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ABSTRACT  
 

Malignant pleural mesothelioma is an aggressive cancer which develops from mesothelial cells lining 

the surface of lungs. This deadly disease, whose major etiological agent is asbestos, affects an increasing 

number of people every year. Currently, the main therapeutic strategies comprising radiotherapy, 

surgery and chemotherapy extend life expectancy of patients of only a few months, demonstrating their 

low effectiveness. Therefore, the objectives of this work are to study the cytotoxic potential of astin C 

against mesothelioma cells with the aim of improving standard chemotherapy treatment, to demonstrate 

the link between the structure of this molecule and its activity as well as to understand the mechanisms 

involved. Astins are natural compounds produced by an endophyte fungus, which can exhibit an 

antitumoral activity depending on their chemical structure (cyclic backbone and adjacent chlorides on 

the proline residue). The results revealed the cytotoxic activity of astin C, highlighted the link between 

this activity and the chlorides present in the structure of this compound and demonstrated the ability of 

this molecule to improve the chemotherapeutic treatment based on the association of cisplatin and 

pemetrexed. This work also led to a better understanding of mechanisms of action of astin C cytotoxicity. 

Hence, the contribution of this molecule to new therapeutic strategies could be considered in order to 

develop more efficacious treatments against mesothelioma. 

 

RÉSUMÉ 
 

Le mésothéliome malin pleural est un cancer agressif qui se développe à partir des cellules mésothéliales 

recouvrant les poumons. Cette maladie mortelle, dont le principal agent étiologique est l’amiante, atteint 

un nombre croissant de personnes chaque année. Actuellement, les principales stratégies thérapeutiques 

comprenant la radiothérapie, la chirurgie et la chimiothérapie permettent d’allonger l’espérance de vie 

des patients de quelques mois seulement, démontrant leur faible efficacité. Dès lors, les objectifs de ce 

travail consistent à étudier le potentiel cytotoxique de l’astine C contre les cellules du mésothéliome afin 

d’améliorer le traitement chimiothérapeutique standard, de démontrer l’importance de la structure de 

cette molécule dans son activité ainsi que de comprendre les mécanismes impliqués. Les astines sont 

des composés naturels produits par un champignon endophyte, qui selon leur structure (squelette 

cyclique et deux chlores adjacent sur le résidu proline) peuvent présenter une activité antitumorale. Les 

résultats ont permis de mettre en évidence l’activité cytotoxique de l’astine C, de la mettre en lien avec 

les chlorures présents dans la structure de ce composé et de démontrer la capacité de cette molécule à 

améliorer le traitement chimiothérapeutique reposant sur l’association de cisplatine et de pemetrexed. 

Ce travail a également mené au développement de mécanismes d’actions pouvant être à l’origine de la 

cytotoxicité de l’astine C. De ce fait, l’introduction de cette molécule dans de nouvelles stratégies 

thérapeutiques pourrait être envisagée en vue de développer des traitements plus efficaces contre le 

mésothéliome. 
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INTRODUCTION 

1. Malignant pleural mesothelioma 

1.1. GENERALITIES 

Malignant mesothelioma (MM) is an aggressive cancer originating from mesothelial cells lining several 

body cavities (Peake, 2009). It can affect the surface tissues of the pleura, the pericardium and the 

peritoneum (Ho and al, 2001). The pleura consists in the serosae lining the chest wall (parietal pleura) 

and surrounding the lung (visceral pleura). The serous membranes covering the heart and the abdomen 

correspond to the pericardium and the peritoneum respectively (Marieb and Hoehn, 2007). However, 

the most frequently observed mesothelioma in the worldwide population is the malignant pleural 

mesothelioma (MPM) (Figure 1). This deadly disease is resistant to various treatment options such as 

radiotherapy, surgery that have been proven ineffective up to now (Tsao and al, 2009). This indicates 

that this cancer can only be controlled in order to increase lifetime of patients at this time but not cured 

(Raja and al, 2011). The malignant pleural mesothelioma is mainly associated with asbestos exposure 

and the development of the disease appears from 20 to 60 years later, corresponding to the latency period 

(Jänne and al, 2006; Tsao and al, 2009). In addition, it appears that the MPM occurs preferentially in 

men than women. Once the patient is diagnosed for this illness, the median overall survival is estimated 

from 9 to 17 months depending on the stage (Tsao and al, 2009). The incidence of this tumor is 

increasing in frequency around the world and is expected to reach a peak between 2010 and 2020 in 

Europe (Boutin and al, 1998). For all those reasons, the implementation of new therapeutic strategies is 

a priority to enhance the results obtained from current treatments.  

 

Figure 1. Schematic representation of a healthy lung and a lung affected by MPM 

The MPM is an aggressive cancer which develops from mesothelial cells affecting the pleura. This deadly disease 

is mainly associated with the inhalation of asbestos fibers (CENTRAMIC Pleural Mesothelioma. Symptoms, 

Causes, Treatment Options. Accessed 30 Jun. 2018).  
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1.2. INCIDENCE 

 

The occurrence of malignant mesothelioma is taking an ever-greater importance over time in many 

countries. In fact, it is considered that there are around 43,000 people worldwide dying from this disease 

each year (Delgermaa and al, 2011; Robinson, 2012). This gradual increase of the disease incidence can 

be related to the broad use of asbestos from World War II until the half of the last century. Indeed, 

asbestos was a material commonly exploited in various construction applications such as shipbuilding 

or insulator for houses (Raja and al, 2011; Boutin and al, 1998). Therefore, the world health organization 

(WHO, 2007) recognized all asbestos types as carcinogen and drew the attention to asbestos-related 

diseases (Delgermaa and al, 2011; Robinson, 2012). Following those statements, asbestos was banned 

from several countries in Europe in the last 1970s and from European Union in 2005 (Røe and Stella, 

2015). 

 

The most robust data on the occurrence of malignant mesothelioma have been recorded in UK and in 

Australia with an annual incidence rate of approximately 30 cases per million (Bianchi and Bianchi, 

2007; Robinson, 2012). Belgium is also considered as a country with a high incidence rate since 273 

cases were registered in 2011 (Bianchi and Bianchi, 2014). On a global scale, it appears that countries 

with a high incidence rate are mainly represented by Australia, New Zealand and some countries in 

Europe (UK, Belgium…). The other countries from Europe as well as the US have intermediate 

incidence rates and lower ones are attributed to several countries of Asia (Bianchi and Bianchi, 2014) 

(Figure 2). 

Figure 2. Incidence rate of mesothelioma in 19 countries 

Countries with a high incidence rate are represented by Australia and Northern Europe in this figure. This is related 

to early industrialization involving the use of asbestos in various sectors. However, a significant reduction of 

incidence rate is expected in a few decades thanks to the banishment of asbestos utilization in different countries 

(Bianchi and Bianchi, 2014). 
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Following those data that allow the representation of the global geographical distribution of 

mesothelioma, a significant difference between developed and developing countries can be highlighted 

(Røe and Stella, 2015; Bianchi and Bianchi, 2007). Indeed, the low occurrence of mesothelioma in 

developing countries can be described by two alternative explanations. The first one concerns the 

diagnostic strategies and the data collection that are still in process (Delgermaa and al, 2011). The other 

one is related to the fact that the industrialization and then the use of asbestos took place much later in 

developing countries (Bianchi and Bianchi, 2007).  

 

Concerning the predictions for the future, it appears that countries with high and intermediate incidence 

rates will reach a peak around 2020 (2015-2020 in Europe, 2014-2021 in Australia) (Yang and al, 2009; 

Robinson, 2012). Nevertheless, there are some exceptions such as the US and Sweden that have already 

reached their peaks thanks to restrictive measures applied to asbestos use that have been set up earlier 

(Robinson, 2012; Bianchi and Bianchi, 2007).  The case of Asian countries is totally different given that 

some of them are still using asbestos and the others have stopped its exploitation but only since around 

2000 (Kazan-Allen, 2015; Røe and Stella, 2015; Bianchi and Bianchi, 2007; Stayner and al, 2013). It 

makes sense to predict that the mesothelioma incidence peak of those countries will occur in the coming 

decades, such has Japan with a predicted peak between 2030 and 2039 (Delgermaa and al, 2011; Stayner 

and al, 2013). 

 

1.3. EPIDEMIOLOGY 
 

Since the breakout of MPM in the population, extensive studies have been conducted in order to 

determine the possible causes of this disease.  As a result of those investigations, a strong link has been 

established between the occurrence of MPM and the exposure to mineral fibers such as asbestos and 

erionite. However, other factors have also been identified as relevant causative agents (Zandwijk and al, 

2013). 

1.3.1. Asbestos 
 

The association between the increasing risk of MPM and the exposure to asbestos was introduced for 

the first time in asbestos miners toward the half of the last century (Raja and al, 2011).  Currently, 

asbestos is classified as an occupational carcinogen by the WHO and its use as a product was banned in 

a wide range of countries (WHO, 2007).  

 

By definition asbestos is a natural fibrous silicate mineral that is resistant to heat and chemically inert. 

Depending on the chemical composition and structure, those minerals can be assigned to the serpentine 

(chrysotile) or amphibole (amosite, actinolite, anthophyllite, crocidolite and tremolite) groups.  In fact, 

serpentine asbestos is characterized by tubular fibers while amphibole asbestos is composed by linear 

and needle like fibers (Wylie, 2017) (Figure 3). 
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Figure 3. Physical structure of asbestos fibers obtained by transmission electron microscopy 

(TEM) 

The picture (a) represents serpentine asbestos characterized by tubular fibers and pictures from (b) to (e) 

correspond to amphibole asbestos characterized by linear and needle like fibers. (a) Chrysotile is the only member 

of serpentine asbestos and (b) Crocidolite, (c) Anthophyllite, (d) Tremolite, (f) Amosite fibers belong to the 

amphibole group. Those differences between the structures can be explained by their specific chemical 

composition. In addition, their particular geometry is partly responsible for the distinct effects on health, amosite 

and crocidolite having the most carcinogenic impact. Scale bar = 10 μm (Sanchez and al, 2010).  

 

Two different forms of exposure to asbestos have been highlighted and depend on the context in which 

the exposition to those minerals has occurred. The first one is the occupational exposure which takes 

place in the work environment by the handling of raw asbestos for construction, shipbuilding or 

pipefitting (Zandwijk and al, 2013; Raja and al, 2011). This work associated with exposure is considered 

as the principal cause of MPM, explaining the prevalence in males since females are less likely to work 

in those professional fields. The other one is the non-occupational exposure that can be due to domestic 

and environmental exposure (Magnani and al, 2000). The transfer of asbestos fibers from workers to 

cohabitants that occurs usually via contaminated clothes is referred as domestic exposure. However, the 

environmental exposure is linked to the proximity between the living area and asbestos mines or 

factories and to the natural presence of asbestos in the soil (Magnani and al, 2000; Zandwijk and al, 

2013). 

 

Another important fibrous mineral that has the potential to induce the mesothelioma is the erionite that 

belongs to the silicate mineral group called zeolite. This mineral is found in geological environment, 

more precisely in volcanic rocks, and can contaminate the air as fine dust following diverse activities 

such as digging for road construction and mining (Selçuk and al, 1992; Wylie, 2017). It is also important 

to notice that some synthetic fibers such as fibrous nanomaterials are sharing some physical and 

chemical properties with asbestos that are responsible for their carcinogenicity. In fact, considering their 
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low weight, the exposure to those nanomaterials by inhalation could raise the potential pathogenicity of 

asbestos (Sanchez and al, 2010). 

 

1.3.2. Health effects of asbestos fibers 
 

Inhaled asbestos fibers passing through the respiratory tract can be responsible for the development of 

diseases of the lung and the pleura. These include the formation of benign pleural plaques, appearing as 

lesions on parietal, visceral and diaphragmatic pleura that likely originate from collagen deposition by 

submesothelial fibroblasts. It is also important to mention two other pathologies associated with 

asbestos: (i) asbestosis that consists in foci of fibrosis localized in the lower zones of the lungs and (ii) 

benign pleural effusion characterized by the accumulation of exudate in pleural cavity. However, 

diseases of concern linked to asbestos exposure are the lung cancer and the malignant pleural 

mesothelioma as they can lead to human death (Boutin and al, 1998; O'Reilly and al, 2007; Manning 

and al, 2002; Sanchez and al, 2010).  

 

Various parameters have an impact on the toxicity, pathogenicity and carcinogenicity of asbestos. 

Among these, the most important are the geometry, the bio-persistence, the chemical composition and 

the surface reactivity of fibers considering that they have an influence on the production of reactive 

oxygen species (ROS) (Sanchez and al, 2010). In fact, even if the precise mechanism of injury to the 

cells is still unknown, the generation of ROS by asbestos fibers should play a significant role through 

lipid peroxidation and oxidative DNA damage. In addition, interferences with the mitotic spindle and 

persistent inflammatory response promoting the transformation of mesothelial cells play also an 

important role in the carcinogenicity of asbestos fibers (Sanchez and al, 2010; Manning and al, 2002; 

Mossman and Marsh, 1989). 

 

All asbestos fibers do not have the same effect on cells because, as mentioned earlier, it depends on their 

characteristics. Some studies have demonstrated that the long fibers are not completely engulfed by 

alveolar macrophages through a mechanism called “frustrated phagocytosis” and then tend to generate 

more ROS (Figure 4). Besides, the production of ROS is linked to the presence of transition metal at the 

fiber surface. For this reason, crocidolite and amosite asbestos fibers belonging to the amphibole mineral 

group are the most carcinogenic. In fact, those fibers generate a higher content of ROS comparatively 

to others due to their low biodegradability in the lung and their high iron content ranging from 20 to 

30% by weight (Sanchez and al, 2010; Mossman and Marsh, 1989; Boyles and al, 2014).  
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Figure 4. Scanning electron micrograph of monocyte macrophage unable to phagocyte an 

asbestos fiber measuring over 20µm 

As the length of those cells ranges from 10 to 20µm, the complete phagocytosis of a longer or same size fiber is 

unlikely to occur. This unsuccessful or “frustrated” phagocytosis leads to the overproduction of ROS causing the 

lipid peroxidation and oxidative DNA damage (Boyles and al, 2014). 

 

 

1.3.3. Other factors 
 

Some studies suggested that other factors are related to the development of MPM even though they 

represent a small percentage of cases. These include the simian virus 40, radiation exposure and genetic 

predisposition (Tsao and al, 2009). 

 

The simian virus 40 (SV40) originates from Africa and has been transmitted to humans through the 

administration of contaminated polio vaccines produced in monkey kidney cells between 1955 and 1978 

(Jasani and al, 2012; Yang and al, 2009). The oncogenic activity of the SV40 is supposed to be mediated 

principally by the production of two proteins: large T and small t antigens. Those oncogenic proteins 

act principally by binding and inactivating some proteins involved in tumor suppression. Although 

several studies have failed to show a correlation between contaminated polio vaccines and occurrence 

of MPMs, analyses conducted on human MMs have demonstrated the presence of SV40 in tumor cells 

and its absence in healthy cells (Yang and al, 2009). 

