-stiffness peak, in blue the population with the highest-stiffness 
peak. Pop#1: lowest-stiffness population, Pop#2: highest stiffness population. FIT: resulting fit curve of histogram.    

Table 4.6:  Average Young’s Modulus (E) and standard deviation of two populations of each cell line with 

bimodal distribution. The E Pop#2 – E Pop#1 values were calculated to observe the distance in term of stiffness 
between the two populations. Pop#1: lowest-stiffness population, Pop#2: highest stiffness population. 
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4.2.3 Effects of Variation in Experimental Set-up 

 

The IGROV1 cell line was cultured in RPMI 1640 and DMEM:F12 1:1 (nutrients more 

concentrated) to observe the effects of different medium compositions on mechanical 

properties. The AFM analysis pointed out a significant higher mean Young’s Modulus 

for IGROV1 cells cultured in RPMI 1640 than the same ones grown in DMEM:F12 

(Mann-Whitney test, p = 0.01) (Figure 4.5). 

 

Then, TYKNU cells were culture in EMEM with two different concentrations of FBS: 

10% and 20%. The analysis was aimed at observing the contribution of FBS 

components on the mechanical behavior. The results showed that cells grown in 

medium with higher FBS concentration have a higher mean stiffness than the one 

grown in 10% FBS (Mann-Whitney test, p = 0.00001) (Figure 4.6). 

 

Figure 4.5: Box-and-whisker plot representing the stiffness of single cells for IGROV1 

cultured in DMEM:F12 and RPMI 1640. Average Young’s Modulus of IGROV1 in 

DMEM:F12 = 0.75 ± 0.25 kPa; Average Young’s Modulus of IGROV1 in RPMI 1640 = 1.13 

± 0.53 kPa. 

Figure 4.6: Box-and-whisker plot representing the stiffness of single cells for TYKNU 

cultured with 10% FBS and 20% FBS. Average Young’s Modulus TYKNU with FBS 10% 

= 0.29 ± 0.18 kPa; Average Young’s Modulus TYKNU with FBS 20% = 0.65 ± 0.22 kPa. 
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To understand the effects of neighboring cells connections on mechanical properties 

of the tested cell (an important factor to consider in cell lines with epithelial 

morphology where it is not possible to have completely separated cells), IGROV1 

cells were cultured for three days and one week to analyze cells from small cluster 

(after three days) and from a continuous layer (after one week). The mechanical 

characterization did not show any significant difference (Mann Whitney test, p = 0.08) 

(Figure 4.7).  

 

 

4.3 Metastatic Potential 

 

Epithelial-mesenchymal transition (EMT) is an important step of the tumor invasion 

process, it is characterized by a cytoskeletal reorganization that can impact on the 

mechanical properties of cells.  A migration assay was carried out for each cell line in 

order to associate the mechanical parameters to the metastatic potential of cell lines 

(see chapter 3.3) (Figure 4.8). The results of this assay are reported in table 4.7 as 

average number of invasive cells for optical field. 

 

Figure 4.7: Box-and-whisker plot representing the stiffness of single cells for IGROV1 from small 

clusters and from a continuous layer. Average Young’s Modulus IGROV1 from small cluster = 0.6 

± 0.24 kPa; Average Young’s Modulus IGROV1 from continuous layer = 0.74 ± 0.25 kPa. 
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The analysis of invasion data in function of the mean Young’s Modulus did not show 

any recognizable trend (rs: -0.05; p: 0.45; 95%CI [-0.68;0.73]) (Figure 4.9a). On the 

contrary, considering only the lowest-stiffness population for cell lines with bimodal 

distribution, there was a strong negative correlation between the mean stiffness and 

the average number of invasive cells, as established by the Spearman’s rank 

correlation coefficient (rs: -0.96, p: 8.9*10‾⁵ 95%CI [-0.99;-0.70]) (Fig 4.9b). This 

suggests that the decrement stiffness was correlated to an increment of the 

metastatic potential.  

With respect of the histological classification, the HGSOC cell lines had a lower 

average number of invasive cells (16 for OVCAR4 and 38 for OVCAR8) while the 

Cell Line Histology Morphology Distribution 

Pattern 

Average 

Invasive Cells / 

Optical field 

TYKNU MOC Fibroblastic Unimodal 63 ± 22 

TYKNU CpR MOC Fibroblastic Bimodal 91 ± 22 

OAW42 CCOC Epithelial Unimodal 17 ± 4 

IGROV1 ENOC Epithelial Unimodal 8 ± 3 

SKOV3 ENOC Fibroblastic Bimodal 125 ± 45 

HEY LGSOC Fibroblastic Bimodal 176 ± 26 

OVCAR4 HGSOC Epithelial Bimodal 16 ± 4 

OVCAR8 HGSOC Epithelial Bimodal 38 ± 24 

Table 4.7: Mean number of an invasive cells / Optical field for each cell line with the corresponding 
histology, morphology and distribution pattern. 

Figure 4.8: Representative images used for invasive cells count in TYKNU CpR (high metastatic potential) 

(a) and IGROV1 (low metastatic potential) (b). These images represent one of the three optical fields used for 

the count. In yellow circle, an example of the cell included in the count.   
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ENOC ones resulted more variable (8 for IGROV1 and 125 for SKOV3) (Figure 

4.10a). 

From the morphological point of view, cell lines with fibroblast morphology were 

characterized by a remarkable higher number of invasive cells than ones with 

epithelial morphology. This was coherent with the EMT as a fundamental step of 

tumoral invasion as these cell lines had a mesenchymal-like morphology (Figure 

4.10b). 

 

 

 

 

 

 

Figure 4.9: a) Average number of invasive cells in function of the average Young’s Modulus; b) Average 

Number of Invasive cells in function of the average Young’s Modulus, considering for cell lines with bimodal 

distribution only the lowest-stiffness population (indicated as 1p). 

Figure 4.10: Average number of invasive cells of each cell lines in function of the histology (a) and the 

morphology (b). 
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4.4 2C Treatment 

 

4.4.1 IC50 Assessment 

 

To assess the mechanical properties as possible biomarker of drugs responsiveness, 

each cell line was treated with the 2C, an isopeptidase inhibitor used in tumor 

treatment, and then analyzed by AFM. Firstly, for each cell line the IC50 for the 2C 

was achieved. The analysis of this parameter showed a high difference in 2C 

sensitivity among cell lines (it ranged from 1.01 µM for IGROV1 to 55 µM for HEY) 

(Table 4.8). Moreover, the TYKNU CpR cell line was characterized by a higher 

resistance to 2C than the TYKNU one (IC50 was respectively 30.58 µM and 7.86 µM). 

This could suggest a possible association between stiffness increment and 2C 

resistance. Despite this, the analysis of 2C in function of the average Young’s 

Modulus did not return a remarkable correlation, as established by the Spearman’s 

rank correlation coefficient (rs: 0.5, p: 0.08; 95%CI [-0.29;0.88]). Also considering only 

the highest-stiffness population for cell lines with bimodal distribution, the correlation 

remained weak (rs: 0.57, p: 0.04; 95%CI [-0.22;0.91]) (Figure 4.11). 

Table 4.8: IC50 for each cell line with the corresponding histology, morphology and distribution pattern. 