 

The other risk factor is the exposition to radiations that can happen in different contexts: radiotherapy 

treatment, thorium dioxide administration and atomic energy exposure. There are some reports 

supporting the relationship between radiation exposure and incidence of MMs but further studies have 

to be conducted to confirm this putative link (Jasani and al, 2012). 

 

The last suspected etiologic factor is the genetic predisposition. Indeed, it appears that MPM can be 

inherited following an autosomal dominant pattern. Evidences were provided by Pedigree studies 

(conducted in the Cappadocian villages of Tuzkoy) showing that MM occurs predominantly in certain 

families and not in others even if they were exposed to similar amount of erionite. Besides, the progeny 

resulting from the union between a genetically predisposed family and a family with no history of the 
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disease is susceptible to develop MM. However, members of high risk MM families who were born and 

have grown up in regions free of MM have not shown clinical signs of the disease. All these evidences 

seem to indicate an interaction between the incidence of MM and the genetic predisposition (Dogan and 

al, 2006; Yang and al, 2009). 

 

1.4. HISTOLOGY 
 

From a histological point of view, the MPM can be classified in three different subtypes, namely the 

epithelioid, sarcomatoid and biphasic (Kanbay and al, 2014) (Figure 5). Epithelioid MPM predominates, 

representing approximately 60% of all cases and is characterized by polygonal, oval, cuboidal cells or a 

mix of them forming the tumor. The sarcomatoid MPM is formed by spindle-shaped cells that can be 

organized in bundles or randomly oriented and accounts for about 10-20% of mesotheliomas. In 

addition, the sarcomatoid subtype is the most aggressive and virulent. The last histologic form is the 

biphasic MPM which is composed of both epithelioid and sarcomatoid cells within the same tumor and 

represents around 20-30% of all cases (Husain and al, 2013; Zandwijk, 2013; Institut national de la santé 

et de la recherche medicale, 2008). 

 

The recognition of the MPM subtypes is important to establish the differential diagnosis of patients. 

However, the variability between mesothelioma cells makes it histopathological diagnosis challenging 

(Kanbay and al, 2014; Institut national de la santé et de la recherche medicale, 2008). Nevertheless, 

some technologies such as electron microscopy and immunohistochemistry have been used to 

distinguish the different patterns of MPM even if they have limited sensitivity and specificity (Kindler, 

2000; Philippeaux and al, 2004). Techniques distinguishing MPM subtypes should be improved in order 

to facilitate the diagnosis of the disease. 
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Figure 5. Different subtypes of MM cells obtained by phase-contrast micrographs 

(A) Epithelioid subtype characterized by polygonal, oval, cuboidal cells or a mix of them forming the tumor, (B) 

Sarcomatoid subtype characterized by spindle-shaped cells, (C) Normal mesothelial cells and (D) Biphasic subtype 

composed of both epithelioid (long arrow) and sarcomatoid cells. (A), (B) and (D) were obtained from untreated 

MM patients and (C) was derived from patients with benign inflammation. Scale bar = 20 µm (Philippeaux and 

al, 2004). 

 

 

1.5. CLINICAL SIGNS 
 

Clinical manifestations of MPM depend on the stage of the illness and are nonspecific explaining the 

difficulty in establishing a link between the symptoms and the disease. This can be responsible for the 

late diagnosis in most cases (O'Reilly and al, 2007; Boutin and al, 1998). However, the dyspnea and the 

chest pain are considered to be the two most frequent presenting symptoms (OncoLogiK Mésothéliome 

Pleural. Accessed 27 Feb. 2018). The dyspnea corresponds to a dysfunction of the respiratory system 

mainly due to a pleural effusion while chest pain is caused by an invasion into the chest wall (Ho and 

al, 2001; Raja and al, 2011). In addition, other symptoms can be developed by the patient such as cough, 

weight loss and fatigue (O'Reilly and al, 2007). It is also important to highlight that in more advanced 

stages of the disease some complications can occur leading to superior vena cava syndrome and 

dysphagia, demonstrating the progressive worsening of the symptoms (Ho and al, 2001; O'Reilly and 

al, 2007). 
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1.6. DIAGNOSIS 
 

Due to the similarity between MPM and other diseases, the establishment of a precise diagnosis is 

complicated and is performed in most cases in the fifth to seventh decades of patient’s life (Ho and al, 

2001; Zandwijk and al, 2013). Nowadays, various medical technologies have been developed and used 

in order to diagnose MPM as soon as possible (Ho and al, 2001). 

 

The first steps in diagnosis consist in clinical and radiological analyses that can show a pleural effusion 

or a diffuse pleural thickening (Zandwijk and al, 2013; Raja and al, 2011; Boutin and al, 1998). Indeed, 

the thoracoscopy-guided biopsy and the computed tomography (CT) scanning (Kim and al, 2016) are 

the most widely used modalities for the assessment of MPM and have a diagnostic sensitivity of 

approximately 90% (Figure 6) (Zandwijk and al, 2013).  

 

Figure 6. Transverse chest CT images of a 71-year-old man suffering from MPM 

The computed tomography (CT) scanning is considered as the first line imaging modality for the diagnosis of 

MPM. This analysis can detect pleural thickening, calcified pleural plaques, fissural pleural thickening and pleural 

effusion. The diagnostic yield of this technic reaches around 90% and presents low complication rates, explaining 

the importance of CT in the assessment of MPM (Kim and al, 2016). The CT shows a circumferential pleural 

thickening in the hemithorax scan (blue arrows) and calcified pleural plaques (white arrows).  

 

In addition, other examinations can be conducted to confirm and provide a more accurate diagnosis 

(Zandwijk and al, 2013). Among those, the cytological analysis performed in pleural effusion is the most 

important and can reveal the presence of carcinoma cells (Husain and al, 2013). Immunohistochemical 

analyses performed on a thoracoscopic biopsy and combined with electron microscopy provide a 

definitive diagnosis (Hazarika and al, 2005). Regarding the immunohistochemical tests, some 

biomarkers such as cytokeratins or calretinins are used to recognize particular molecules expressed by 

mesothelioma cells (Philippeaux and al, 2004; Husain and al, 2013). As this technique takes an ever-

greater importance in the establishment of the diagnosis, some new markers have been developed. 

Indeed, the mesothelin and osteopontin are two new serum markers that could ameliorate diagnosis of 

MPM (Tsao and al, 2009).  

 

The identification of the disease stage is also very important to provide the optimal treatment to patients. 

In fact, MPM is divided into a four-stage system (I, II, III and IV) (Zandwijk and al, 2013), each 
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characterized by different types of symptoms (Boutin and al, 1998) and by the tumor spread and location 

(Ho and al, 2001).   

 

1.7. TREATMENTS 
 

Generally, the recommended treatments for patients suffering from MPM consists in surgery, 

radiotherapy or chemotherapy. The latter can be prescribed in combination (Ceresoli and al, 2007) or 

separately (Zandwijk and al, 2013). The choice of the treatment advised to each patient will vary 

according to patient’s age, performance status and disease stage (Raja and al, 2011). Nevertheless, it is 

important to highlight that those treatments are used for palliative purposes since they only moderately 

increase patient’s lifetime (Zandwijk and al, 2013; Ho and al, 2001).  

 

Other treatments are also emerging in the medical field but are still in progress: targeted therapies 

(Zandwijk and al, 2013), gene therapy (Boutin and al, 1998) and immunotherapy (Tano and al, 2017). 

 

Surgery is considered as the most effective treatment and its purpose is to decrease the size and spread 

of the tumor by using different techniques such as thoracoscopy, pleurectomy/decortication (P/D) and 

extrapleural pneumonectomy (Ismail-Khan and al, 2006). The first one consists in the achievement of a 

pleurodesis that allows the adherence of the visceral pleura to parietal pleura through the injection of a 

sclerosant in the pleural space (Zandwijk and al, 2013; Ho and al, 2001). The P/D is a surgery performed 

by an open thoracotomy that aims the ablation of the parietal pleura, comprising the portion over the 

mediastinum, pericardium, and diaphragm (Tsao and al, 2009; Ismail-Khan and al, 2006). The third one 

is the most aggressive and intensive surgical procedure that is proceeded by resecting the pleura, as well 

as the involved lung, pericardium, diaphragm and regional lymph nodes in order to take out macroscopic 

tumor from the chest (Zandwijk and al, 2013; Ismail-Khan and al, 2006). However, the microscopic 

residues of the tumor cannot be removed making the total resection of the tumor impossible (Tsao and 

al, 2009; Ruth and al, 2003). That is why those remaining residues are treated with adjuvant therapies 

which consist in most cases in radiotherapy and/or chemotherapy (Sugarbaker and Wolf, 2010; Kaufman 

and Flores, 2011). 

 

Radiotherapy is principally used for patients having already undergone surgical interventions or 

chemotherapies (Rosenzweiga and Giraud, 2017; Waite and Gilligan, 2007). Indeed, considering that 

MPM is a diffuse disease that can reach various adjacent organs, it makes difficult to apply radiations 

on the entire tumor (Ramalingam and Belani, 2008; Ismail-Khan and al, 2006). Moreover, the radiation 

dose delivered depends on the vital structures because each organ has its specific sensitivity to radiations 

leading to different limiting doses (e.g. 20 Gy in lung and 30 Gy in liver) (Ismail-Khan and al, 2006). 

Then, it greatly complicates the treatment of the whole neoplasm at tumoricidal dose without damaging 

underlying organs (Perrot and al, 2017; Zandwijk and al, 2013). For all those reasons, radiotherapy is 
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not applied as primary therapy but is widely used in multimodal treatments and in palliative intents 

(Ramalingam and Belani, 2008; Raja and al, 2011).  

 

Concerning chemotherapy, it is mainly used for patient with an advanced stage of the disease in order 

to temper symptoms and to modestly improve survival of patients. Indeed, it is assumed that 80% of the 

patients are not suitable for surgery because of the extent of the tumor making it unresectable or due to 

their old age or the presence of comorbidities (Cinausero and al, 2018). Initially, chemotherapy consisted 

in the administration of a single agent presenting anticancer activity (Ramalingam and Belani, 2008). 

The first family of drugs investigated in the treatment of MPM was the anthracycline. However, they 

did not show a response rate higher than 15% with a maximal median survival of 8 months (Tomek and 

al, 2003). Therefore, the focus was placed on new chemotherapeutic agents such as platinum compounds 

(cisplatin and carboplatin), alkylating agents, antimetabolites (pemetrexed and raltitrexed) … 

(Cinausero and al, 2018; Tomek and al, 2003) But again, the response was not satisfactory following 

the administration of those drugs separately (Tsao and al, 2009). In addition, Ellis and al have 

demonstrated on the basis of 111 relevant phase II trials that combination chemotherapy provides higher 

response rates than single agents (Ellis and al, 2006). Among those combinations, the administration of 

cisplatin along with pemetrexed in a phase II trial yielded the best results with a prolongation of the 

median survival of 3 months compared to cisplatin alone (12.1 vs. 9.3 months) and a response rate of 

41%. It is also important to highlight that a supplementation of folic acid plus vitamin B12 during CT 

treatment decreases the toxicity and increases the number of administrated cycles (Cinausero and al, 

2018). Therefore, the combination of cisplatin plus pemetrexed is considered as the standard first line 

treatment for patients with unresectable MPM (Nowak, 2012). In the event of a relapse or progression 

of the disease after the first line treatment, a second line chemotherapy could be considered (Nowak, 

2012). However, improvements and further investigations have to be performed to select agents with 

the best results for the second line therapy (Cinausero and al, 2018).  

 

The immunotherapy relies on the modulation of the patient’s immune system in order to direct it against 

its own cancerous cells (Dozier and al, 2017). This approach takes an ever-greater importance because 

of the limited efficiency of other treatments and the proof of tumor response to immune system 

stimulation (Grégoire, 2010). The use of cytokines including interferons and interleukins as well as 

antibodies has already been investigated to this end.  Among the cytokines, the IL-2 (interleukin) and 

IFN-α (interferon) have already shown cytotoxic activity against mesothelioma cells following their 

administration to patients through the activation of natural killer cells and cytotoxic T-lymphocytes. 

However, the use of those compounds is limited by the appearance of symptoms (fever, vascular leak 

and shock) due to the immune activation (Alley and al, 2017). Concerning the antibodies, they can be 

used for different purposes. Currently, the main application of those antibodies is to block the 

checkpoints (PD-1, PD-L1 and CTLA-4) involved in the inhibition of immune cells preventing 

autoimmunity. The use of checkpoint inhibitors hinders the anergy of T-cells in presence of MPM cells 

(Tano and al, 2017; Alsaab and al, 2017). It is also important to notice that other immunotherapy 

methods are also evaluated in clinical studies such as anticancer vaccines, adoptive cell therapy and 
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dendritic cells-based therapy (Dozier and al, 2017; Grégoire, 2010). As recent studies have shown the 

efficacy of immunotherapy, this approach can be considered as promising for the treatment of MPM but 

studies still need to be conducted to improve this new treatment (Alley and al, 2017; Tano and al, 2017).   

 

The multimodal therapy was elaborated following the failure of single treatment to increase lifetime of 

patients suffering from MPM (Ceresoli and al, 2007). The use of treatment combinations aims to limit 

the occurrence of local, and distant metastasis later or to reduce the tumor as much as possible 

(Ramalingam and Belani, 2008). This multidisciplinary approach has already shown promising results 

in clinical trials, particularly for the combination surgery plus chemotherapy plus radiotherapy (Ceresoli 

and al, 2007; Sterman and Albelda, 2005). Another new combination that should be considered in the 

future is the immunotherapy plus radiotherapy since they have synergistic effects by inducing an 

upregulation of lymphocyte-T activity (Alley and al, 2017). Nevertheless, multimodality treatment may 

be aggressive explaining that an optimal program has to be established for each patient (Su, 2009). 
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2. Chemotherapy treatment 
 

2.1. GENERALITIES  
 

The term “chemotherapy” was invented in the beginning of the 1900s and was defined as the use of 

drugs to treat a disease by a German scientist Paul Ehrlich (DeVita and Chu, 2008). The first clinical 

studies performed on humans to show the efficiency of chemotherapy against cancers started in the mid 

of the 20th century with folic acid antagonists and nitrogen mustards as chemotherapeutic agents 

(Galmarini and al, 2012). From this period until now, chemotherapy has evolved considerably with the 

development of new drugs and a deeper comprehension of their mechanisms of action (DeVita and Chu, 

2008; Espinosa and al, 2003).  