Cell Line Histology Morphology Distribution 

pattern 

IC50 (µM) 

TYKNU MOC Fibroblastic Unimodal 7.86 

TYKNU CpR MOC Fibroblastic Bimodal 30.58 

OAW42 CCOC Epithelial Unimodal 5.94 

IGROV1 ENOC Epithelial Unimodal 1.01 

SKOV3 ENOC Fibroblastic Bimodal 31.11 

HEY LGSOC Fibroblastic Bimodal 55 

OVCAR8 HGSOC Epithelial Bimodal 12.69 

OVCAR4 HGSOC Epithelial Bimodal 37.7 

CAOV3 HGSOC Epithelial Unimodal 8.9 
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In contrast, the analysis of IC50 in function of stiffness distribution pattern showed 

that the cell lines with bimodal distribution seem to be more resistant to 2C than those 

characterized by a Gaussian distribution. This can support for the presence of 

different cell populations with different stiffness properties and drug resistance 

(Figure 4.12a).  

From a histological point of view, the sensitivity to 2C was heterogenous for both 

HGSOC cell lines (OVCAR8: 12.69 µM, OVCAR4: 37.7 µM, CAOV3: 8.9 µM) and 

ENOC ones (IGROV1: 1.01 µM, SKOV3: 31.11 µM) (Figure 4.12b). As concern the 

Figure 4.11: a) IC50 in function of the average Young’s Modulus; b) IC50 in function of the average Young’s 
Modulus, considering for cell lines with bimodal distribution only the highest-stiffness population (indicated as 

2p). 

Figure 4.12: a) IC50 in function of the distribution patter. Cell lines with bimodal patter have a IC50 > 10 μM 

while the ones with Gaussian distribution have a IC50 < 10 μM; b) IC50 in function of histological classification; 

c) IC50 in function of cell morphology. 
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morphology, cell lines with fibroblast morphology were tendentially resistant to 2C as 

three out of four cell lines have a high IC50 for this drug (Figure 4.12c).  

 

 

4.4.2 Average Young’s Modulus after 2C Treatment 

 

After the assessment of IC50, each cell line was dosed with 20 μM of 2C and 

analyzed at AFM after 7 hours from treatment. The average Young’s Modulus (E + 

2C) was obtained by the analysis of at least 70 cells. The mechanical characterization 

showed that there is a decrease in the average Young’s Modulus for all cell lines in 

comparison to untreated ones (Figure 4.13). This fits with the mechanism of action 

of 2C, which involves the depolymerization of F-actin network by activation of Cofilin-

1 [106]. 

 

Figure 4.13: Box-and-whiskers representing the stiffness of single cells for each cell line before and after 

2C treatment (in blue and red respectively). 
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The ratio between the average Young’s Modulus before and after the 2C treatment 

(E – 2C / E + 2C) was used to investigate the effects of this drug on cellular stiffness 

(Table 4.9). The analysis of this value in function of IC50 returned a moderate 

negative correlation as shown by Spearman’s rank correlation coefficient (rs: -0.67; 

p: 0.02; 95%CI [-0-93;0.08]) (Figure 4.14a). Moreover, cell lines with bimodal pattern 

showed E – 2C / E + 2C values lower than the ones from cell lines with Gaussian 

distribution (Figure 4.14b).  

 

Cell line H M D E – 2C E + 2C 
E – 2C / E 

+ 2C 

M-W test (p 

value) 

TYKNU MOC F U 0.28 ± 0.12 0.11 ± 0.02 2.54 <0.00001 

TYKNU CpR MOC F B 0.52 ± 0.23 0.28 ± 0.09 1.86 <0.00001 

OAW42 CCOC E U 0.37 ± 0.13 0.16 ± 0.04 2.31 <0.00001 

IGROV1 ENOC E U 0.66 ± 0.21 0.34 ± 0.16 1.94 <0.00001 

SKOV3 ENOC F B 0.69 ± 0.4 0.41 ± 0.17 1.68 0.01 

HEY LGSOC F B 0.96 ± 0.58 0.53 ± 0.35 1.81 <0.00001 

OVCAR8 HGSOC E B 0.58 ± 0.28 0.48 ± 0.18 1.16 0.04 

OVCAR4 HGSOC E B 1.13 ± 0.50 0.76 ± 0.25 1.49 <0.00001 

CAOV3 HGSOC E U 1.84 ± 0.67 0.82 ± 0.44 2.24 <0.00001 

 

Table 4.9: Average Young’s Modulus of each cell line before and after 2C treatment, ratio between 
these two values and results of Mann-Whitney test on the statistical significance of stiffness decrement 

after drug treatment. H: Histology, M: Morphology, D: Distribution patter, E – 2C (average Young’s 

Modulus before 2C treatment), E + 2C (average Young’s Modulus after 2C treatment), M-W test: 
Mann-Whitney test, F: Fibroblast, E: Epithelial, U: Unimodal, B: Bimodal. 

 

 

Figure 4.14: a) Ratio E – 2C / E + 2C in function of IC50, b) Ratio E – 2C / E + 2C in function of 

stiffness distribution pattern. 
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There did not seem to be a relationship between the stiffness decrement after 2C 

treatment and the histological and morphological classification of cell lines (Figure 

4.15). 

 

 

4.4.3 Young’s Moduli Distribution after 2C Treatment 

 

The distribution of Young’s modulus of single cells was tested for each cell line treated 

with 2C (statistical test was the same used for not-treated cells; see chapter 4.2.2). 

The results showed the maintenance of Gaussian distribution after drug treatment for 

cell line characterized by unimodal pattern. For cell lines with bimodal distribution, for 

HEY, OVCAR4 and TYKNU CpR the distribution remained non-normal after 2C 

administration, while SKOV3 and OVCAR8 lost their bimodality assuming a Gaussian 

distribution (Table 4.10). 

Statistical deconvolution procedure applied to the stiffness distribution histograms of 

HEY, OVCAR4 and TYKNU CpR cell lines treated with 2C pointed out the presence 

of the populations found in corresponding untreated ones (Figure 4.16). The analysis 

of distribution pattern of cell lines with bimodal distribution without 2C treatment, 

showed that untreated SKOV3 and OVCAR8 cell lines have a ratio between the peak 

height of lowest-stiffness and highest-stiffness population higher than the HEY, 

OVCAR4 and TYKNU CpR ones (Table 4.11). This suggests that the variation of the 

highest-stiffness population could impact on the response to 2C treatment.  

 

 

Figure 4.15: a) Ratio E – 2C / E + 2C in function of the histological classification, b) Ratio E – 2C / E + 2C in 

function of the cell morphology. 
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Table 4.10: Results of Anderson-Darling test on Young’s Modulus of single cells for each cell line treated with 
2C. H: histology, M: morphology, F: Fibroblast, E: Epithelial. 