 

Chemotherapeutic agents act mainly through the interaction with intracellular molecules (DNA, growth-

signaling molecule) leading to some injuries and/or dysfunctions (Luqmani, 2005; Hannun, 1997; Xu 

and Mao, 2016). Following those perturbations, a signal will be sent to assess the importance of the 

damages in the tumor cell. Depending on the severity and the extent of the lesion, the tumor cell response 

will be different. It can result in apoptosis or cell cycle arrest (Hannun, 1997; Johnstone and al, 2002; 

Xu and Mao, 2016). The purpose of the chemotherapy is to stop tumor cell proliferation and finally to 

induce their apoptosis (Figure 7) (Johnstone and al, 2002; Xu and Mao, 2016). 

 

One of the major problems linked to this therapy is the cytotoxicity of the drugs on normal cells due to 

their wide spectrum of activity. Even if some chemotherapeutic agents succeed to target selectively cells 

with abnormal proliferation, side effects can occur because their activity is not exclusive to tumor cells. 

In addition to that, tumor cells can show intrinsic resistance (linked to genetic characteristics) or 

resistance acquired following the exposition to the drugs (Johnstone and al, 2002; Luqmani, 2005). 
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Figure 7. General mechanism of action of chemotherapeutic agents  

The administration of drugs to patient suffering from cancers results in interaction between the drugs and their 

specific intracellular targets. Following those reactions, some damages are generated into tumor cells. Depending 

on the severity of the lesion, different cell-signaling pathways can be activated leading principally to cell apoptosis 

or cell cycle arrest. However, tumor cells can show some resistance to those drugs and then can continue their 

proliferation (Johnstone and al, 2002). 

 

 

2.2. CHEMOTHERAPEUTIC AGENTS 
 

The drugs used in chemotherapy treatment can be synthetized from building block molecules or 

extracted from plants. Those natural and synthetic agents are classified on the basis of their mechanism 

of action on tumor cells. The most important classes are the alkylating agents (nitrogen mustards, 

aziridines), heavy metals (carboplatin, cisplatin and oxaliplatin), antimetabolites (folic acid antagonist, 

pyrimidine and purine antagonists), cytotoxic antibiotics (anthracyclines), spindle poisons (vinca 

alkaloids and toxoids) and topoisomerase inhibitors (I and II) (Luqmani, 2005; Payne and Miles, 2008).  

 

However, as new anticancer drugs with various modes of action appear in chemotherapy, they are not 

assigned to a particular class but are regrouped together without a specific denomination. For this reason, 

a new system of classification has been developed based on the kind of target. It can concern DNA, 

RNA or proteins in the tumor cells or in other structures interacting with the latter (Espinosa and al, 

2003).  

 

Because of the high number of chemotherapeutic agents, only the cisplatin and pemetrexed will be 

described, as there are considered as the standard first line treatment for patients with MPM (Nowak, 

2012). 
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2.2.1. Cisplatin 
 

Cisplatin is a chemotherapeutic agent widely used around the world in the treatment of various cancers 

(ovary, testicular, neck, lung, bone, muscle), also known as cisplatinum or cis-

dichlorodiammineplatinum (II) (CDDP). Its chemical structure consists in a platinum atom in the II 

oxidation state bound to two inert ammoniac atoms and two labile chloride atoms forming a square 

planar geometry. The molecular formula established for cisplatin is the following: cis-

[Pt(II)(NH(3))(2)Cl(2)] (Florea and Büsselberg, 2011; Dasari and Tchounwou, 2015). 

 

Concerning the mechanism of action of cisplatin, several studies were performed in order to understand 

its operating principle. It was shown that after the drug administration, cisplatin remains stable and in 

its neutral state until it circulates in the blood stream. Indeed, the hydrolysis of the drug is hindered 

thanks to the high concentration of chloride ions present in the blood. Then, the cisplatin can enter into 

the cell by passive diffusion or by active transport using transmembrane proteins. Once inside the 

cytoplasm, the low concentration of chloride ions induces the hydrolysis of cisplatin. This process 

consists in the substitution of chlorides by water molecules resulting in the formation of a highly reactive 

complex. Owing to its positive charges, the complex will react with cellular nucleophiles such as DNA. 

This interaction between hydrolyzed cisplatin and DNA occurs through the linkage to the nitrogen 

located at the seventh position on purine residues. The establishment of those bonds, also called 

crosslinks, can give rise to different DNA adducts: monoadducts, intra-strand crosslinks and inter-strand 

crosslinks. Following those crosslinks, the conformation of the double helix is modified and can prevent 

the DNA replication and transcription inducing apoptotic cell death if DNA adducts are not repaired 

(Figure 8) (Florea and Büsselberg, 2011; Dasari and Tchounwou, 2015; Browning and al, 2017; Rabik 

and Dolan, 2007).  
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Figure 8. Structure and operating principle of cisplatin  

Cisplatin is a platinum compound composed of two chloride atoms and two ammoniac groups that is administrated 

by intravenous injection to cancerous patient. In the bloodstream, cisplatin remains stable thanks to the high 

chloride concentration (100mM). However, this drug can leave the blood circulation to enter into tumor cells by 

active or passive diffusion. Once inside, cisplatin will undergo a hydrolysis due to the low concentration of chloride 

ions (4-12mM). This process results in the formation of a very reactive positively charged compound that can 

interact with purine bases of DNA. As the hydrolysis can displace one or both chlorides, each cisplatin can bind 

DNA in one (monoadduct) or two (crosslink) positions. The crosslinks can be established on the same strand or 

on opposite strands of the DNA and to a lesser extent between a protein and DNA strand (Browning and al, 2017; 

Rabik and Dolan, 2007). 

 

However, the DNA damage is not the only mode of action used by cisplatin in order to induce cell 

apoptosis. In fact, new evidences demonstrated that cisplatin triggers cell apoptosis principally through 

intrinsic mitochondrial pathway and extrinsic death receptor pathway. In the intrinsic pathway, the 

hydrolyzed cisplatin can react with mitochondrial glutathione and other antioxidants including a thiol 

group in their structure. As a result, those compounds with sulfhydryl groups are inactivated leading to 

the disruption of the cellular redox status and subsequently to cellular oxidative stress. This oxidative 

stress generated by the accumulation of ROS is responsible for lipid peroxidation, calcium uptake 

inhibition and DNA damages that can result in apoptotic pathway activation (Dasari and Tchounwou, 

2015; Pabla and Dong, 2008). Concerning the extrinsic pathway, its initiation is induced by the binding 

of ligands to tumor necrosis factor receptor (TNFR). The administration of cisplatin can promote this 

pathway by the upregulation of ligands (Pabla and Dong, 2008), by increasing expression of surface 

receptors and by the relocalization of the receptors in the plasma membrane (Blanáthoma and al, 2011). 

Once the connection between the ligand and the receptor is established, it stimulates the activity of 

caspases leading to apoptosis (Florea and Büsselberg, 2011; Blanáthoma and al, 2011). 

 

At this time, cisplatin is considered as one of the most effective chemotherapeutic agents (Rabik and 

Dolan, 2007). Although, the administration of this drug to cancer patients is limited by the severe side 

effects. Indeed, cisplatin shows also a systemic toxicity to normal cells leading mainly to nephrotoxicity, 

neurotoxicity, ototoxicity and cardiotoxicity (Mendus, 2010; Dasari and Tchounwou, 2015). To address 

this problem, platinum analogues (carboplatin, oxaliplatin, nedaplatin) are synthetized because of the 

lesser toxicity and the potential oral delivery of those drugs (Pabla and Dong, 2008; Florea and 

Büsselberg, 2011). More recently, a focus of interest was placed on the development of particular 

systems of drug delivery that would trap the drugs and transport them until tumor cells where they will 

be released (Browning and al, 2017).  
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2.2.2. Pemetrexed 
 

Pemetrexed is a drug that belongs to the antimetabolite group and more precisely to the antifolates. This 

compound works by blocking folate-dependent metabolic processes that are essential for cell replication 

(Hanauske and al, 2001; Cinausero and al, 2018). Indeed, the pemetrexed enters into the cell mainly 

thanks to folate transporters. Once inside, the folylpolyglutamate synthase converts it into its more active 

form, namely the polyglutamated pemetrexed. Those specific forms of pemetrexed will inhibit folate-

dependent enzymes involved in the biosynthesis of purine and thymidylate nucleotides:  the thymidylate 

synthase, the glycinamide ribonucleotide formyltransferase, the dihydrofolate reductase and the 

aminoimidazole carboxamide ribonucleotide formyltransferase (Figure 9) (Powell and Dudek, 2009; 

Hazarika and al, 2005).  

Figure 9. Effect of pemetrexed on folate metabolic processes  

Pemetrexed can enter into the cell by different ways but it occurs mainly through folate transporters (RFC). Within 

the cell, the pemetrexed is polyglutamated by the folylpolyglutamate synthase (FPGS) which results in a much 

more reactive compound. In this polyglutamated form, the pemetrexed has a higher affinity for folate-dependent 

enzymes and the interaction between those compounds will lead to the inhibition of the latter. Inhibited enzymes 

include the thymidylate synthase (TS), the glycinamide ribonucleotide formyltransferase (GARFT), the 

dihydrofolate reductase (DHFR) and the aminoimidazole caroxamide ribonucleotide formyltransferase 

(AICARFT) playing a role in the biosynthesis of purine and thymidylate nucleotides (Powell and Dudek, 2009). 

 

Concerning the side effects generated by the intake of this drug, myelosuppression, rash, fatigue, and 

gastrointestinal toxicity are the most common. Other adverse reactions can be observed such as 

thrombocytopenia, anemia and fever. However, pemetrexed is considered as a compound with reduced 

toxicity against normal cells compared to other drugs used as chemotherapeutic agents (Powell and 

Dudek, 2009). 
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2.3. MECHANISMS OF DRUG RESISTANCE 
 

Drug resistance refers to the non-responsiveness of tumor cells following the administration of 

anticancer agents. The resistance can be considered as “acquired”, where the drugs loss gradually their 

efficiency over time and “intrinsic”, where the drugs never showed any efficiency since the beginning 

of the treatment (Florea and Büsselberg, 2011; Housman and al, 2014). Currently, this phenomenon 

represents a serious complication in chemotherapy treatment of mesothelioma tumors and is taking an 

ever-greater importance (Mujoomdar and al, 2010).  

 

Various mechanisms are involved in drug resistance and act independently of one another or in 

combination. Among those, the drug inactivation, drug target alteration, drug efflux and influx, DNA 

damage repair and epigenetic can be mentioned as there are implicated in cisplatin resistance (Florea 

and Büsselberg, 2011; Housman and al, 2014). 

 

The main mechanism of cisplatin resistance concerns the regulation of drug influx and efflux. This 

process depends on the expression of cellular membrane transporters. Indeed, the copper transporter 1 

(CTR1) is responsible for the uptake of platinum compounds in the cell. Hence, the underexpression of 

CTR1 decreases the intracellular accumulation of cisplatin. On the contrary, the upregulation of ATP-

binding cassette transporter, which acts by pumping out various anticancer drugs, leads directly to the 

ejection of cisplatin out of the cell (Shen and al, 2012; Housman and al, 2014). Another important 

mechanism that can be highlighted is the DNA damage repair. In fact, some cancer cells have the ability 

to remove the cisplatin adducts thanks to the nucleotide excision repair (NER) process (Kartalou and 

Essigmann, 2001). Briefly, the NER operating principle is based on the recognition of the distortion in 

the double helix caused by cisplatin crosslinks. Then, the NER opens up the damaged zone and removes 

it from the DNA. Once performed, the DNA polymerase and ligase can initiate and complete the repair 

synthesis (Schärer, 2013). Finally, epigenetic mechanisms that are responsible for histone modifications 

and DNA methylations also play a considerable role in drug resistance. For example, the 

hypermethylation of a particular promoter gene can result in the loss of DNA mismatch repair processes. 

In fact, once the hypermethylation is conducted, the gene is not expressed anymore resulting in cell 

tolerance to cisplatin adducts (Kartalou and Essigmann, 2001).  

 

2.4. STRATEGIES TO COUNTERACT DRUG RESISTANCE 
 

Since the emergence of drug resistances, different strategies have been developed in order to overcome 

them. The main strategies consist in: the administration of cytotoxic drugs in parallel with 

pharmaceutical inhibitors subverting mechanisms of drug resistance, the identification and inhibition of 

genes involved in resistance, the improvement in drug delivery systems (Browning and al, 2017) and 

the administration of novel drug combinations (Luqmani, 2005).   
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Specific pharmaceutical agents are used to block cellular mechanisms involved in drug resistance. 

Indeed, some new inhibitory compounds such as NSC23925, PSC833 and VX710 have already proven 

their efficiency in the treatment of multiple cancer types. Those molecules act by inhibiting the 

expression of the P-glycoprotein (Pgp) which is a drug efflux pump, taking out of the cell various 

chemotherapeutic drugs (Wang and al, 2017). 

 

The comparison of genetic material between drug sensitive and drug resistant cells allows the 

identification of genes potentially responsible for drug inefficacy (Luqmani, 2005). The inhibition of 

genes overexpressed in drug resistant cells after chemotherapeutic treatment can overcome this problem. 

In fact, it has been demonstrated than Bcl-2 expression is up regulated in the presence of some cytotoxic 

drugs. As Bcl-2 is a protein that represses the apoptosis, the drugs that involve cell death by this pathway 

are ineffective (Sartorius and Krammer, 2002). Thus, thanks to siRNA transfection, Bcl-2 gene is 

inhibited allowing the chemotherapeutic agents to recover their potency (Zhao and al, 2009). 

  

Recently, a new approach aimed to deliver the drugs directly in the tumor area is making progress. For 

this purpose, different systems such as liposomes, micelles, polymers, and inorganic nanoparticles have 

been developed. The principle is based on the trapping of cytotoxic drugs in one of those specific 

systems and to transport them until their reach the target zone where they will be released. This emerging 

technique should decrease concomitantly the drug resistance and the cytotoxicity on normal cells. 

However, this strategy is not yet operational and requires further studies (Browning and al, 2017). 

 

Finally, the combination of different cytotoxic agents can prevent or avoid mechanisms of drug 

resistance. In general, the association of drugs is based on their overlapping toxicity, mode and site of 

action, patterns of cross resistance and effect on tumor cells when used individually (Luqmani, 2005; 

Yardley, 2013).   
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3. Astins 
 

3.1. GENERALITIES 
 

Astins are natural compounds that show promising antitumor activities. They were isolated for the first 

time in 1993 by Morita and al from the biologically active extract of roots of the plant named Aster 

tataricus (Schumacher and al, 1998; Morita and al, 1993). In fact, those plants were used in traditional 

Chinese medicine in the form of herbal tea for their diverse beneficial effects on health. Nevertheless, 

the root extract process has resulted in low concentration of astins, namely a few milligrams from 10kg 

of dried roots (Jahn, 2015). Following the determination of the biomolecule structures, there were 

assigned to the cyclopentapeptide family and currently, there are 15 different forms of astins that have 

been discovered, ranging from A to I and K to P (Xu and al, 2013). Only three of them have shown an 

anticancer activity (A, B and C), this property being attributed to their particular chemical structure 

(Morita and al, 1996). Recently, it was demonstrated that astins were not produced by the plant itself 

but by an endophyte fungus denominated Cyanodermella asteris. This fungus has a mutual relationship 

and lives in the tissues of Aster tataricus (Jahn and al, 2017; Jahn and al, 2017). Therefore, further 

studies have to be conducted to precisely determine the impact, side effects and mechanisms of action 

of the antitumor astins against cancer cells. 

 

3.2. CHEMICAL STRUCTURE 
 

The chemical structure of astins were resolved principally through chemical conversion and nuclear 

magnetic resonance analysis conducted on isolated and purified molecules (Morita and al, 1995).  Those 

natural compounds present a 16-membered ring system containing two proteinogenic (proline and 

serine) and three non-proteinogenic (ß-amino phenylalanine, α-aminobutyric acid and allothreonine) 

amino acids. Besides, all the peptides are present in trans position with the exception of the α-

aminobutyric acid or allothreonine which is bound in cis conformation to the proline (Jahn, 2015). 

 

The various form of astins have a highly similar structure as all of them present both proteinogenic 

amino acids and the non-proteinogenic ß -phenylalanine. They differ from each other according to the 

hydroxylation at the β-carbon atom and the chlorination on the proline residue. Indeed, allothreonine or 

α-aminobutyric acid can be observed in astin structure in function of the hydroxylation at the β-carbon 

atom. Concerning the chlorination, it can take place on β, γ or δ carbon atom resulting in mono or 

dichlorination. Only the astins A, B, C and K present a dichlorination on β and γ carbons. All the others 

are monochlorinated except the astin G that does not show any chlorination at the proline residue. In 

addition to those distinctions, the chemical bond established between the γ and δ carbon of the proline 

residue can be simple or double (Figure10) (Jahn, 2015; Théatre, 2017). 
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At this time, sixteen different forms of astin were discovered and described, ranging from A to I and K 

to P. Among these, there are two exceptions that differentiate themselves from other astins according to 

a structural point of view. In fact, the astin O is characterized by an acetyl group attached at the β carbon 

atom of serine residue and the astin P has a α-aminovaleric acid that replaces the allothreonine 

(Figure10) (Xu and al, 2013).  

 

 

Figure 10. Chemical structure of the different form of astins 

The structure of the first nine astins (A-I) was determined by Morita and al and the structure of astin K-P was 

described by Xu and al. The structural differences between the various astin forms depend on the hydroxylation at 

the β-carbon atom, the chlorination on the proline residue and the presence or absence of a double bond between 

the γ and δ carbon of the proline (Jahn, 2015). 

 

3.3. ASTER TATARICUS 
 

Aster tataricus, also called Zi wan, is a perennial plant that belongs to the Asteraceae (Compositae) 

family. This plant is native to Northern Asia (Siberia, China, Mongolia, Korea and Japan) and is widely 

cultivated in China for its positive impacts on human health. From the morphological point of view, the 

leaves of A. tataricus are disposed in ground rosette and the inflorescence is composed of many flower 

heads with violet petals supported by branched stems (Jahn, 2015; Théatre, 2017).   

 

The interest devoted to this plant is related to the use of its roots for more than 2000 years in traditional 

Chinese medicine. In fact, A. tataricus roots contain diverse secondary metabolites such as shionone 

type triterpenes, aster shionones, cyclopeptides and flavonoids that are known for their expectorant, 

antitussive, antibacterial, antiviral, anti-ulcer activities (Yu and al, 2015; Zhang and al, 2017; Jahn and 

al, 2017). Among those secondary metabolites, there are astins that are a part of the cyclopeptide group 

and that have shown a promising antitumor activity (Morita et al, 1996).  
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3.4. CYANODERMELLA ASTERIS 
 

Cyanodermella asteris is an endophyte fungus that was discovered recently (Jahn and al, 2017; Jahn and 

al, 2017). The term endophyte refers to an organism that lives inside of the plant without causing adverse 

effects to the growth and development of the host (Jahn, 2015). In the case of C. asteris, the relationship 

that this fungus shares with A. tataricus is considered as mutualistic. It means that the interactions 

established between the plant and the fungus have beneficial effects for both (Théatre, 2017). At this 

time, it is supposed that A. tataricus is used as a habitat by the fungus and consequently, protects it from 

the environment. However, further studies have to be conducted in order to determine the benefits 

conferred on the plant by the fungus (Jahn and al, 2017). 

 

The fungus has been isolated from the inflorescence axis of A. tataricus and its genome was sequenced. 

Following the sequences obtained, phylogenetic analyses were performed. On the basis of the results, it 

appears that C. asteris is a new specie that belongs to the non-lichenized member of the class 

Lecanoromycetes. This class is particularly well known to produce second metabolites presenting 

diverse biological activities. Analyses of genes involved in the biosynthesis of secondary metabolites 

(SMs) have been conducted on C. asteris. Findings indicate that the fungus has a huge potential of SMs 

production. This information confirms the fact that astins are produced by C. asteris and not by the plant 

itself (Jahn and al, 2017). 

 

3.5. ENZYMES INVOLVED IN ASTIN BIOSYNTHESIS 
 

The biosynthesis of astin is assumed to be performed by three different enzymes:  the non-ribosomal 

peptide synthetase (NRPS), the monooxygenase and the flavin dependent halogenase (FDH). Each of 

them should play an important role in particular processes of formation which, taken together, will result 

in the achievement of astin structure (Jahn, 2015). 

 

3.5.1. Non-ribosomal peptide synthetase 
 

The non-ribosomal peptide synthetase consists in a large complex composed of diverse modular 

enzymes. NRPS is responsible for the synthesis of peptides structurally independent from ribosomes. 

Those peptides can contain 500 different monomers including proteinogenic and non-proteinogenic 

amino acid residues. In addition, the peptides produced by NRPS have important medicinal applications, 

such as antibiotics, antitumor and immunosuppression. At this time, the NRPS has only been observed 

in the secondary metabolism of bacteria and fungi (Strieker and al, 2010; Miller and Gulick, 2016). 

 

Regarding the operation process of the NRPS, four main catalytic domains ensure a substantial role. 

Firstly, there is the A-domain that activates by adenylation the amino acids and load downstream a 
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pantetheine thiol group. Secondly, the peptidyl carrier protein (PCP) acts by transferring the amino acids 

between the different domains. The condensation domain is in charge of the peptide bond formation 

between the various amino acid residues. Finally, the thioesterase domain catalyzes the hydroxylation 

or cyclisation, releasing the peptide (Figure 11) (Miller and Gulick, 2016; Mitchell and al, 2012). 

 

In this context, the interest for NRPS as an enzyme involved in the astins synthesis is based on the fact 

that: (i) astins are molecules composed by proteinogenic and non-proteinogenic amino acids, (ii) the 

NRPS generates compounds particularly active in medicinal field and (iii) astins have shown antitumor 

activity (Jahn, 2015). Another relevant indication that should be highlighted concerns the synthesis of 

cyclochlorotine. Indeed, this compound, that is really close to astin structurally, is synthetized by the 

NRPS (Schafhauser and al, 2016).  

 

Figure 11. Steps involved in the synthesis of astin backbone structure by the non -ribosomal 

peptide synthetase and schematic representation of the connections between the four catalytic 

domains of NRPS 

(A) The first step consists in the adenylation of the amino acid at its carboxyl extremity followed by the binding 

downstream of a pantetheine thiol group (blue oval + SH group). The second step concerns the peptide bond 

formation between the amino acids. Finally, a hydrolysis or cyclisation is performed in order to release the peptide. 

(B) Structural conformation of the four catalytic domains highlighting the central position of the PCP that transfers 

the amino acid between the different domains (Mitchell and al, 2012). 
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3.5.2. Monooxygenase 
 

The monooxygenase is an enzyme belonging to oxidoreductase subclasses that catalyzes oxygenation 

reactions. Specifically, this enzyme introduces one atom of oxygen in the compound and the other one 

is reduced to water (Hrycay and Bandiera, 2015; Huijbers and al, 2013). In the case of astin, 

monooxygenase inserts the oxygen at the β-carbon atom resulting in the conversion of α-aminobutyric 

acid into allothreonine. This phenomenon of hydroxylation is responsible for a part of the diversity in 

astin structure. For example, astins A, B, C and K are dichlorinated at the same position on the proline 

residue but differ on the basis of the hydroxylation process. In addition to this primary function, 

monooxygenases play also an important role in biological processes such as detoxification, biosynthesis 

and pathogen defense (Huijbers and al, 2013; Jahn, 2015). 

  

3.5.3. Flavin dependent halogenase 
 

As mentioned previously, astins can partly be differentiated on the basis of the number of chlorides 

present in their structure as well as through their position on the proline residue. The only exception 

concerns the astin G that is non-chlorinated. This process of chlorination indicates the presence of 

halogenating enzymes. Nevertheless, there is only one that is considered in the astin case thanks to its 

substrate specificity and regioselectivity. In fact, the flavin dependent halogenase is able to specifically 

introduce halogen atoms on particular position of secondary metabolites (Van Pée and Patallo, 2006; 

Jahn, 2015).  

 

Flavin dependant halogenase is an enzyme that needs FADH2 to achieve the halogenation reaction. For 

this purpose, a flavin reductase reduces the FAD in FADH2. Then, FADH2, O2 and Cl- that are present 

in the enzyme active sites will interact together. Firstly, the reaction between FADH2 and O2 gives rise 

to flavin hydroperoxide (FAD(C4a)-OOH) production. This intermediate molecule generated reacts 

subsequently with Cl- resulting in the formation of hypochlorous acid. Finally, the hypochlorous acid 

interacts with lysine residue also present in the active site and then, halogenation of the substrate occurs 

(Zhu and al, 2009; Jahn, 2015). 

 

3.6. STRUCTURAL ANALOG OF ASTIN: CYCLOCHLOROTINE 
 

Cyclochlorotine is a chlorinated cyclic pentapeptide that was recognized as the causing agent of the 

yellow-rice syndrome in Japan. In fact, this compound was isolated from a mold occurring on foodstuffs, 

called Penicillium islandicum, known for the production of hepatotoxic mycotoxins (Schafhauser and 

al, 2016). 
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The interest in cyclochlorotine can be explained by its structural similarity to astins. In fact, this 

compound contains also the non-proteinogenic acids L-2-aminobutyrate, L-β-phenylalanine, L-cis-3,4-

dichloroproline and two L-serines. The only difference between cyclochlorotine and astin C is the 

substitution of the serine by a second 2-aminobutyrate. Apart from being structural analogs, the non-

ribosomal peptide synthetase is also involved in the biosynthesis of both compounds (Schafhauser and 

al, 2016; Jahn, 2015). 

 

However, despite these similarities, astin C and cyclochlorotine show completely different activities. 

Indeed, astin C has demonstrated anticancer activity when tested in vivo on sarcoma 180A in mice 

(Morita and al, 1996). In contrast, cyclochlorotine has proven toxic and carcinogenic effects to liver 

cells (Uraguchi and al, 1972). 

 

3.7. ANTICANCER PROPERTIES 
 

The first evidence of astin antitumor activity was highlighted by Morita and al in 1996 through in vivo 

experiments conducted on sarcoma 180 ascites in mice (Morita and al, 1996). However, only astins with 

cyclic backbone and cis-dichlorinated proline residue, namely astin A, B and C, have demonstrated the 

antitumor property (Morita and al., 1996; Itokawa and al., 2000; Rossi and al., 2004; Saviano and al., 

2004). In fact, since acyclic and mono or non-chlorinated astins did not inhibit tumor growth of sarcoma 

180A, it seems evident that the cyclic conformation as well as the presence of two chlorides in cis 

position on the proline residue play a critical role (Morita and al, 1996). Other experiments have been 

conducted in vitro on nasopharynx carcinoma and in vivo on P388 lymphocytic leukemia and sarcoma 

180A by Itokawa and al. and have extended former conclusions (Itokawa and al., 2000).  

 

Since the 2000s, scientists have synthetized structural analogues of astins and have tested their effects 

on human cancer cell lines. Once again, no antitumor activity was observed for synthetized acyclic 

astins. Nevertheless, a different result has been obtained for synthetic astin G-related cyclopeptides 

which have shown a similar biological activity than natural astin A and B (Rossi and al., 2004; Saviano 

and al., 2004). 

 

A first indication concerning the mechanism of action of astin against carcinoma cells has been 

elaborated by Cozzolino and al in 2005. They have synthetized astin-related cyclopeptides to test their 

antitumor activity on human papillary thyroid carcinoma cell line. Those synthetic cyclopeptides differ 

from natural astins by some non-proteinogenic amino acid residues and a peptide bond surrogate. It 

appears from this investigation that the newly synthesized cyclic astins induce apoptosis through the 

activation of the caspase pathway. In fact, they have observed that, in presence of caspase family 

inhibitor, the synthetic cyclic astins did not induce apoptosis anymore. This indicates that the anticancer 

activity of astins is linked to the subsequent activation of caspase 8, 9 and 3 (Cozzolino and al, 2005).  
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OBJECTIVES 
 

The malignant pleural mesothelioma is a very aggressive cancer that affects the tissues of the pleura. 

The development of this disease is most predominantly associated with asbestos fiber exposure and 

occurs only 20 to 60 years later. Following the onset of the illness, a low survival time is estimated, 

ranging from 9 to 17 months.  Each year, MPM is responsible for around 43,000 deaths in the world and 

this number is expected to rise due to the late implementation of restrictive measures applied to asbestos 

use in most countries. At this time, mesothelioma treatments are limited and have not been proven 

sufficiently effective. Therefore, new studies have to be conducted in order to develop novel therapeutic 

strategies. 

 

In many cases, the standard chemotherapy treatment, consisting in the administration of cisplatin plus 

pemetrexed, is recommended to patients suffering from MPM. Nevertheless, the development of 

resistances limits considerably the use of those chemotherapeutic agents. It is therefore necessary to 

seek out new compounds that could overcome this issue.  

 

Based on the antitumor activity of astin, the first objective focuses on the characterization of the 

cytotoxic effect of astin C and astin C plus chemotherapeutic agents (cisplatin plus pemetrexed) against 

a malignant pleural mesothelioma cell line. The second objective consists in demonstrating the 

importance of the two chlorides in the astin structure by comparing the effects of astin C (carrying two 

chlorides on the proline residue) and astin G (carrying no chlorides) against mesothelioma cells. Finally, 

the last objective consists in understanding the mechanisms of action involved in the cytotoxic effect of 

astin C. 
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MATERIALS AND METHODS 
 

1. Cell culture 
 

A malignant pleural mesothelioma cell line, the M14K (RRID:CVCL_8102) that belongs to the 

epithelioid subtype, was cultivated. The cells were maintained at 37°C in a humidified atmosphere with 

5% CO2 and cultivated in DMEM (Dubelcco’s Modified Eagle Medium, Lonza) medium with L-

glutamine supplemented with 10% of fetal bovine serum (FBS, Gibco) and 1% of penicillin and 

streptomycin (Pen-Strep, 10 000U/mL, Lonza).  