 

Cell line H M Distribution pattern – 2C Anderson-Darling (p-value) 
Distribution pattern + 

2C 

TYKNU MOC F Gaussian 0.155 Gaussian 

TYKNU CpR MOC F Non-Gaussian 0.006 Non-Gaussian 

OAW42 CCOC E Gaussian 0.118 Gaussian 

IGROV1 ENOC E Gaussian 0.114 Gaussian 

SKOV3 ENOC F Non-Gaussian 0.269 Gaussian 

HEY LGSOC F Non-Gaussian 0.0001 Non-Gaussian 

OVCAR8 HGSOC E Non-Gaussian 0.558 Gaussian 

OVCAR4 HGSOC E Non-Gaussian 0.002 Non-Gaussian 

CAOV3 HGSOC E Gaussian 0.190 Gaussian 

Figure 4.16: a) Histograms of cell lines with Gaussian distribution after 2C treatment; b) Histograms of cell lines with 

bimodal distribution after 2C treatment. In red the population with the lowest-stiffness peak, in blue the population with 
the highest-stiffness peak. FIT: resulting fit curve of histogram. 
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For TYKNU CPR, OVCAR4 and HEY cell lines, an increase in the ratio between the 

peak height of lowest-stiffness and highest-stiffness population after 2C treatment 

was observed (Table 4.12). Nevertheless, on average the Young’s modulus related 

to the “softer” population of cells in the bimodal distribution decreased more than the 

one related to “stiffer” cells (Table 4.12). This observation further supports the “stiffer” 

population as prominent in response to 2C treatment. Moreover, in HEY also the 

lowest-stiffness population had a reduced decrement in average Young’s Modulus, 

supporting for a possible contribution of both populations to 2C resistance (Table 

4.12). Noteworthy, HEY cell line had the highest IC50 among the cell lines analyzed 

in this thesis.   

Figure 4.11: Peak height for cells’ populations characterizing cell lines with bimodal pattern. In table are 

reported also the ratio between two populations heights and the resulting distribution pattern after 2C treatment. 
Pop#1: lowest-stiffness population, Pop#2: Highest-stiffness population. 

Cell line Height Peak Pop 

#1 – 2C 

Height Peak Pop 

#2 – 2C 

Height Pop #1 / 

Height Pop #2 

Distribution 

pattern + 2C 

SKOV3 19.94 12.76 1.56 Gaussian 

OVCAR8 14.61 9.64 1.51 Gaussian 

TYKNU CpR 16.77 15.48 1.08 Bimodal 

OVCAR4 11.47 11.16 1.03 Bimodal 

HEY 15.99 13.65 1.17 Bimodal 

Table 4.12: Report of Height peak and average Young’s modulus (E) for the two populations of TYKNU 

CpR, OVCAR4 and HEY before and after 2C treatment. In table are reported also the ratio between the 

peak height of two populations with and without 2C and the ratio between the average Young’s Modulus 
of two populations before and after 2C treatment. Pop #1: lowest-stiffness population, Pop#2: highest-
stiffness population. 

 TYKNU CpR OVCAR4 HEY 

Height peak Pop #1 - 2C 16.77 11.47 15.99 

+ 2C 16.56 27.97 21.34 

Height peak pop # 2 - 2C 15.48 11.16 13.65 

+ 2C 6.92 7.46 6.37 

Average E Pop #1 

(kPa) 

- 2C 0.24 ± 0.12 0.41 ± 0.26 0.24 ± 0.20 

+ 2C 0.14 ± 0.10 0.19 ± 0.13 0.21 ± 0.19 

Average E Pop #2 

(kPa) 

- 2C 0.60 ± 0.12 1.34 ± 0.48 1.04 ± 0.47 

+ 2C 0.44 ± 0.17 0.98 ± 0.28 0.96 ± 0.26 

Height peak pop #1/ 

pop #2 

– 2C 1.08 1.03 1.17 

+ 2C 2.39 3.75 3.35 

Average E pop #1 -2C / + 2C 1.71 2.16 1.14 

Average E Pop #2 -2C / + 2C 1.36 1.37 1.08 
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4.4.4 Time-depending Effects on Young’s Modulus of 2C Treatment 

 

In order to observe the time-related effect of 2C on mechanical properties, around 30 

cells for each cell line were analyzed by AFM in a medium supplemented with 20 μM 

of 2C. The measurement was carried out between 7 and 9 hours from drug 

administration and the single cell Young’s Moduli were analyzed in function of the 

time (Figure 4.16). The Mann-Kendall test did not highlight any positive or negative 

trend in any cell line after 2C treatment (Table 4.13).  

 

Table 4.13: Results of Mann-Kendall test for the time series of single cell Young’s Modulus after 
2C treatment. 

Cell Line IC50 (μM) Mann-Kendall test (p-value) 

IGROV1 1.01 0.234 

OAW42 5.94 0.102 

TYKNU 7.86 0.977 

CAOV3 8.9 0.524 

OVCAR8 12.69 0.747 

TYKNU CpR 30.58 0.843 

SKOV3 31.11 0.243 

OVCAR4 37.7 0.186 

HEY 55 0.417 

Figure 4.16: Example of a time course of single cell Young’s modulus for TYKNU cell 

line treated with 2C. In X axis are reported the time points (in hours) from 2C 

administration when the cell was submitted to AFM measure. 
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To have a wider view of the time-depending effects of 2C on mechanical properties, 

the single cell Young’s moduli were divided in four half-hour group and compared. 

The first half-hour group showed that the 2C-induced decrease of Young’s modulus 

had already occurred after 7 hours from treatment for each cell line (Table 4.14). 

Nonetheless, the Kruskal-Wallis test applied to the half-hour groups did not return 

any significant difference among them (Table 4.14). These results can be due to an 

analysis time range (two hours) not so wide to appreciate significant time-depending 

changes induced by 2C in Young’s Modulus. Another explanation can be the choice 

of the start time point at 7 hours, that could be too late for a real-time analysis. The 

ubiquitin-proteasome system inhibitors like the 2C have indeed a remarkable fast 

activity (e.g: the proteasome inhibition activity of bortezomib, the most used drug in 

this class, is already recognizable after 2 hours from drug administration, [140] [141]).  

 

Cell Line IC50 (μM) Average E Half-Hour Group (kPa) Kruskal-

Wallis test 

(p-value) 
7:00-7:30 7:30-8:00 8:00-8:30 8:30-9:00 

IGROV1 1.01 0.46 ± 0.16 0.43 ± 0.20 0.44 ± 0.22 0.26 ± 0.07 0.150 

OAW42 5.94 0.17 ± 0.04 0.14 ± 0.04 0.19 ± 0.11 0.19 ± 0.03 0.07 

TYKNU 7.86 0.12 ± 0.03 0.12 ± 0.04 0.14 ± 0.05 0.12 ± 0.02 0.831 

CAOV3 8.9 0.8 ± 0.44 0.79 ± 0.5 0.77 ± 0.49 0.82 ± 0.37 0.385 

OVCAR8 12.69 0.43 ± 0.16 0.52 ± 0.14 0.52 ± 0.18 0.44 ± 0.18 0.249 

TYKNU CpR 30.58 0.26 ± 0.13 0.29 ± 0.13 0.28 ± 0.15 0.22 ± 0.09 0.731 

SKOV3 31.11 0.45 ± 0.17 0.29 ± 0.10 0.44 ± 0.18 0.46 ± 0.15 0.08 

OVCAR4 37.7 0.70 ± 0.35 0.54 ± 0.40 0.68 ± 0.31 0.64 ± 0.32 0.498 

HEY 55 0.62 ± 0.31 0.27 ± 0.10 0.68 ± 0.50 0.36 ± 0.26 0.06 

 

Table 4.14: Average Young’s modulus and standard deviation of each half-hour group for cell lines treated 

with 2C. In table are reported the results of Kruskal-Wallis test for the four half-hour groups. No: Accept H0 
hypothesis (not significant difference), Yes: Accept H1 hypothesis (significant difference), E: Young’s 
Modulus. 
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4.5 Fluorescence Assay 

 

4.5.1 Uptake Assay 

 

The 2C cellular uptake and its kinetics was assessed in HEY and OVCAR4 cell lines 

treated with 2 μM of 2C conjugated with the fluorophore F2 (λ emission: 524 nm). 