 

2. Cell treatment 
 

Cells were treated with two chemotherapeutic agents, cisplatin and pemetrexed and with astins in 

combination or alone.  

 

Cisplatin is an alkylating antineoplastic agent used to prevent the replication of cancer cells, leading to 

their death (Browning and al, 2017). Aliquots of cisplatin 10mM were prepared by the solubilization of 

the powder (Calbiochem) in dimethyl sulfoxide (DMSO) and a second dilution was conducted in 0.9% 

NaCl solution. The product was stored at -20°C for 3 weeks maximum as a result of cisplatin instability 

in solution. The treatment consisted in the administration of cisplatin 10µM to M14K cells for 48 hours.  

 

Pemetrexed is an antimetabolite used to block folate-dependent metabolic processes that are essential 

for cell replication (Hanauske and al,2001; Cinausero and al, 2018). Aliquots of pemetrexed 10mM were 

prepared by the dissolution of the powder (Eli Lilly) in 0.9% NaCl solution and were stored at -20°C. 

The treatment consisted in the administration of pemetrexed 10µM to M14K cells for 48 hours.  

 

Two different forms of astin were used in the treatment of the cells: astin C and astin G. The difference 

between those two compounds lies in the presence of two adjacent chlorides on the proline residue for 

astin C and the absence of those atoms for astin G (Morita and al, 1996). Both astin powders (EKU 

Tübingen, department of biology) were dissolved in DMSO to obtain a solution with a final 

concentration of 10mM and were stored at -20°C. The treatment consisted in the administration of astin 

C or astin G 20µM to M14K cells for 48 hours. 
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3. Cell cycle analysis 
 

3.1. CULTURE, TREATMENT, HARVEST AND FIXATION OF CELLS 
 

The M14K cells were cultivated in a 6 well plate with 500,000 cells per well. After one night, the 

chemotherapeutic agents (cisplatin 10µM + pemetrexed 10µM) and/or the astin C or astin G (20µM) 

were added to the culture medium containing the cells in the wells. Five different combination of drugs 

were tested: astin G, astin C, astin C + chemotherapeutic agents, chemotherapeutic agents (Chem) and 

astin G + chemotherapeutic agents. In addition to those combinations, a control was performed 

corresponding to untreated cells. After a treatment of 48 hours, the culture medium of each well was 

transferred into a falcon tube to take into account the whole of the cells and those remaining in the wells 

were washed with PBS, trypsinized (Tryspsin-EDTA, Lonza) and collected in the related falcons. The 

falcons were centrifuged at 485g (Hettich Rotina 420R) for 5 minutes and the pellet of cells obtained 

was washed twice with PBS-10%FBS and fixed with absolute chilled ethanol 70%. The samples were 

stored at -20°C for at least 1hour. 

 

3.2. RNase TREATMENT, PI LABELING AND ANALYSES 
 

After the incubation at -20°C, fixed cells were washed three times with PBS-10%FBS and treated with 

a PBS solution containing 50µg/mL of RNase A (Invitrogen) supplemented with 0.1% of tween for 30 

minutes at 37°C. This treatment was performed to label only the DNA because propidium iodide (PI) is 

a fluorescent intercalating agent that can bind to DNA but also to RNA (Martin and al, 2005). Then, the 

cells were incubated at room temperature in the dark in presence of PBS solution with 20µg/mL of PI 

(Sigma Aldrich).  

 

The analysis of the samples was conducted by using the flow cytometer BD FACSCalibur (BD 

Biosciences) and the BD FACSDiva Software (BD Biosciences). For each sample, ten thousand events 

were recorded. Cells were selected on the basis of their FSC (forward-scattered light) and SSC (side-

scattered light) parameters and from this population doublets were excluded using (FL2-A/FL2-W) 

gating methods.  
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4. Fluorescent microscopy 
 

4.1. CELL CULTURE AND FIXATION 
 

The M14K cells were cultivated on coverslips previously placed in a 24 well plate at a rate of 50,000 

cells per well.  After two hours, the cells were treated with the different combination of drugs (astin G, 

astin C, astin C + chemotherapeutic agents, chemotherapeutic agents and astin G + chemotherapeutic 

agents) for 48 hours and untreated cells were used as control. The cells were washed two times with 

PBS and fixed with a solution of paraformaldehyde 4% for 20 minutes at room temperature in the dark. 

After the fixation step, the cells were again washed twice with PBS. 

 

4.2. CELL LABELING AND FLUORESCENT MICROSCOPIC ANALYSES 
 

Cells were labeled with DAPI, which is a highly specific fluorescent marker for DNA, allowing nuclei 

viewing (Kapuscinski, 1995). Briefly, one drop of Fluoroshield with DAPI (Sigma Aldrich) was placed 

on each coverslip and after 5 minutes, the latter were mounted on slides. The analysis of the slides was 

performed with a fluorescent microscope (Zeiss LSM 510) equipped with a video camera, a UV light 

and a 20X objective through the LSM Image Browser software.  

 

5. Statistical analyses 
 

The statistical analyses were conducted using the software Minitab 18. Firstly, the normality of the 

distributions was monitored by applying the Shapiro-Wilk test which is the equivalent of Rayan and 

Joiner test on Minitab. Secondly, the equality of variances was assessed following the Levene’s test. 

Once the application conditions accepted, a paired student t test was performed to determine the 

statistical significance of the differences between the samples. The results of the statistical analyses can 

reveal significant (*), highly significant (**), very highly significant (***) or non-significant differences 

between the samples. 

 

All the statistical tests were conducted on experiments that were repeated independently three times.  
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6. RNA sequencing 
 

6.1. RNA EXTRACTION 
 

The M14K cells have been cultivated in a 6 well plate and treated with the different combination of 

drugs (astin G, astin C, astin C + chemotherapeutic agents, chemotherapeutic agents and astin G + 

chemotherapeutic agents) for 48h. In addition to this, a control was performed corresponding to 

untreated cells. Once the treatment finished, the M14K cells were obtained following their 

trypsinisation, centrifugation and washing. Then, the extraction of RNA from M14K cells was 

conducted using the miRNeasy Mini Kit (Quiagen). The overall process of this kit is based on two major 

steps: the lysis of cells and the purification of total RNA.  

 

Briefly, a phenol/guanidine solution is added to the cells in order to promote their lysis and to inhibit 

RNases. An organic extraction is performed through the addition of chloroform to remove most of the 

cellular DNA and proteins from the lysate. After this step, all RNA molecules acquire optimal binding 

conditions as a result of ethanol addition and, subsequently, the sample is applied to the RNeasy Mini 

spin column. As the total RNA binds to the membrane of the column, the contaminants are washed away 

and finally, the purified RNA is recovered through the elution in RNase-free water. The quality and the 

concentration of the RNAs extracted are then assessed thanks to the bioanalyzer (Agilent).  

 

6.2. POLY(A) RNA ISOLATION, LIBRARIES PREPARATION AND SEQUENCING 
 

The isolation of RNA bearing a poly(A) tail and the preparation of the libraries were conducted by 

following the CATS mRNA-seq kit v2 with poly(A) selection (Diagenode) protocol.  

 

The poly(A) RNA isolation was performed by the means of oligo(dT) beads. The principle of this 

method is based on the complementarity between the poly(A) tail of RNA and the poly-T 

oligonucleotide localized at the bead surface, which are then removed from the solution by magnetic 

attraction.  

 

The preparation of DNA libraries for sequencing consisted in four different steps: RNA fragmentation, 

RNA de-phosphorylation and tailing, reverse transcription and PCR pre-amplification.  

 

The purification of the libraries obtained was conducted using the 0.9X AMPure XP beads (Agencourt). 

The concentration of DNA in the purified libraries was determined with Qubit 2.0 fluorometer dsDNA 

and the size distribution of libraries was monitored with the bioanalyser (Agilent).  
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Finally, the sequencing of the libraries was conducted using the Illumina HiSeq 4000 sequencing device 

(1 x 50bp). Duplicates of the libraries were performed for the RNA sequencing. 

 

7. Bioinformatics analyses 
 

The bioinformatics analyses were achieved in several steps involving two different platforms.  

 

Firstly, the raw reads obtained directly from the sequencing facility were filtered. The filtering consisted 

in the trimming of the extremities of the reads (polyA tail and template switch used in the CATS mRNA-

seq kit for DNA libraries preparation) and in the removal of reads with a sequence length of less than 

18 base pair. Then, a quality control was performed to determine whether the quality of the reads was 

sufficient to proceed to the analyses. After this step, the reads were mapped on the human genome 

(GRCh38, Ensembl), using the STAR software (ultrafast universal RNA-seq aligner) and statistics 

associated with this mapping were also obtained and analyzed. Finally, differential gene expression 

(DGE) analysis based on the log2(fold change) and on the false discovery rate (FDR) were conducted 

through the use of DESeq2 software to highlight genes with an expression level significantly different 

between two different conditions. The fold change corresponds to the difference in expression level of 

a gene between two treatments and the FDR corresponds to the significance of the differences 

established. Only the genes with at least a FDR of 0.05 and a log2(fold change) of ± 2 were selected. 

All these operations were done thanks to the Genialis platform that includes the software programs. 

 

In addition to this, the gene set enrichment analysis (GSEA) platform was used to determine the 

biological pathways that were regulated differently between two conditions. For this purpose, all the 

genes differentially expressed between two different conditions in the Genialis platform (with a 

log2(fold change) different from 0 and a FDR higher than 0.05) were selected. Then, a list of the genes 

selected with their log2(fold change) was established and loaded on the GSEA platform. This platform 

contains a collection of gene sets annotated by the same gene ontology (GO) terms (C5 collection), each 

gene set corresponding to a specific biological pathway. The GO terms describe the gene function along 

three aspects: the molecular function, the cellular component and the biological process. Therefore, the 

GSEA software computed the overlaps between the genes of the list and the gene sets annotated to 

determine which biological pathways were differently regulated. Moreover, it calculated four key 

statistics, namely the enrichment score (ES), the normalized enrichment score (NES), the false discovery 

rate and the p-value. The first two parameters are used to determine the degree to which the biological 

pathway is differently regulated and the FDR and p-value assess the statistical significance of the NES 

and ES respectively. 
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RESULTS 
 

1. Analysis of the cytotoxic effect of astin C on mesothelioma cells 
 

1.1. CONSEQUENCES OF ASTIN C TREATMENT ON CELL CYCLE 
 

 

Numerous chemotherapeutic agents act by interacting with factors that are involved in the regulation of 

the cell cycle. In most cases, those interactions result in the arrest of the cell cycle. For example, cisplatin 

and pemetrexed which are used as standard chemotherapy treatment are responsible for the blockage of 

cells in phases S or G2. To determine the effect of astin C on the cell cycle, M14K mesothelioma cells 

were treated with astin C and other drug combinations (astin G, astin C + chemotherapeutic agents, 

chemotherapeutic agents (Chem) and astin G + chemotherapeutic agents) or maintained in normal 

conditions (control) for 48 hours. Subsequently, the cells were collected, fixed with absolute chilled 

ethanol 70%, subjected to RNase treatment, labeled with PI and analyzed by flow cytometry (Figure 

12A). 

 

The analysis of the cell cycle by flow cytometry gives rise to a DNA content histogram. This graph 

shows the number of cells analyzed (expressed as a percentage) in function of the intensity of propidium 

iodide fluorescence.  As the propidium iodide is a fluorescent DNA intercalating agent, the intensity of 

fluorescence gives the cell DNA content. In untreated M14K mesothelioma cells, two distinct peaks 

appear on the histogram, corresponding to a DNA content of 2n and 4n (Figure 12 B). The 2n peak 

represents the cells in G1 phase and the 4n peak represents the cells in G2 phase. The S phase, 

corresponding to cells in replication, is localized between the two peaks on the histogram as the DNA 

content is intermediate between 2n and 4n. Finally, apoptotic cells are positioned before the 2n peak and 

polyploid cells are positioned after the 4n peak.  

 

The observation of the DNA content histograms shows that the astin G treatment is similar to the control 

regarding the general pattern of those two graphs as well as the percentage of cells in the different 

phases. Concerning the graph of M14K cells treated with astin C, a high percentage of apoptosis is 

observed (21.7%) that is higher than the ones obtained in the control (1%) and in presence of astin G 

(1.3%), chemotherapeutic agents alone and in combination with astinG (12.2% and 16.6% respectively). 

However, the M14K cells treated with astin C plus chemotherapeutic agents generates 9.7% of apoptotic 

cells more than the astin C treatment alone. Another important observation concerns the blockage of the 

cells in S phase, that is illustrated in the graphs corresponding to M14K cells treated with 

chemotherapeutic agents alone (48.9%) and in combination with astin C or astin G (22.3% and 45.6%) 

by comparison to the control (5.9%). Regarding the G2-M phase, the percentage of M14K cells obtained 

following the astin C treatment (10.4%) is not higher than the one observed in the control (15.2%). 

Finally, when astin C is administrated to M14K cells (23.4%) alone and in association with 
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chemotherapeutic agents, (10.6%) the percentage of polyploid cells is importantly increased compared 

to the control (1.1%) (Figure 12C). 
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Figure 12. Consequences of astin C treatment and other drug combinations on the different 

phases of the cell cycle of M14K mesothelioma cells 

(A) Experimental design. The M14K cells were cultivated overnight in a 6 well plate and subsequently treated 

with astin C and other drug combinations (astin G, astin C + chemotherapeutic agents, chemotherapeutic agents 

(Chem) and astin G + chemotherapeutic agents) or maintained in normal conditions (control) for 48 hours. Then, 

the cells were collected, fixed with absolute chilled ethanol 70%, subjected to RNase treatment, labeled with PI 

and analyzed by flow cytometry. (B) DNA content histogram of untreated M14K mesothelioma cells. This 

graph shows the percentage of cells in function of their intensity of propidium iodide fluorescence. The peaks 

associated with 2n and 4n DNA content correspond to the G0-G1 and G2-M phases respectively. The S phase, 

characterized by an intermediate DNA content, is localized between the two peaks. The cells before the 2n peak 

are apoptotic and cells after the 4n peak are polyploid. (C) DNA content histograms of M14K mesothelioma 

cells treated with astin C and other drug combinations. The graphs and percentages shown on this figure 

illustrate a representative experiment.  Those DNA content histograms permit to assess the blockage of the cells 

in a particular phase of the cell cycle in function of the drugs administrated by comparison to the control as well 

as the percentage of apoptotic and polyploid cells. 
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1.2. IMPACT OF ASTIN C ON APOPTOTIC, S PHASE, G2-M PHASE AND 

POLYPLOID CELLS 
 

 

Following the study conducted on the effect of astin C on the cell cycle of M14K cells, the S phase, G2-

M phase, apoptotic and polyploid cells were submitted to a more detailed analysis. To this end, the same 

experiment was conducted. Three repetitions were performed to determine the significance level of the 

differences observed.  