Treatment lasted 24 hours and images were taken at 6 and 24 hours in order to 

observe 2C internalization and distribution inside cells. Images were analyzed by 

ImageJ to detect the average fluorescence intensity inside cells and in background.  

Images showed a consistent internalization of 2C-F2 inside the cells at 6 hours from 

drug administration. Fluorescence intensity inside cells for both cell lines resulted on 

average at least 2-fold higher than the one measured in background (2.76 for 

OVCAR4 and 3.63 for HEY) after 6 hours from the treatment.  

 

Figure 4.17: Fluorescent images of OVCAR4 after 2C-F2 treatment at 6 and 24 hours from treatment (3rd column). 

In figure are reported the raw images (1st column) and the DAPI-marked nuclei images (2nd column). All images 

were taken at a magnification of 20X. The scale bar corresponds to 100 μm.  
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In HEY cells, which had the highest IC50, there was a linear relationship between the 

fluorescence intensity related to 2C-F2 and the time, indicating a possible 

accumulation in the cell. For OVCAR4, the intensity increment was faster in the first 

6 hours and then slowed down. However, the detection of two time points only did 

not allow drawing any conclusions about the kinetics of uptake.  

 

 

4.5.2 F-actin Staining 

 

As 2C has a side effect on Actin network organization by activation of Cofilin-1, a 

fluorescence assay based on F-actin staining by phalloidin was carried out on 

TYKNU, OVCAR4 and HEY cell lines. Cells were treated with 2 μM of 2C and VV1 

(the inactive isoform of the drug used as negative control) for 24 hours and then 

Cell line IC50 (μM) 

Average Fluorescence 

intensity inside cells / 

Background 

6 hours 24 hours 

OVCAR4 37.7 2.90 ± 0.97 3.75 ± 0.97 

HEY 55 3.63 ± 0.81 7.41 ± 2.05 

Figure 4.18: Ratio between the average fluorescence intensity inside cells and background in 
function of time. For time 0, it was supposed that the ratio value was 0 as 2C was not present 

inside cells at that time. 

Table 4.15: Ratio between the average fluorescence intensity inside cells and background at 6 
and 24 hours. 

 



88 

 

stained with the phalloidin conjugated with the fluorophore TRITC. Finally, the area 

and the average fluorescence intensity of about 80 single cells for each cell line were 

recorded from fluorescent images by ImageJ. The aim of this assay was at observing 

the Actin network organization before and after the 2C treatment.   

Actin stress fibers were detectable in each cell line treated with VV1, while in cells 

treated with 2C there were high-intensity spots suggesting for F-actin monomer 

clusters presumably caused by 2C-induced disruption of F-actin filaments. Moreover, 

there were also several high-intensity rings in the cell periphery or around the nuclei 

(Figure 4.19). This effect is in line with the mechanism of action of 2C, which leads 

to the depolymerization of the Actin network. In HEY cells treated with VV1 the Actin 

stress fibers were faint with occasional high-intensity spots, which increased in 
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number after 2C treatment (Figure 4.19). This can support for a different cytoskeleton 

organization of HEY cell line. 

 

The analysis of the single cell area showed for each cell line a significant decrement 

after 2C treatment, as confirmed by Mann-Whitney test (TYKNU p: 0.04, OVCAR4 p: 

0.02, HEY p: 0.01). Likewise, the average fluorescence increased significantly in each 

cell line after 2C administration, as confirmed by Mann-Whitney test (TYKNU p: 0.01, 

Figure 4.19: Images of F-actin staining by phalloidin for TYKNU, OVCAR4 and HEY cell lines treated 

with VV1 (negative control) and 2C. In blue the DAPI-marked nuclei. Green arrow: stress Actin fibers, 

Yellow arrow: high-intensity spots, Blue arrow: high-intensity rings. Scale bar: 10 μm. 
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OVCAR4 p: <0.00001, HEY: 0.008). The area decrement was similar for each cell 

line as well as the average fluorescence increment (Table 4.16). To search for a  

possible correlation between these variables, the Spearman’s correlation test was 

run. This test returned a significant correlation between area decrement and 

fluorescence increment in every cell line after treatment with 2C, but not VV1 (Table 

4.17), suggesting on a possible dependence between the two variables. 

 

 

Cell line (treatment) 
Spearman (area-A.F.I) 

rs p-value 95% CI 

TYKNU (VV1) -0.06 0.37 -0.42;0.31 

OVCAR4 (VV1) -0.21 0.13 -0.53;0.17 

HEY (VV1) 0.22 0.11 -0.15;0.54 

TYKNU (2C) -0.54 0.001 -0.77;-0.19 

OVCAR4 (2C) -0.40 0.01 -0.67;-0.03 

HEY (2C) -0.43 0.01 -0.69;-0.06 

 

To investigate on possible associations between the Young’s moduli distribution and 

the fluorescence assay data, the Anderson-Darling test was run using the area and 

average fluorescence intensity of cell lines treated with VV1. The distribution analysis 

of the single cell area showed a Gaussian distribution for OVCAR4 cells and a non-

normal distribution for HEY and TYKNU ones (Table 4.18). This can be related to the 

shape of TYKNU and HEY cells which had a fibroblastic morphology. Interestingly, 

Table 4.16: Average area and fluorescence intensity of single cells for TYKNU, OVCAR4 and HEY 

cell lines. In table are reported the ratio between the area of cells treated with VV1 and 2C and the 
ratio between the average fluorescence intensity of cells treated with 2C and VV1. A.F.I. : Average 
Fluorescence Intensity, p.i. : pixel intensity. 

Cell line Treatment Area (μm²) A.F.I. (p.i.) 
Area VV1 / 

2C 

A.F.I. 2C / 

VV1 

TYKNU 
VV1 753.05 ± 384.59 18.65 ± 5.49 

1.22 1.42 
2C 619.26 ± 250.72 26.43 ± 11.77 

OVCAR4 
VV1 855.14 ± 246.73 17.63 ± 9.29 

1.21 1.61 
2C 706.64 ± 264.41 28.47 ± 11.32 

HEY 
VV1 889.73 ± 337.19 15.79 ± 7.78 

1.27 1.61 
2C 700.06 ± 251.69 25.48 ± 9.28 

Table 4.17: Results of Spearman correlation test for area and average fluorescence intensity of 

TYKNU, OVCAR4 and HEY cell lines treated with VV1 and 2C. In table are reported the p value 
and the 95% CI with the lower and upper confidence limits. rs: Spearman correlation coefficient, 
A.F.I. : Average Fluorescence Intensity. 
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the distribution pattern of the average fluorescence intensity of the three cell lines 

treated with VV1 was equal to their stiffness distribution (non-normal for OVCAR4 

and HEY and Gaussian for TYKNU) (Table 4.18).  