 

Concerning apoptotic cells:  

The presence of astin G in the culture medium of M14K cells, being structurally different from astin C 

by the absence of two chlorides on the proline residue, generates a percentage of apoptosis of 1% that 

is not significantly different (p-value = 0.329) from the percentage observed in untreated cells (0.7%) 

(Figure 13A).  

Regarding the astin C treatment, it is responsible for a highly significant increase (p-value = 0.005) of 

the apoptosis percentage (19.5%) compared to astin G treatment (1%) and untreated cells (0.7%) (Figure 

13A). 

The astin C treatment provokes also a significant increase in the apoptosis percentage of M14K cells 

(19.5%) in comparison with chemotherapy treatment administrated alone and in combination with astin 

G to M14K cells (12.7% and 14.3% respectively) (p-value = 0.04 and 0.022 respectively) (Figure 13A). 

Finally, the treatment of M14K cells with astin C plus chemotherapeutic agents induces 27.6% of 

apoptosis and this percentage is significantly higher (p-value = 0.003) than the one generated by the 

astin C treatment (19.5%) (Figure 13A). 

 

Concerning the S phase: 

The M14K cells treated with chemotherapeutic agents and chemotherapeutic agents plus astin G exhibit 

a percentage of cells in S phase of 53.3% and 51.8% respectively, which are significantly different from 

the percentage achieved in untreated cells (5.1%) (p-value = 0.004 and 0.004 respectively) (Figure 13B). 

The administration of chemotherapeutic agents plus astin C to M14K cells is responsible for a significant 

increase (p-value = 0.025) of the percentage of M14K cells in S phase (30.6%) compared to untreated 

cells (5.1%) (Figure 13B). 

However, the astin C treatment does not lead to a significant difference (p-value= 0.066) in the 

percentage of M14K cells in S phase (17.6%) compared to untreated cells (5.1%) (Figure 13B). 
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Concerning the G2-M phase: 

The administration of astin C to M14K cells is not responsible for a significant difference (p-value= 

0.406) in the percentage of M14K cells in G2-M phase (18.1%) compared to untreated cells (14.5%) 

(Figure 13C). 

 

Concerning polyploid cells:  

The treatment of M14K cells with astin C and with astin C plus chemotherapeutic agents generates a 

percentage of polyploid cells of 21.3% and 9.7% respectively, that are significantly different from the 

percentage obtained in untreated cells (0.6%) (p-value = 0.004 and 0.003 respectively) (Figure 13D). 
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Figure 13. Effect of astin C and other drug combinations on the percentage of apoptotic, S phase , 

G2-M phase and polyploid M14K cells 

The M14K cells were incubated overnight in a six well plate. The cells were cultivated for 48 hours in presence 

or not (control) of different combination of drugs (astin G, astin C, astin C + chemotherapeutic agents, 

chemotherapeutic agents (Chem) and astin G + chemotherapeutic agents). Then, the cells were collected, fixed 

with absolute chilled ethanol 70%, subjected to RNase treatment, labeled with PI and analyzed by flow cytometry. 

(A) Bar chart showing the percentage of apoptotic M14K mesothelioma cells. (B) Bar chart showing the 

percentage of M14K mesothelioma cells in S phase. (C) Bar chart showing the percentage of M14K 

mesothelioma cells in G2-M phase. (D) Bar chart showing the percentage of polyploid M14K mesothelioma 

cells. Those graphs show the means and the standard deviations of apoptotic, S phase, G2-M phase and polyploid 

M14K cells in normal conditions and in presence of different drugs. The results are presented as the percentage of 

apoptotic, S phase, G2-M phase and polyploid cells which corresponds to the number of apoptotic, S phase, G2-

M phase and polyploid cells counted by comparison to the number of cells analyzed. The statistical analyses were 

based on a paired t-test and the significance level of the difference observed between two means was established 

as follows: p-value<0.05 (*), 0.01<p-value<0.05 (**), p-value<0.001 (***). Three repetitions were performed. 
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1.3. MORPHOLOGICAL CHANGES OF CELLS AFTER EXPOSURE TO ASTIN C 
 

 

To determine the morphological changes induced by astin C on M14K mesothelioma cells, the overall 

shape of the cell was examined after exposure to this compound for 48H. In fact, the morphological 

structure of a cell gives indications concerning its general condition, particularly through the appearance 

of the nucleus. In the case of a uniform labeling of the nucleus with a clear delimitation of its structure, 

the cells are considered as normal or necrotic in most cases. However, cells presenting fragmented 

nucleus with a high fluorescence (due to chromatin condensation) are assumed to be apoptotic. Also, 

the global aspect of the cell can provide supplementary information on its size modification and 

membrane discontinuities or disruption for example.  

 

For this purpose, the M14K cells were cultivated on coverslips for 2 hours and were subsequently treated 

with astin C and other drug combinations (astin G, astin C + chemotherapeutic agents, chemotherapeutic 

agents (Chem) and astin G + chemotherapeutic agents) or remained in normal conditions (control) for 

48 hours. Then, the cells on coverslips were washed, fixed with paraformaldehyde 4% and labeled with 

DAPI which is a fluorescent DNA intercalating agent. This dye can cross cell membranes and generates 

a blue fluorescence when irradiated with UV light. Then, the overall shape is obtained under phase-

contrast fluorescent microscope (Figure 14 A). 

 

As shown in figure 14 B, untreated cells and cells treated with astin G do not show any typical 

characteristics of apoptotic cells. Regarding the cells treated with astin C, chemotherapeutic agents alone 

and in combination with astin C or astin G, nucleus damage and fragmentation (orange arrows) are 

clearly visible. A modification of the cell configuration by comparison to the control is also observed. 

Those morphological changes further support onset of apoptosis. 
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Figure 14. Microscopy of M14K mesothelioma cells treated with astin C and other drug 

combinations 

(A) Experimental design. The M14K cells were cultivated on coverslips in a 24 well plate for 2 hours. The cells 

were treated or not (control) with the different combination of drugs (astin G, astin C, astin C + chemotherapeutic 

agents, chemotherapeutic agents (Chem) and astin G + chemotherapeutic agents) for 48 hours. Then, the cells on 

coverslips were washed, fixed with paraformaldehyde 4% and labeled with DAPI. Finally, the coverslips were 

mounted on slides and analyzed by fluorescent microscopy. The DAPI is a fluorescent DNA intercalating agent 

that allows visualization of the nucleus (in blue). (B) Visualization of the astin C cytotoxic effect on M14K 

mesothelioma cells by comparison to other drugs. Fluorescent images after DAPI labeling show fragmented 

nuclei (orange arrows). Images obtained under phase-contrast show the overall shape of the cells. 
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2. Determination of potential genes and mechanisms of action involved in the 

cytotoxic effect of astin C 
 

In order to reveal the genes and mechanisms of action that could be involved in the cytotoxic effect of 

astin C, a sequencing of the cell transcriptome was performed. This RNA sequencing was conducted on 

M14K mesothelioma cells untreated and treated with astin C and other drug combinations (astin G, astin 

C + chemotherapeutic agents, chemotherapeutic agents (Chem) and astin G + chemotherapeutic agents) 

for 48H.  

 

Before starting the sequencing, the total RNA was extracted from the mesothelioma cells and the 

concentration and quality of the RNAs were determined using a bioanalyzer. Then, RNAs with a ploy(A) 

tail were isolated through the use of oligo(dT)-anchored magnetic beads. Subsequently, DNA libraries 

were prepared in duplicates (for each condition). The DNA concentration as well as the size distribution 

of the libraries were monitored. Lastly, the libraries were sequenced using the Illumina HiSeq 4000 

sequencing device (1 x 50bp) (Figure 15A). 

 

Once the sequencing completed, the raw reads obtained were processed by conducting the filtering, the 

quality control and the mapping on the human genome. To determine the similarities between the 

different samples (corresponding to the sequences obtained from M14K cells subjected to the different 

treatments) and between the duplicates (1 and 2), a hierarchical clustering was performed. The 

association or dissimilarities between the samples are based on the measurement of the correlation 

distances (Pearson). As illustrated in the figure 15B, the duplicates are properly associated, except for 

astin G1 and astin G2 samples that are more distant. Moreover, it appears that the Chem1 and Chem2 

samples are dissociated from the others. 

 

The bioinformatic analyses that follow were performed only with the samples corresponding to the 

sequences obtained from M14K cells untreated and treated with astin C, astin G and chemotherapeutic 

agents, explaining the absence of the other samples in the hierarchical clustering.  
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Figure 15. Preliminary stages of bioinformatics analyses 

(A) Flow chart of the various steps leading up to the sequencing  

Firstly, total RNA is extracted from M14K cells treated or not (control) with the different combination of drugs 

(astin G, astin C, astin C + chemotherapeutic agents, chemotherapeutic agents (Chem) and astin G + 

chemotherapeutic agents) for 48 hours. Secondly, the quality and the concentration of the extracted RNA are 

verified. Then, the poly(A)-tailed RNAs are isolated by using oligo(dT) magnetic beads. After this step, the DNA 

libraries are prepared in duplicates for each condition. The DNA concentration as well as the size distribution of 

the libraries are monitored. Finally, the libraries are sequenced using the HiSeq 4000, 1×50bp. (B) Hierarchical 

clustering of the samples obtained from the m-RNA sequencing of M14K cells untreated (control) and 

treated with astin C, astin G and chemotherapeutic agents (Chem). Following the processing of the raw reads 

obtained from the sequencing (filtering, quality control and mapping), a cluster analysis is performed to determine 

the similarities between the different samples and among the duplicates (1 and 2). The similarities are established 

on the basis of the correlation distances (Pearson) between the different samples. 

A 
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2.1. GENES DIFFERENTIALLY EXPRESSED IN ASTIN C TREATED CELLS 
 

To determine the genes deregulated in M14K cells treated with astin C by comparison to M14K cells 

untreated (control), treated with astin G and treated with chemotherapeutic agents (Chem), a DGE 

analysis was conducted on the Genialis platform. The results of each comparison between two 

treatments appear in a volcano plot. The x axis of the volcano plot represents the log2(fold change) and 

the y axis represents the negative log10 of the FDR. Then, each point on the graph represents a gene 

with a particular log2(fold change) and -log10(FDR). The fold change corresponds to the difference in 

expression level of a gene between two treatments and the FDR corresponds to the significance of the 

difference established. For each volcano plot, only the genes with high difference in expression level 

and high statistical confidence were selected (points indicated in bold) and regrouped in a gene set by 

setting up a log2(fold change) and a FDR threshold (vertical and horizontal lines) of ±2 and 0.05 

respectively. Therefore, three gene sets were obtained, corresponding to the genes differentially 

expressed in cells treated with astin C by comparison to untreated cells, cells treated with astin G and 

with chemotherapeutic agents (Figure 16A). 

 

Then, the overlap between the three different gene sets was established by the means of a Venn diagram. 

This diagram enables to determine the genes that are commonly deregulated in the three gene sets (deep 

blue) (Figure 16B). 

 

Those genes shared between the three gene sets, whose expression is highly modified by the astin C 

treatment, are listed in the comparison table (Table 1). This table contains the gene symbols, the main 

biological processes in which they are involved and the log2(fold change) values corresponding to the 

number of times that a specific gene is under/overexpressed in M14K cells treated with astin C by 

comparison to untreated cells and cells treated with astin G and with chemotherapeutic agents. 

 

In addition to the comparison table 1, the genes selected from the Venn diagram were also used to 

construct a heat map. This map illustrates the expression level of the genes in each individual sample. 

The rows represent the gene symbols and the columns represent the different samples. A color chart is 

used to facilitate comparison of gene expression levels across the samples. The values attributed to the 

various color shades are expressed in transcript per kilobase million (TrPM) transformed by row-wise 

Z-score. TrPM is a type of expression that takes into account the normalization for gene length and for 

sequencing depth. The row-wise Z-score transformation gives the value of standard deviation by which 

the expression level of a gene in one sample differs from the mean of the expression level of the same 

gene in all the samples (Figure 16C). 
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The comparison table and the heat map indicate that only five genes are underexpressed (ELF3, FGF18, 

PTCHD4, SLAMF7 and STC1) in M14K cells treated with astin C. From those five genes, only the 

ELF3 and FGF18 are also underexpressed, but even more significantly in M14K cells treated with 

chemotherapeutic agents. The comparison table shows also that the main processes concerned with those 

genes are the cell migration (ACTA2, ACTG2, EPPK1, STC1), the cell adhesion (CTGF, FAT3, ITGA5, 

SLAMF7), the regulation of gene expression (ACTA2, ACTG2, CARMN, ELF3), the cell 

differentiation (ELF3, TAGLN), the signal transduction (CTGF, DAPP1, FGF18, ITGA5, PTCHD4) 

and the cell death (CTGF, PRUN2, SARM1). Finally, when a « / » is indicated in the process row, it 

means that the processes in which the gene is implicated have not been discovered yet (Figure 16C and 

Table 1). 
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Figure 16. Genes differentially expressed in M14K cells treated with astin C  

(A) Volcano plots of differentially expressed genes of cells treated with astin C compared to untreated cells, 

cells treated with astin G and with chemotherapeutic agents. The volcano plot shows the genes that are 

differentially expressed between two treatments (astin C vs Control, astin C vs astin G and astin C vs Chem). The 

x axis represents the log2(fold change) and the y axis represents the negative log10 of the FDR. Each point on the 

plot corresponds to a gene with a particular log2(fold change) and -log10(FDR). The genes with high difference in 

expression level and high statistical confidence were selected and regrouped in a gene set (points indicated in bold) 

by setting up a log2(fold change) and a FDR threshold (vertical and horizontal lines) of ±2 and 0.05 respectively 

for each volcano plot. (B) Venn diagram of gene sets selected from the volcano plots. The Venn diagram shows 

the overlap between different gene sets and therefore the genes that are shared among those. In this case, the three 

gene sets provided by the volcano plots (astin C vs control, astin C vs astin G and astin C vs Chem) were used in 

the Venn diagram to highlight the genes that are commonly differentially expressed in M14K cells treated with 

astin C. (C) Heat map of the genes commonly differentially expressed in M14K cells treated with astin C. 

This graph shows the expression level of the genes selected from the Venn diagram in each individual sample. The 

rows represent the gene symbols and the columns represent the different samples. A color chart is used to facilitate 

comparison of gene expression level between the different samples.  
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*Data provided by the National Center for Biotechnology Information (NCBI) and PANTHER. 

** Spizzo and al, 2010 

 
Table 1. Comparison table of the genes commonly differentially expressed in M14K cells treated 

with astin C 

This table contains the log2(fold change) values of the genes that are differentially expressed in the three gene sets 

and the biological processes in which they are involved (NCBI Gene. Accessed 11 Jun. 2018; GENEONTOLOGY 

PANTHER Classification System. Accessed 11 Jun. 2018). A color chart is attributed to the log2(fold change) to 

facilitate comparison.  