 

 

 

4.5.3 β-Tubulin Staining 

 

To deeply investigate on 2C effects on cytoskeletal organization, an 

immunofluorescence staining of β-tubulin (an important component of microtubules) 

was carried out in TYKNU, OVCAR4 and HEY cell lines. Cellular cytoskeleton is a 

complex and heterogeneous network of different and closely interconnected 

components (such as actin filaments, microtubules and intermediate filaments), 

where variation in one of its components can impact on the other ones. Accordingly, 

2C effects on Actin network can influence all the components of cellular cytoskeleton. 

Therefore, an analysis of microtubules organization after 2C treatment can be useful. 

TYKNU, OVCAR4 and HEY cell lines were treated with 2 µM of VV1 and 2C for 24 

hours and then the β-tubulin was stained. The area and the average fluorescence 

intensity of about 80 cells for each cell line were recorded from fluorescent images 

by ImageJ. 

Cell lines treated with VV1 showed a “bush” organization characterized by 

microtubules filaments departing from the cell center to its periphery. This 

organization was barely detectable in VV1 treated HEY cells. The 2C treatment led 

to the disruption of the microtubules network which spread in disorganized filaments 

Cell line (VV1) Morphology Anderson-Darling (p-value) Distribution pattern 

TYKNU (Area) Fibroblastic 0.03 Not-Gaussian 

TYKNU (A.F.I.) Fibroblastic 0.133 Gaussian 

OVCAR4 (Area) Epithelial 0.351 Gaussian 

OVCAR4 (A.F.I.) Epithelial 0.001 Non-Gaussian 

HEY (Area) Fibroblastic 0.011 Non-Gaussian 

HEY (A.F.I.) Fibroblastic 0.0001 Non-Gaussian 

Table 4.18: Results of Anderson-Darling test on area and average fluorescence intensity data of single cells 
for each cell line treated with VV1. A.F.I. : Average Fluorescence Intensity.  
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over the cell. In HEY cells, occasional high-intensity points over the nucleus were 

observed. This further proves the side effects of 2C on cytoskeleton network integrity 

(Figure 4.20).  

 

Similar to the previous fluorescence assay, a significant decrement of cell area 

(Mann-Whitney test TYKNU p: 0.037, OVCAR4 p: 0.049, HEY p: 0.043) and an 

increment of average fluorescence intensity (Mann-Whitney test TYKNU p: 0.0002,  

Figure 4.20: Images of β-tubulin immunofluorescence staining for TYKNU, OVCAR4 and HEY cell lines 

treated with VV1 (negative control) and 2C. In blue the DAPI-marked nuclei. Red arrow: “bush” 

microtubules network, Yellow arrow: disrupted microtubules, Blue arrow: nuclear high-intensity points. 

Scale bar: 10 μm. 
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OVCAR4 p < 0.00001, HEY p: 0.0002) after 2C treatment were observed. The extent 

of both variations was similar for each cell line (Table 4.19). There was a significant 

correlation between the area and the average fluorescence intensity for both 

treatments (VV1 and 2C), as established by Spearman’s test (Table 4.20), 

suggesting a possible correlation between the cell size and the microtubules 

organization independently from the drug treatment. 

 

The distribution test of the area and the average fluorescence intensity of single cells 

showed the same results achieved in the F-actin fluorescence assay for each cell line 

treated with VV1 (Table 4.21).  

 

 

 

 

 

Cell line Treatment Area (μm²) A.F.I. (p.i.) 
Area 

VV1 / 2C 

A.F.I. 2C 

/ VV1 

TYKNU 
VV1 763.44 ± 280.18 22.22 ± 2.86 

1.26 1.60 
2C 607.33 ± 224.02 35.67 ± 13.54 

OVCAR4 
VV1 845.30 ± 285.25 24.24 ± 5.19 

1.19 1.59 
2C 708.77 ± 242.72 38.45 ± 10.45 

HEY 
VV1 852.61 ± 333.47 10.38 ± 2.78 

1.25 1.65 
2C 683.33 ± 247.98 17.17 ± 4.25 

Table 4.19: Average area and fluorescence intensity of single cells for TYKNU, OVCAR4 and 

HEY cell lines. In table are reported the ratio between the area of cells treated with VV1 and 2C and 
the ratio between the average fluorescence intensity of cells treated with 2C and VV1. A.F.I. : 
Average Fluorescence Intensity, p.i. : pixel intensity. 

 

Table 4.20: Results of Spearman correlation tests for area and average fluorescence intensity of 

TYKNU, OVCAR4 and HEY cell lines treated with VV1 and 2C. In table are reported the p-value and 
the 95% CI with the lower and upper confidence limits. rs: Spearman correlation coefficient, A.F.I. : 
Average Fluorescence Intensity. 

 

Cell line (treatment) 
Spearman (area-A.F.I) 

rs p-value 95% CI 

TYKNU (VV1) -0.58 0.0008 -0.79;-0.23 

OVCAR4 (VV1) -0.35 0.0009 -0.66;-0.06 

HEY (VV1) -0.57 0.004 -0.79;-0.23 

TYKNU (2C) -0.57 0.003 -0.79;-0.22 

OVCAR4 (2C) -0.49 0.0005 -0.73; -0.13 

HEY (2C) -0.37 0.02 -0.65;-0.36 
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4.5.4 Analysis of Cytoskeleton Distribution 

 

Since the variations of structure and organization of cytoskeleton are involved in 

many tumoral processes, such as metastasis and drug responsiveness, an analysis 

of the F-actin and microtubules network distribution inside cells was performed on 

fluorescent images achieved by the previously described assays. The analysis was 

carried out using an ImageJ tool that provides a view of cytoskeleton filaments 

organization within the cells. This tool was able to measure the staining intensity 

along an automatically draw line over the cell. In this way, it was possible to obtain a 

fluorescence intensity profile which provides hints on cytoskeleton distribution inside 

cells. Moreover, the division of the intensity data in 10 equal bins makes this analysis 

insensible to changes in cell size and shape. 

As concern the F-actin staining assay, in cell lines treated with VV1 was possible to 

observe how the fluorescence intensity tended to be higher in cell center of TYKNU 

cells and more distributed for the OVCAR4 and HEY ones. This could suggest a 

possible correlation between the intensity distribution and the IC50 for 2C and the 

average Young’s modulus. After the 2C treatment, the F-actin intensity was 

Cell line (VV1) Morphology Anderson-Darling (p-value) Distribution pattern 

TYKNU (Area) Fibroblastic 0.034 Non-Gaussian 

TYKNU (A.F.I.) Fibroblastic 0.077 Gaussian 

OVCAR4 (Area) Epithelial 0.504 Gaussian 

OVCAR4 (A.F.I.) Epithelial 0.0001 Non-Gaussian 

HEY (Area) Fibroblastic 0.004 Non-Gaussian 

HEY (A.F.I.) Fibroblastic 0.0001 Non-Gaussian 

Table 4.21: Results of Anderson-Darling test on area and average fluorescence intensity data of single cells for 
each cell line treated with VV1. A.F.I. : Average Fluorescence Intensity. 
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tendentially higher at the cell border than in the cell center for each cell line. In HEY 

cells there was a further intensity peak in innermost bins (Figure 4.21).   

 

These considerations can be seen also in β-tubulin-stained cell lines treated with 

VV1. On the contrary, TYKNU cells showed a peak of β-tubulin intensity in cell center 

after the 2C treatment, while as concern the OVCAR4 and HEY cells, the intensity 

was higher at the cell border than the center, similarly to the corresponding F-actin 

intensity profile after drug administration (Figure 4.22). 

 

 

 

 

 

Figure 4.21: F-actin fluorescence intensity profile of each cell lines treated with VV1 and 2C. For each 

bins is reported the average F-actin fluorescence intensity plus the 95% confidence interval (CI). The 3 

most external bins (1-3 and 8-10) indicate the cell periphery. p.i.: pixel intensity. 
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Figure 4.22: β-tubulin fluorescence intensity profile of each cell lines treated with VV1 and 2C. For each 

bins is reported the average F-actin fluorescence intensity plus the 95% confidence interval (CI). The 3 most 
external bins (1-3 and 8-10) indicate the cell periphery. p.i.: pixel intensity.  
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5.  Discussion 

 

The epithelial ovarian cancer (EOC) is the most common and deadly form of ovarian 

cancer [5]. It encompasses a collection of neoplasms with distinct clinical-

pathological, molecular features and prognosis; among them the most common are 

the clear cells (CCOC), the mucinous (MOC), the endometrioid (ENOC), the low 

grade serous (LGSOC) and the high grade serous ovarian cancer (HGSOC) [8] [5]. 

A correct diagnosis of these subtypes is prominent in EOC management, because 

each one needs an appropriate and specific treatment [49]. This is a key point 

especially for the HGSOC, the deadliest form of gynecological malignancy, with 

295’000 new cases diagnosed annually worldwide and 185’000 related deaths [2]. 

The high intratumor heterogeneity and late stage at diagnosis of HGSOC, indeed, 

lead to a high mortality: the 5-years survival rate is around 46% and has not 

significantly changed over the past 20 years. Considering this, the tumoral 

mechanical properties can be useful to further characterize those tumors, obtaining 

possible predictive and/or prognostic information to be used in addition to classic 

biomarkers used in clinical routine. The role played by the mechanical forces in 

different tumoral processes, such as the metastatic invasion and the responsiveness 

to the chemotherapy drugs have been already proven [66] [81] [82].  

The main goal of this thesis was the mechanical characterization by Atomic Force 

Microscope (AFM) of nine ovarian cancer cell lines with distinct histological and 

morphological characterization in order to test the possible utility of the mechanical 

properties as characterization biomarker. Further, an invasive assay was carried out 

on the cell lines to investigate on possible associations between the mechanical 

properties and the metastatic potential. On the possible utility of biomechanical 

properties, each cell line was treated with 2C, a drug for possible tumor treatment, 

which involves the cytoskeleton reorganization, and then it was analyzed by AFM to 

investigate the possible use of mechanical properties as markers of drug sensitivity. 

Finally, an evaluation of the possible effects of the culture medium composition on 

mechanical properties was performed in parallel measurements.  
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5.1 Histological, Morphological and Mechanical 

Characterization 

 

The molecular analysis of the cell lines used in this thesis showed at least one 

representative for each EOC subtype, namely CCOC (OAW42), ENOC (IGROV1, 

SKOV3), MOC (TYKNU, TYKNU CpR), LGSOC (HEY) and HGSOC (OVCAR8, 

OVCAR4, CAOV3). Morphologically, the cell lines were divided in two different 

groups: cell lines with fibroblastic morphology (TYKNU, TYKNU CpR, SKOV3, HEY) 

and with epithelial morphology (OAW42, IGROV1, OVCAR8, OVCAR4 and CAOV3). 

This analysis showed that all the HGSOC cell lines had an epithelial morphology, that 

could be due to their epithelial origin site (ovarian surface epithelium, OSE or fallopian 

tube serous epithelium, FTSE) [45] [46].   

The mechanical characterization displayed a wide variation of Young’s Moduli (E) 

(from 0.28 ± 0.12 kPa for TYKNU to 1.84 ± 0.67 kPa for CAOV3), which indicated a 

remarkable difference in cellular stiffness among the cell lines. Moreover, the 

distribution analysis of single cell Young’s moduli showed two different pattern: 

unimodal or Gaussian (TYKNU, OAW42, IGROV1, CAOV3) and bimodal pattern 

(TYKNU CpR, OVCAR8, SKOV3, HEY, OVCAR4). The latter distribution pattern 

indicated the presence of two different cell populations characterized by distinct 

stiffness. In particular, we observed that the higher stiffness population was 

characterized by a higher variability than the softer one (except for TYKNU CpR). The 

presence of two distinct cell stiffness phenotypes was probably related to different 

molecular mechanisms which could underline other cells features [142]. The 

comparison of the mechanical properties of TYKNU and the corresponding cisplatin 

resistant subline TYKNU CpR showed two differences: a higher stiffness and bimodal 

distribution for the TYKNU CPR and a lower stiffness and Gaussian distribution for 

TYKNU. These evidences were suggestive that an increase in the average Young’s 

modulus and its bimodal distribution could be related to cis-platinum resistance [143]. 

In particular, the passage from a Gaussian distribution to a bimodal one characterized 

by two different populations could be a consequence of a clonal selection due to the 

treatment of cis-platinum sensible cell line (TYKNU) with stepwise concentration of 

cis-platinum to obtain the resistant one (TYKNU CpR). The similar average Young’s 

moduli of TYKNU and TYKNU CpR lowest-stiffness population (0.28 ± 0.12 kPa and 

0.24 ± 0.12 kPa respectively) can further support this hypothesis. 
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The analysis of average Young’s Modulus in function of the histological classification 

showed a high variability for HGSOC cell lines, which could reflect the heterogeneity 

that characterized this tumor [144]. This heterogeneity was observable also in the 

Young’s moduli distribution patterns related to HGSOC cell lines: the OVCAR4 and 

OVCAR8 had a bimodal distribution while CAOV3 showed a Gaussian one. 

Nevertheless, heterogenous patterns were observed also in ENOC cell lines (bimodal 

for SKOV3 and unimodal for IGROV1) supporting a weak correlation between this 

parameter and the histological classification. These patterns could be due to other 

factors, such as the drug resistance/treatment of the original tumor from which the 

cell lines were isolated. The OVCAR4 and OVCAR8 were indeed derived from a 

tumor refractory at Adriamycin/cis-platinum [112] and a tumor treated with 

carbonplatin [113] respectively, while for CAOV3 was not reported drug 

resistance/treatment of the original tumor. Similar observations were also found in 

ENOC cell lines (original tumor of SKOV3 was resistant to cis-platinum/Adriamycin, 

[114], while IGROV1 derived from a tumor sensible to cis-platinum, [110]) 

Overall, from our data series, mechanical data (Young’s moduli) were able to 

discriminate among the different ovarian cancer histological subtypes, except for 

MOC vs CCOC and LGSOC vs HGSOC. However, as a possible limitation, in this 

study only one cell line as representative of CCOC, MOC and LGSOC subtypes was 

analyzed. Serous cell lines, including both LGSOC and HGSOC, resulted to be stiffer 

than the other ones, maybe because of their cytoskeleton organization [145] [146].  