 

 

 

 

D D 



 

 

- 46 - 

2.2. EXPRESSION OF KEY GENES INVOLVED IN CELL CYCLE REGULATION 
 

 

Based on the observation that the different treatments affect the cell cycle, a targeted analysis was 

performed. For this purpose, the genes that regulate the cell cycle were selected on the Geneious 

platform and the expression of the latter was examined in M14K cells treated with astin C, astin G, 

chemotherapeutic agents and in untreated M14K cells. The results appear in a heat map, the rows 

representing the gene symbols and the columns representing the different samples. 

 

In M14K cells treated with astin C, cyclin D1 and 2 (CCND1 and CCND2), CDK4, CDK6 and E2F2 

are downregulated and Rb1 is upregulated regarding the genes involved in G0-G1 phase. Concerning 

the genes implied in G1-S phase, S-G2 phase and G2-M phase, only the cyclin A1 is slightly 

underexpressed, other genes are overexpressed or remain fairly unchanged. Finally, all the genes that 

inhibit different phases of the cell cycle are downregulated or are not differently expressed (Figure17). 

 

 

Figure 17. Heat map of the expression of the main genes controlling the cell cycle in M14K cells 

untreated and treated with astin C, astin G and chemotherapeutic agents  

This graph shows the expression level of the genes implicated in cell cycle in each individual sample. The rows 

represent the gene symbols and the columns represent the different samples. A color chart is used to facilitate 

comparison of gene expression level between the different samples. 
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2.3. CELL DEATH AND MAJOR BIOLOGICAL PATHWAYS IMPLICATED IN 

ASTIN C CYTOTOXIC EFFECT 
 

 

The determination of the cell death and biological pathways involved in the cytotoxic effect of astin C 

against M14K cells was performed through the use of the GSEA platform. This platform contains a 

collection of gene sets corresponding to different biological pathways, each gene set being composed of 

genes annotated by the same gene ontology terms. The GO terms describe the gene function along three 

aspects: the molecular function, the cellular component and the biological process. 

 

All genes differentially expressed (with a log2(fold change) different from 0 and a FDR higher than 

0.05) in M14K cells treated with astin C by comparison to untreated cells and cells treated with astin G 

and chemotherapeutic agents were selected. Then, a list of the genes selected with their log2(fold change) 

was established and loaded on the GSEA platform. Once loaded, the GSEA software computed the 

overlaps between the genes of the list and the gene sets annotated to determine which biological 

pathways are differently regulated in the presence of astin C. In addition to this, the ES, NES, FDR and 

p-value were calculated and are required to interpret the GSEA results. The ES value determines the 

degree to which the genes present in the list are overrepresented in an annotated gene set. Then, if a gene 

is present in the gene set, the ES value increases, otherwise it decreases and the magnitude of this 

increase or decrease depends on the log2(fold change) associated to the gene. The NES value 

corresponds to the normalization of the ES value by considering the number of genes expressed in the 

gene set in correlation with the size of the gene set to obtain comparable values between the different 

deregulated pathways. Finally, the FDR and the p-value represent the statistical significance of the NES 

and the ES values respectively. As a comparison between the different biological pathways is performed, 

the NES and the FDR values are used because they consider the normalization. 

 

Once the GSEA analysis was performed, the presence of cell death pathways (including apoptosis, 

necroptosis, necrosis, autophagy and senescence) was examined in the list of the differently regulated 

biological pathways. Only the cell death pathways found in the list with a FDR < 0,3 and a NES > 1,65 

were considered. As shown in table 2A, extrinsic apoptotic pathways are upregulated in M14K cells 

treated with astin C by comparison to untreated cells and cells treated with astin G. Concerning the 

comparison of astin C treatment to the chemotherapy treatment, no cell death pathways differently 

regulated were highlighted.  
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In addition to the determination of cell death pathways involved in the astin C activity, the first five 

biological pathways present in the list obtained from the GSEA platform were selected and analyzed. In 

fact, those pathways appear in descending order of NES, meaning that the first ones are the most 

differently regulated as they have the highest NES values. As shown in the table 2B, the mesenchyme 

morphogenesis and platelet aggregation are two pathways upregulated in M14K cells treated with astin 

C by comparison to untreated cells and cells treated with astin G. In the same way, the myofibril 

assembly pathway is upregulated when M14K cells are in the presence of astin C compared to untreated 

cells and cells treated with chemotherapeutic agents. Also, the pathway involving filopodium is 

upregulated in M14K cells treated with astin C by comparison to cells treated with astin G and 

chemotherapeutic agents. Finally, it appears that a few genes belonging to the list established in the 

previous section are involved in some biological pathways differentially regulated, namely “Go 

mesenchyme morphogenesis” (ACTA2, ACTG2), “Go platelet aggregation” (MYL9), “Go myosin 

complex” (ACTG2), “Go filopodium” (ACTA2, ACTG2) and “Go cell substrate junction” (SYNPO2, 

ITGA5).  
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Table 2. Analyses of the biological pathways involved in astin C cytotoxic effect against M14K 

cells through the GSEA platform 

The genes differentially expressed in cells treated with astin C by comparison to untreated cells and cells treated 

with astin G and chemotherapeutic agents were loaded on the GSEA platform. To this end, all the genes with a 

log2(fold change) different from 0 and a FDR higher than 0.05 were selected from the previously established 
volcano plots. Then, the list of the genes obtained for each volcano plot with their log2(fold change) values were 

loaded on the GSEA platform. From this list of genes, the GSEA software determines which gene sets are involved 

in specific biological pathways. In addition to this, it calculates four key statistics, namely the ES, NES, FDR and 

p-value. The results of the GSEA analyses appear as a table containing the differentially regulated pathways and 

the four statistical parameters. (A) Cell death pathways differentially regulated in M14K cells treated with 

astin C. This table shows the pathways involved in cell death that are significantly deregulated when the astin C 

treatment is compared to the control and cells treated with astin G and chemotherapeutic agents. (B) Major 

biological pathways differentially regulated in M14K cells treated with astin C. This table illustrates the five 

biological pathways that are the most deregulated when the astin C treatment is compared to the control and cells 

treated with astin G and chemotherapeutic agents. 
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DISCUSSION AND PERSPECTIVES 
 

Astins are natural compounds that are produced by an endophyte fungus named Cyanodermella asteris 

living inside the plant tissues (Jahn and al, 2017; Jahn and al, 2017). In total, fifteen different forms of 

astin were discovered, ranging from A-I and K-P, and differ from a structural point a view (Morita and 

al, 1996; Xu and al, 2013). The anticancer activity of these cyclopeptides has been reported, but the 

mechanisms involved are unknown. Notwithstanding, it was demonstrated that only astins with a cyclic 

backbone and a cis-dichlorinated proline residue, namely astin A, B and C have the potential to generate 

an antineoplastic activity (Morita and al, 1996; Morita and al, 1995; Itokawa and al, 2000; Rossi and al, 

2004; Saviano and al, 2004). 

 

The interest devoted to astins relies on their future contribution to the development of more efficacious 

therapeutic treatments. In fact, the standard chemotherapy treatment currently used against 

mesothelioma is subjected to the development of resistances, considerably decreasing its efficiency 

(Behnam-Motlagh and al, 2012). Therefore, the objectives of this work consisted in studying the 

cytotoxic effect of astin C and astin C combined with the standard chemotherapeutic agents directed 

against mesothelioma cells, demonstrating the importance of the two chlorides in astin structure and 

determining the potential genes and mechanisms of action involved in the cytotoxic effect. 

 

1. Astin C exhibits a cytotoxic effect  
 

The analysis of the cell cycle demonstrated that astin C has a cytotoxic effect against M14K 

mesothelioma cells. The apoptotic death of M14K cells triggered by astin C was also confirmed by the 

observation of fragmented nuclei by fluorescent microscopy. In addition, the astin C treatment was 

found to be more effective than the chemotherapy treatment (Figures 12, 13 and 14). Those results are 

in line with the scientific literature regarding the cytotoxic effect of astin C on different malignant human 

cell lines (Rossi and al, 2004; Saviano and al, 2004; Cozzolino and al, 2005). However, no studies that 

relate to the comparison between astin C and chemotherapy treatment were reported. 

 

2. Astin C improves the chemotherapy treatment 
 

Currently, the standard chemotherapy treatment, consisting in the administration of cisplatin plus 

pemetrexed, is one of the most commonly applied medical protocol for patients suffering from MPM. 

However, the emergence of resistances considerably reduces the efficiency of this treatment (Cortes-

Dericks and al, 2014; Pistolesi and Rusthoven, 2004). Therefore, the effect of the co-administration of 

astin C plus chemotherapeutic agents on the cytotoxic activity was examined (Figure 12 and 13). The 

results showed that this association provides additional efficacy compared to the standard chemotherapy 

treatment. Although the combination of cisplatin plus pemetrexed exhibits a weak cytotoxic activity, 
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supplementation with astin C significantly increases this activity. This result can be explained by the 

fact that astin C induces a differential gene expression compared to chemotherapy treatment in M14K 

cells, leading to alternative mechanisms of action (Figure 16C, 17, Table 1 and 2). Thence, the 

combination of drugs with different mechanisms of action can strengthen the cytotoxic effect 

(Vandermeers and al, 2009; Takimoto and Awada, 2008). 

 

3. Chlorides are implicated in the cytotoxic effect of astin C 
 

In order to determine the importance of the two chlorides in the astin C structure, the effect of astin C 

and astin G on M14K mesothelioma cells was compared. Indeed, astin C is a structural analog of astin 

G that differs only by the presence of two adjacent chlorides on the proline residue, which are replaced 

by two hydroxyls in astin G structure (Morita and al, 1995). Following the analysis of the cell cycle and 

the images obtained from fluorescent microscopy, it was demonstrated that astin G does not have a 

cytotoxic effect (Figure 12, 13 and 14). Then, the fact that astin C exhibits a cytotoxic activity and not 

astin G is attributed to the presence of cis-dichloroproline residue in its structure (Morita and al, 1996).  

 

The specific structure of astin C could be involved in its cytotoxic activity through the formation of 

crosslinks with DNA molecules, as it is the case for several anticancer drugs containing chlorides in 

their structure. In fact, once astin C enters into the cell, the low concentration in chloride ions could 

trigger the hydrolysis of astin C. This results in the creation of a very reactive species that could form 

bonds with DNA bases (Siddik, 2002; Schärer, 2005; Goodsell, 2006). The detection of crosslinks could 

be verified by hydrolysis (thermal or mild acid) or enzymatic digestion (nuclease P1, DNase I, 

phosphodiesterase, and alkaline phosphatase) of DNA, followed by an enrichment of the DNA adducts 

by separating them from unmodified DNA bases using HPLC (to prevent suppression of ionization 

resulting from high level of unmodified bases and contaminants) and lastly detected by electrospray 

ionization-mass spectrometry (Singh and Farmer, 2006; Gavina and al, 2014; Zhang and al, 2016; 

Gaskell and al, 2007).  

 

The identification of stalled replication forks induced by DNA adducts could also be highlighted by 

performing a comet assay. This test consists in several steps including: labeling of cell DNA with a 

thymidine analog, the bromodeoxyuridine (BrdU), which is incorporated during replication; embedding 

of cells in agarose gel; cell lysis; alkaline treatment to denature DNA; alkaline electrophoresis and 

labeling with monoclonal anti-BrdU. During the electrophoresis, DNAs with high molecular weight 

cannot move through the gel. However, damaged DNAs resulting from stalled replication forks or strand 

breaks display an increased migration (Dekant and al, 2009; Mórocz and al, 2013). 

 

The two chlorides could also be involved in the interaction of astin C with other macromolecules (see 

section 7) by forming covalent links with nucleophilic centers (Siddik, 2002). In fact, loss of the chloride 
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ions leads to the formation of strong electrophiles that can bind nucleophilic groups (sulfhydryl and 

carboxyl) as it is the case for various alkylating agents containing chlorides in their structure (Scholar, 

2008). 

 

4. Astin C does not block M14K cells in S and G2-M phases 
 

Several antineoplastic agents are responsible for the arrest of the cell cycle in a particular phase. For 

example, the antimetabolites act mainly on S phase cells, while vinca alkaloids are more specific to G2-

M phase cells (Shapiro and Harper, 1999; Waldman and al, 1996; Payne and Miles, 2008). Then, 

following the general overview of the effect of astin C on the cell cycle, it was decided to determine 

whether this compound could block cells in S and G2-M phases. The results showed that astin C does 

not induce a blockage of M14K cells in S phase, in contrast to chemotherapy treatment (Figure 12 and 

13). Moreover, bioinformatics analyses confirmed that astin C does not imply cell cycle arrest in S 

phase. In fact, the complexes cyclin A/Cdk1 and cyclin A/Cdk2 which regulate the transition of cells 

from S phase through G2 phase are not underexpressed except cyclin A1 (CCNA1) that is slightly 

downregulated. However, M14K cells treated with chemotherapeutic agents show a strong 

underexpression of cyclin A1 (CCNA1), cyclin A2 (CCNA2), Cdk1 and Cdk2, supporting the cell cycle 

arrest in S phase (Figure 17) (Chiu and Dawes, 2012; Aleem and Arceci, 2015; Zafonte and al, 2000; 

Castanedo and al, 2006). Concerning the G2-M phase, the same results have been obtained. The astin C 

treatment does not block M14K cells in G2-M phase (Figure 12 and 13). This is supported by 

bioinformatics analyses indicating that the complex cyclin B/Cdk1 which controls the progression of 

cells from G2 phase through M phase is not downregulated (Figure 17) (Lim and Kaldis, 2013; 

Vermeulen and al, 2003). 

 

Cell cycle checkpoints control is regulated by the tumor suppressor protein p53 (Pietenpol and Stewart, 

2002; Harris, 1996). In response to DNA damages, genotoxic stress and abnormal oncogenic events, 

acetylation of p53 at different sites (DNA binding domain and C-terminal domain) occurs, leading to its 

stabilization and activation (Brooks and Gu, 2011; Tang and al, 2008). Once activated, p53 can block 

cells in a particular phase through its transcriptional activity on genes involved in cell cycle arrest (p21, 

Cdc25C, and GADD45) (Giono and Manfredi, 2006). Following the cell cycle analysis of M14K cells 

treated with astin C, it can be assumed that p53 was inactivated as no cell cycle arrest in S or G2/M 

phase was observed (Figure 12 and 13).  

 

The loss of p53 function could be due to genetic alteration. Indeed, a mutation in its exon 5 in M14K 

cells was highlighted by Urso and al, leading to a premature codon stop causing the formation of a 

truncated protein (Urso and al, 2017). To reveal a potential mutation, the DNA of M14K cells could be 

extracted and the exons could be amplified by PCR using specific primer pairs. Then, a sequencing 

would be performed and the sequences obtained would be compared to reference sequences (Urso and 

al, 2017). Another possibility concerns the overexpression of p53 inhibitors, MDM2 and MDM4, that 
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bind the p53 protein through their RING finger domain and inactivate it by different mechanisms 

(Brooks and Gu, 2011; Tang and al, 2008). The MDM2 and MDM4 proteins can be detected in astin C 

treated cells by performing a Western Blot analysis with antibodies directed against those compounds. 

Thereafter, the involvement of those inhibitors in p53 inactivation could be determined by transfecting 

cells with siRNAs specific for MDM2 or MDM4 and analyzing the impacts on the cell cycle (Tang and 

al, 2008). Finally, as the acetylation of p53 is required for its activation and blocks the interaction 

between p53 and the inhibitors, deacetylation could also be at the origin of the loss of p53 function. The 

immunoprecipitation of p53 protein by anti-p53 antibody followed by a Western Blot using site specific 

antibodies to detect acetylation on lysines 164, 120 and on lysines of the C-terminal domain (lack of 

acetylation at all those sites suppresses p53 activity) could be conducted to confirm this hypothesis 

(Brooks and Gu, 2011; Tang and al, 2008). 

 

5. Astin C induces polyploidy 
 

Regarding the results obtained from the analysis of the cell cycle and more precisely of polyploid cells, 

the figure 12 and 13 demonstrated that astin C induces M14K cell polyploidization. Polyploidy 

corresponds to the state in which a cell possesses a DNA content that is multiple of the original DNA 

content. Besides polyploidy, cells with abnormal number of chromosomes (aneuploid cells) were also 

observed (Pfau and Amon, 2012; Shu and al, 2018; Davoli and Lange, 2011; Salmela and al, 2012). 

Three main mechanisms are involved in polyploidization: (i) cell-cell fusion (ii) endoreplication that 

consists in DNA replication without undergoing cell division (cycle without mitosis) and, (iii) 

deficiencies in progression through cell cycle (cytokinesis failure and exit from anaphase or metaphase) 

(Bastida-Ruiz; 2016; Davoli and Lange, 2011). The hypothesis of cell-cell fusion, endoreplication and 

deficiencies in progression through the cell cycle could be approached by microscopy. Indeed, the 

analysis of mitotic stages and interactions between cells treated with astin C could be revealed through 

the labeling of the DNA and the microtubule network and the use of a time-lapse confocal microscope 

(Cselenyák and al, 2010; Chen and al, 2016).  

 

The involvement of astin C in cell membrane fusion could be confirmed in vitro through the use of 

liposomes and fluorescent probes. The liposomes are vesicles surrounded by one or more lipid bilayers 

and the lipidic composition of the bilayer can be adapted to mimic cell membranes as closely as possible. 

The principle consists in the incorporation of fluorophores in high concentration into some of the 

liposomes, leading to self-quenching. Then, fluorescently labeled and unlabeled liposomes are inserted 

in the same through under controlled conditions and the astin C is added. In case of liposomes fusion, 

fluorophores diffuse into a higher content resulting in an increase in fluorescence that is detected by a 

spectrofluorometer (Blumenthal and al, 2002; Mingeot-Leclercq and al, 2002; Lorin and al, 2004).  
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In some cases, polyploid cells can re-initiate mitosis leading to the formation of aneuploid cells 

following multipolar divisions, chromosome missegregation, and cytokinesis failure. This process could 

also be highlighted by immunofluorescence (Chen and al, 2016; Mason and al, 2017; Shu and al, 2018). 

 

Currently, a new strategy in cancer therapy consists in generating genomic imbalance that overcome the 

adaptation capacity of cancer cells. In fact, some drugs are able to induce aberrant mitosis leading to 

aneuploid and/or polyploid cancer cells that subsequently underwent apoptosis. (Mason and al, 2017; 

Salmela and al, 2012; Sehdev and al, 2012). To highlight a potential correlation between polyploid 

M14K cells and apoptosis, analyses of the cell cycle after 24H and 48H of astin C treatment could be 

conducted. Indeed, the decrease in polyploid and aneuploid cells combined with an increased in 

apoptotic cells over time could reveal a plausible link (Sehdev and al, 2012).  

 

6. Astin C induces apoptosis 
 

The analysis of the cell cycle of M14K cells treated with astin C revealed a high percentage of apoptosis. 

Similarly, the images obtained via fluorescent microscopy showed fragmented nuclei which is a feature 

of cell death by apoptosis. Therefore, those experiments conducted in vitro lead to state that astin C kills 

M14K mesothelioma cells through apoptosis (Figure 12, 13 and 14).  

 

Concerning bioinformatics analyses, the study of cell death pathways induced by astin C indicated that 

the extrinsic apoptotic pathway is upregulated compared to untreated cells and cells treated with astin G 

(Table 2A).  

 

The extrinsic apoptosis consists in a programmed cell death mediated by death receptors, belonging to 

the tumor necrosis factor receptor family (TNFR), through the formation of death-inducing-signaling-

complex (DISC). Once formed, DISC activates a cascade of caspases leading to cell apoptosis (Matsuura 

and al, 2016; Su and al, 2015). 

 

The results obtained could be supported by measuring the activity of the different caspases involved in 

extrinsic apoptotic pathway via the use of fluorogenic peptide substrates. Another possibility would 

consist in determining the percentage of apoptotic cells after their treatment with caspase inhibitors (i.e. 

against caspase 8 for extrinsic apoptosis). However, the intrinsic apoptotic pathway is also characterized 

by the activation of caspases. Then, the expression level of death receptor molecules could be assessed 

by conducting Western Blot analysis (Yang and al, 2011; Lee and al, 2016; Cozzolino and al, 2005). In 

complement to those in vitro experiments, bioinformatics analyses could be performed to compare 

expression level of molecules involved in extrinsic apoptotic pathway between M14K cells treated with 

astin C and untreated cells. 
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7. Astin C disrupts actin cytoskeleton 

 

The main mechanism of action that could be involved in astin C cytotoxicity concerns the disruption of 

the actin cytoskeleton. In fact, the analysis of the biological pathways and the genes deregulated in the 

presence of astin C revealed that actin proteins (ACTG, ACTA) and actin binding proteins (FLNA, 

TPM) are upregulated and involved in most biological pathways (Figure 16C, Table 1 and 2). Besides, 

the morphological changes observed in M14K cells treated with astin C support the actin cytoskeletal 

derangement (Figure 14).  

 

Actin is a protein involved in cell mobility, contraction, endocytosis or cytokinesis, composed of regular 

arrays of filaments (Behrmann and al, 2012; Pollard and Cooper, 2009). Actin can be found in 

monomeric form (G-actin) but under physiological conditions, actin monomers polymerize into a helical 

polymer forming stable filaments (F-actin) (Pollard and Cooper, 2009; Reisler and Egelman, 2007). The 

interaction between actin and myosin filaments results in actomyosin complex formation leading to cell 

contraction (Behrmann and al, 2012; Zaidel-Bar and al, 2015).  

 

Knowing that (i) the actin binding proteins (ABP) upregulated, filamin (FLN) and tropomyosin (TPM), 

are involved in the orthogonal actin branching and the stabilization of actin fibers respectively (Desouza 

and al, 2012) and, (ii) that the pathways differentially expressed “Go actin filament”, “Go platelet 

aggregation”, “Go filopodium” and “Go mesenchyme morphogenesis” are involved in actin remodeling 

(Bonello and al, 2009; Shankar and Nabi, 2015; Haynes and al, 2011; Rumbaut and Thiagarajan, 2010), 

our data show that astin C induces actin polymerization and reorganization. Therefore, the effect of astin 

C on actin cytoskeleton could be triggered by its binding to actin subunits or actin regulatory proteins, 

as it is the case for actin-targeting compounds (Bonello and al, 2009). The increase in F actin content 

could be analyzed by labeling with rhodamine-phalloidin the M14K cells treated with astin C, 

subsequently analyzed by flow cytometry (Moulding and al, 2007). 

 

The polymerization and stabilization of actin by astin C could be at the origin of the polyploidy and 

aneuploidy observed in M14K cells (Figure 12 and 13). In fact, actin filaments aggregation and 

delocalization could be responsible for cytokinesis failure and mitosis disturbance. The aggregation of 

F actin close to the mitotic chromosomes, around the mitotic spindle and between spindle poles can 

prevent the attachment and segregation of chromosomes by microtubules. In addition, the distribution 

of F actin aggregates through the cytoplasm can compromise the furrow cleavage formation or can 

directly impede the actomyosin contractile ring formation inhibiting the last step of cell division 

(Moulding and al, 2007).  

 

The perturbation of actin cytoskeleton could initiate cell death through different mechanisms (Desouza 

and al, 2012). Firstly, the signaling intermediates and regulators that are localized throughout the F-actin 
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aggregates can be disrupted. For example, actin fibers can bring members of DISC together leading to 

its activation or it can delocalize anti-apoptotic regulators leading to their inactivation (White and al, 

2001). Secondly, the aneuploid and polyploid cells generated by actin cytoskeleton disruption can 

subsequently undergo mitotic catastrophe. The mitotic catastrophe is a type of cell death caused by an 

impairment of mitotic checkpoints leading to inappropriate mitosis. Those defects in mitotic checkpoints 

can lead to accelerated mitosis producing lethal genomic instability (Mason and al, 2017; Colombo and 

al, 2010; Tardif and al, 2011; Vakifahmetoglu and al, 2008; Castedo and al, 2004). Lastly, the loss of 

adhesion between the cells and the extracellular matrix (ECM), phenomenon known as anoikis, can lead 

to apoptosis (Paoli and al, 2013; Bonello and al, 2012). The attachment of the cells to ECM is conducted 

by focal adhesions (FAs) which are composed of transmembrane proteins (integrins), structural proteins 

(actinin, taline, vinculin) and signaling proteins (focal adhesion kinase) (Gilmore and Burridge, 1996; 

Vicente-Manzanares and al, 2009; Delon and Brown, 2007). The outer domain of integrins binds the 

ECM that activates intracellular signaling preventing apoptosis and the cytoplasmic domain is linked to 

the actin cytoskeleton through structural proteins. Therefore, actin cytoskeleton disruption induced by 

astin C can affect the protein complex that connects actin to integrins which can result in a destabilization 

of adhesions leading ultimately to their disassembly (Vicente-Manzanares and al, 2009). The inhibition 

of anoikis process followed by the measurement of apoptotic M14K cells could highlight the 

involvement of this mechanism in the cytotoxic activity of astin C. Recent studies have demonstrated 

that the disruption of integrins-matrix interactions activates the Hippo pathway kinase LATS1/2 

resulting in YAP inactivation, thereby inducing anoikis. In fact, increased levels of YAP prevent anoikis 

through the downregulation of Bcl2-L11 and also by overcoming the signaling pathway initiated by 

tumor necrosis factor alpha and Fas ligand. Then, the inhibition of LATS1/2 leading to the activation of 

YAP could be used to establish a potential correlation between anoikis and cytotoxic activity of astin C 

(Frisch and al, 2013; Zhao and al, 2012; Overholtzer and al, 2006; Zanconato and al, 2016). 

 

Finally, it is important to underline that the disruption of actin cytoskeleton, responsible for cell 

morphological changes, can be both a target and an inducer of apoptosis (White and al, 2001). 

 

8. Astin C upregulates a microRNA 
 

CARMN, also identified by MIR143HG (MIR 143 host gene) is a long non-coding RNA from which 

the miR-143 and the miR-145 derive (Figure 16C and Table 1). The miRNAs consist in 18 to 24 

nucleotides of noncoding RNAs that are involved in the regulation of genes at a posttranscriptional level 

by interfering with the stability and translation of mRNAs. The expression of miR-143/145 and their 

host gene is most commonly decreased is several human cancers (lung, breast, colon, prostate) and their 

overexpression is associated with antitumorigenic activity as well as an increased sensitivity of tumor 

cells to chemotherapy (Wang and al, 2017; Gomes and al, 2018; Zhao and al, 2018; Spizzo and al, 2010; 

Zhou and al, 2017). 
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One important target of the miR-143 is the cyclin D1 (CCND1) whose expression is significantly 

decreased when miR-143 is upregulated in breast cancer (Zhou and al, 2017). The cyclin D1 which 

interacts with CDK4/CDK6 is involved in the transition of cells from G0 to G1 phase and is a well-

defined human oncogene as it enables the proliferation of tumoral cells. In addition to miR-143, other 

molecules such as p21, p27 and p57 can induce the inhibition of the cyclin D1 (Schwaederlé and al, 

2014; Musgrove and al, 2011; Chiu and Dawes, 2012). 

 

According to the bioinformatics analyses, the expression level of cyclin D1 (CCND1), CDK4, CDK6, 

E2F2, p21 (CDKN1A), p27 (CDKN1B) and p57(CDKN1C) was decreased or remained fairly 

unchanged whereas CARMN and RB1 were upregulated (Figure 16C, 17 and Table 1). If so, the 

expression of the cyclin D1 could be downregulated by miR-143 as the other main inhibitors are 

underexpressed. 

 

Indeed, considering that MIR143HG is overexpressed in M14K cells treated with astin C, it can be 

assumed that the biogenesis of miR-143 is therefore increased. Following the synthesis of miR-143, the 

expression level of cyclin D1 should be decreased. Due to the downregulation of cyclin D1, the tumor 

suppressor protein RB (RB1) is not phosphorylated. Hence, the unphosphorylated RB protein can bind 

the transcription factor E2F resulting in the inhibition of the expression of E2F-regulated genes involved 

in cell cycle progression (Figure 18) (Musgrove and al, 2011; Chiu and Dawes, 2012; Zafonte and al, 

2000). 

  

Figure 18. Model of hypothetic inhibition of cyclin D1 by miR-143 in M14K cells treated with 

astin C 

Astin C induces the upregulation of miR143HG resulting in the biogenesis of miR-143. Once synthetized, the 

miR-143 decreases the expression level of cyclin D1/CDK4/6 that, therefore, cannot phosphorylate the RB protein. 

In its unphosphorylated form, the RB protein can interact with the transcription factor E2F leading to the inhibition 

of downstream genes involved in cell cycle progression. 
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The downregulation of cyclin D1 by miR-143 could be confirmed by transfecting M14K cells treated 

with astin C with miR-143 inhibitor (Tang and al, 2017; Zhou and al, 2017). After the cell transfection, 

the expression level of cyclin D1 could be assessed by Western Blot and the impact on the G0-G1 phase 

could be determined through the analysis of the cell cycle (Zhou and al, 2017).  

 

 

CONCLUSION 
 

In conclusion, this work demonstrated the cytotoxic activity of astin C against mesothelioma cells and 

the additional effect conferred by this compound to the standard chemotherapy treatment. 

Bioinformatics analyses further provided information about the mechanisms involved. These data may 

be instrumental for the development of improved therapies against mesothelioma. 
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