To conclude, three out of the four cell lines with fibroblastic morphology had a bimodal 

distribution (TYKNU CpR, SKOV3 and HEY), supporting in these cell lines the 

presence of different stiffness populations. Moreover, cells with epithelial morphology 

resulted stiffer than the ones with fibroblastic morphology. This is in agreement with 

a possible epithelial mesenchymal transition (EMT) in cell line with fibroblastic 

morphology.  EMT has been already associated to higher cell deformability, therefore 

metastatic potential [147] [148]. This difference could be due to the different 

cytoskeleton organizations which characterized this two cell morphology in vivo and 

in vitro [149] [150] [151]. 

 

5.2 Invasion Assay 

 

The results of invasion assay showed different metastatic potentials among the cell 

lines analyzed in this thesis. Several studies have indicated that a low stiffness was 
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associated with an increase in invasion capacity [82] [152] [153]. Notwithstanding, 

the analysis of invasion data of cell lines in function of their average Young’s modulus 

did not show a significant correlation. On the contrary, considering only the low-

stiffness population for cell lines with bimodal pattern, the correlation between 

stiffness and invasion capacity was strong. This indicated that in a stiffness-

heterogeneous cell line only the softer population had eventually the metastatic 

potential to invade. Anyway, it is important to consider that OVCAR4 and OVCAR8 

cell lines, which had a bimodal distribution of the Young’s moduli, had a relatively low 

invasion capacity, suggesting that the metastatic potential was not only associated to 

the stiffness distribution pattern, but also to the absolute value of the Young’s 

modulus. The average stiffness of the softer population of OVCAR8 and OVCAR4 

(low invasivity) was higher than the one from the other cell lines with bimodal 

distribution pattern (high invasivity). 

The HGSOC cell lines had a low metastatic potential, as reported previously in 

literature [154]. This finding would be unexpected considering the high clinical 

aggressiveness of HGSOC, but those tumors are progressing invading the peritoneal 

cavity without the need to seed in other organs. Even very large tumor masses invade 

the superficial layers of the bowel and omentum, but not deeper layers. It is rare to 

find HGSOC metastases to the bone or brain, contrarily to other carcinomas, such as 

breast and colon cancers [155]. 

The invasion data showed a strong association between the cell morphology and 

metastatic potential. Cell lines with fibroblastic morphology were remarkably more 

invasive than the one with epithelial morphology. The ability of cancer to invade 

depends indeed on the degree of epithelial differentiation within the tumor: poorly 

differentiated tumors are more invasive than well-differentiated ones. From this 

reason, cancer cells need undergoing an epithelial-mesenchymal transition (EMT) to 

lose adhesion and epithelial morphology and to assume, in this way, mobility with a 

mesenchymal-fibroblast morphology [156]. Taken this evidence, our results on 

invasion assay in function of morphological classification are in agreement with the 

fundamental processes underlining the metastatic diffusion.  
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5.3 2C Treatment 

 

5.3.1 Mechanical Properties and 2C Sensitivity 

 

The analysis of IC50 for the 2C showed different degrees of sensitivity to this drug 

among the cell lines (it ranged from 1.01 uM for IGROV1 to 55 uM for HEY). This 

parameter indicated a higher 2C resistance for TYKNU CpR than TYKNU (the IC50 

was respectively 30.58 uM and 7.86 uM), similarly to cis-platinum [157]. Accordingly, 

it was possible to speculate about a possible relationship between the stiffness 

increase and the bimodal distribution of Young’s modulus in 2C resistant cells. 

Although the correlation between the mean Young’s moduli and IC50 was weak, 

considering only the stiffer populations in cell lines with bimodal pattern, the 

correlation was significant, as shown by the Spearman’s test (rs: 0.57, p: 0.04; 95%CI 

[-0.22;0.91]). In agreement with this finding also the Young’s moduli distribution 

patterns and the IC50 resulted associated: cell lines with bimodal pattern were more 

resistant to 2C than the ones with unimodal pattern.  

The treatment with 2C led to a significant decrease of the average Young’s modulus 

in each cell line. This is in agreement with the depolymerization by 2C of the F-actin 

filaments, as already reported [106] [158]. The degree of stiffness decrease 

depended on both the IC50 and the distribution pattern:  cell lines with high IC50 (> 

10 uM) and bimodality had a tendentially lower stiffness decrease than the ones with 

low IC50 (< 10 uM) and unimodality, as shown by the fluorescent staining of F-Actin.  

Over the average stiffness, the 2C treatment had effects also on the single cell 

Young’s moduli distribution patterns. The distribution pattern of untreated cell lines 

was usually maintained after 2C treatment, except for SKOV3 and OVCAR8 cell lines 

which lost their bimodality, assuming a Gaussian distribution. In comparison to the 

other cell lines with bimodal distribution, the SKOV3 and OVCAR8 had a higher ratio 

between the lowest-stiffness peaks height and highest-stiffness population, indicating 

that a possible prevalence of the softest population against the stiffer one, which had 

also a wider distribution of the Young’s moduli indicating more likely a broader 

stiffness heterogeneity. It is possible that 2C treatment killed preferentially one cell 

population. As concern the TYKNU CpR, OVCAR4 and HEY, although the two 

subpopulations were observable after the 2C treatment, the stiffer ones resulted 

remarkably underrepresented.  Nevertheless, the stiffer populations decreased their 

stiffness on average less than the “softer” cells, except for HEY. This suggested that 
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the highest-stiffness population had a higher 2C resistance than the lowest-stiffness 

one. From this point of view, the small stiffness decreases of both sub-populations 

observed in HEY after the 2C treatment can explain its highest IC50 (55 uM) among 

the analyzed cell lines. 

In the end, the analysis of the mechanical properties in function of 2C responsiveness 

has confirmed the role played by the stiffness increase and the stiffness population 

heterogeneity in drug resistance, in agreement with published observations for other 

chemotherapy drugs [143] [157] [159].  

These results did not show a significant association between 2C sensitivity and the 

morphological or histological classification of the analyzed cell lines.  

 

5.3.2 Kinetics of 2C Uptake and Action 

 

The results of the 2C uptake assay performed on HEY and OVCAR4 showed for both 

cell lines a consistent drug internalization after 6 hours from the drug administration, 

in agreement with the kinetics uptake data reported in literature for this drug as well 

as other 2C-like proteasome system inhibitors [133] [158].  

The time-course AFM analysis indicated that the 2C-induced stiffness decrease was 

observable already after 7 hours from the drug treatment, independently from the 

IC50 or the average Young’s modulus of untreated cell lines. This was likely due to 

the remarkable fast activity characterizing the proteasome system inhibitors [140] 

[141]. This result was also confirmed by the kinetics uptake data previously 

discussed. 

The analysis of single cell Young’s moduli in function of the time (achieved between 

7 and 9 hours from 2C treatment) did not show any recognizable trend. This could be 

due to an analysis time range not sufficiently long to appreciate the time-depending 

effects of 2C on mechanical properties. Another explanation can be the chosen time 

starting point (7 hour), that could be too late for a time-dependent analysis. 

 

5.3.3 2C Effects on Cytoskeleton 

 

The F-actin staining assay of TYKNU, OVCAR4 and HEY before and after 2C 

treatment showed the presence of the Actin stress fibers in each untreated cell line. 

The fibers organization reflected the morphological classification of the analyzed cell 

lines: parallel bundles for the TYKNU and HEY (fibroblastic morphology) and tangled 
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network for OVCAR4 (epithelial morphology) [150] [152]. The three cell lines treated 

with 2C showed a disruption of the Actin stress fibers, which accumulated in high-

intensity spots and rings in the cell periphery, in agreement with the mechanism of 

action of 2C. After the treatment, each cell line showed an increase of fluorescence 

intensity correlated to the 2C-induced decrease of cell area [158]. The size of both 

variations was similar for each cell line. The analysis of F-actin intensity profile before 

the treatment with 2C showed that the fluorescence intensity tended to be more 

concentrated in cell center for TYKNU (low stiffness and IC50) and more distributed 

over the cell for OVCAR4 and HEY (high stiffness and IC50). This result indicated a 

possible association between the degree of Actin cytoskeleton distribution and the 

cell stiffness/2C sensitivity. However, although this analysis was independent from 

the cell size and shape, a possible contribution of cell stretching on achieved 

fluorescence intensity profile should be taken in consideration. Instead, in cell lines 

treated with 2C the F-actin fluoresce intensity tended to diffuse to the cell periphery 

from the cell center, as already seen for other drugs with cytoskeleton destabilizing 

activity [136]. This effect was particularly evident for TYKNU and OVCAR4, while in 

HEY the intensity profile resulted more heterogeneous. The single cell fluorescence 

intensity data and the single cell Young’s moduli displayed a similar distribution 

pattern: unimodal for TYKNU and bimodal for HEY and OVCAR4. Despite this 

observation could led to hypothesize on the presence of subpopulations with different 

Actin network organization and mechanical properties, it has not been possible to 

draw any conclusion about a possible association between these two parameters 

without an appropriate stiffness-based sorting of the cell lines and a fluorescence 

independent analysis of the resulting subpopulations. 

As concern the β-tubulin staining assay, the fluorescent images for untreated cell 

lines showed a “bush” organization characterized by microtubule filaments departing 

from the cell center to the cell periphery. This organization was barely recognizable 

in HEY cells. After 2C treatment the microtubules filaments broke out and spread over 

the cells, with high-intensity cluster accumulation in cell center, similarly to what 

happens with other cytoskeleton destabilizing drugs [160]. This result proved that the 

2C effects on Actin filaments involved indirectly also the other components of cellular 

cytoskeleton. Also in this case, the increase in β-tubulin fluorescence intensity after 

the 2C treatment was correlated to the 2C-induced cell contraction. The fluoresce 

intensity profiles of untreated cell lines showed a higher intensity in cell center than 

cell border for OVCAR4 and a more diffuse intensity over the cell in HEY and TYKNU. 

These distributions could be associated to the morphological classification of the cell 
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lines (epithelial for OVCAR4 and fibroblastic for HEY and TYKNU) rather than the cell 

stiffness or the IC50. The disruption or chemical stabilization of microtubules did not 

affect cell elasticity [164]. After 2C treatment, the fluorescence intensity profile of 

TYKNU showed a higher intensity in cell center with respect to the cell border, while 

as concern the OVCAR4 and HEY the intensity was concentrated in the cell 

periphery, as seen in F-actin staining assay. 

 

5.4 Effects on Mechanical Properties of Culture Medium 

Composition 

 

IGROV1 cells cultured in the medium DMEM:F12 1:1 (the recommended medium) 

were significantly softer than the same cells cultured in the more generic medium 

RPMI 1640. This result was in accordance with previous reports [129].  

The TYKNU cells cultured in EMEM supplemented with FBS 20% showed a higher 

mean Young’s modulus than ones grown in the same medium with FBS 10%. It has 

already been proven that serum components such as lysophosphatidic acid (LPA) 

activate the small GTP-binding protein Rho, which subsequently promotes focal 

adhesions and actin stress fiber formation [161] [162], that impact the overall cellular 

elasticity [163] [164]. 

These results pointed out the importance to develop an optimized protocol for 

mechanical characterization of cell lines in order to level the effects of medium 

composition on mechanical properties.  
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6.  Conclusions 

 

In this thesis, mechanical properties were investigated to characterize epithelial 

ovarian cancer. The assessment was carried out using 9 ovarian cancer cell lines 

with different histological and morphological classification. According to our findings 

it is possible to conclude as follows: 

 

 The average Young’s modulus of HGSOC cell lines was highly 

heterogeneous. The serous cell lines (including both HGSOC and LGSOC) 

were stiffer than the other EOC subtypes. 

 The analysis of single cell Young’s moduli resulted to have a discrete capacity 

to discriminate about ovarian cancer cell lines with different histological 

classification. 

 In cell lines with bimodal distribution of the stiffness the “stiffer” population was 

tendentially more variable and underrepresented than the “softer” one. 

 The TYKNU cell line (sensible to cis-platinum) was significantly softer than the 

TYKNU CpR one (subline resistant to cis-platinum). Since they were 

characterized by two different Young’s moduli distribution patterns (unimodal 

for TYKNU and bimodal for TYKNU CpR), the increase of the average stiffness 

in TYKNU CpR seemed to be the consequence of a clonal selection induced 

by the treatment of TYKNU with stepwise concentration of cis-platinum to 

obtain the resistant subline.  

 The cells with epithelial morphology were stiffer than the ones with fibroblastic 

morphology. Moreover, the cell lines with fibroblastic morphology had usually 

a bimodal distribution of the stiffness.  

 The decrease of stiffness was associated to an increase of invasion capacity. 

This association was significant only when considering the softer population 

for the cell lines with bimodal pattern. Accordingly, only the “softer” population 

in a stiffness-heterogeneous cell line had eventually the metastatic potential to 

invade. 

 The cell lines with fibroblastic morphology were remarkably more invasive than 

the ones with epithelial morphology. 

 There was a moderate positive correlation between the mechanical properties 

and 2C sensitivity among the analyzed cell lines. This correlation was 



106 

 

particularly evident considering the Young’s moduli distribution patterns:  cell 

lines with bimodal pattern have a higher IC50 for 2C than ones with unimodal 

pattern. 

 The 2C treatment led to a decrease of the average Young’s modulus, the size 

of which depended from the IC50 and the stiffness distribution pattern.  

 The cell lines tendentially maintained their Young’s Moduli distribution pattern 

after 2C treatment, except for the OVCAR8 and SKOV3. They lost their 

bimodality to assume a Gaussian distribution because they were characterized 

by a more variable “stiffer” population in comparison to the other cell lines with 

bimodal distribution.  

 The 2C-induced stiffness decrease was lower for the highest-stiffness 

population than the lowest-stiffness one in cell lines that maintained their 

bimodality after the treatment. This indicated the “stiffer” population as 

prominent in 2C treatment response. In HEY, the stiffness decrease size was 

low for both populations, justifying its highest IC50 among the analyzed cell 

lines. 

 The 2C had a good internalization after 6 hours from administration. After 7 

hours from treatment the 2C-induced stiffness decrease had already occurred. 

 The 2C treatment led to depolymerization of F-actin filaments in TYKNU, 

OVCAR4 and HEY. The organization of Actin cytoskeleton was related to 2C 

sensitivity and stiffness: the OVCAR4 and HEY (high stiffness and IC50) had 

a more distributed Actin cytoskeleton over the cell than TYKNU (low stiffness 

and IC50). 

 The 2C had an indirect impact also on Microtubules network, which 

disaggregated after the drug treatment.  

 The composition of the culture medium (nutrients and FBS concentrations) 

had an influence on mechanical properties. 
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