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1. Asbestos exposure and development of Malignant Pleural 

Mesothelioma 

Malignant Pleural Mesothelioma 

(MPM) is a lethal asbestos-

associated malignancy that affects 

mesothelial cells of the pleura. MPM 

is a tumor characterized by a long 

latency period of 30-40 years 

between asbestos fibers exposure 

and the onset of the disease (1). MPM 

is one of the few tumors whose 

etiology is known, in fact, it is mainly caused by exposure and inhalation of 

asbestos fibers. ñAsbestosò term is the generic designation used to refer to a 

family of six naturally silicate minerals with a fibrous structure, which is 

divided into two categories: the serpentines and the amphiboles. The 

serpentines consist only of one mineral type, the chrysotile, which is 

characterized by short and curly fibers. Chrysotile, due to its color, is also 

known as ñwhite asbestosò, and it accounts for 95% of asbestos used in 

commercial products. The amphiboles are characterized by straight and long 

fiber and include amosite, tremolite, actinolite, anthophyllite and crocidolite or 

ñblue asbestosò (2). Asbestos was widely used since the end of the 19th century 

in many industrial sectors because of its physical-chemical properties. Due to 

its insulating characteristics and the low cost, asbestos use was extended to the 

production of electrical equipment and of aircraft, pipes, insulation panels, 

roofing, and other building materials (3). Unfortunately, the fibrous 

consistency of asbestos makes it extremely dangerous to human health. When 

asbestos materials are aged or damaged, they can release fibers into the 

environment, which can be inhaled and penetrate deeply into the lung, where 

Figure 1. Malignant Pleural Mesothelioma 

(www.mesothelioma.it) 
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they may stay for a long time, causing serious respiratory diseases, including 

cancer. Due to its carcinogenic potential, asbestos has been banned in 67 

countries worldwide, including Italy (where it was totally banned in 1992). 

Unfortunately, although the carcinogenesis of asbestos has been widely 

demonstrated, it is still extracted and processed in different countries including 

India, Russia, and China. To date, in the USA, there are many laws regulating 

the use of asbestos, but unfortunately, a total ban does not exist.  Asbestos fibers 

can penetrate the interstitial spaces of the lungs and subsequently translocate 

to the pleura, causing chronic and persistent inflammation that leads to DNA 

damage and subsequent neoplastic transformation of the mesothelial cells (4). 

MPM is a tumor characterized by poor prognosis due to the difficulty of making 

diagnosis in early stage and the lack of effective treatment. Clinical symptoms 

of MPM patients are often non-specific and this represents a limitation in the 

pathology identification.  The most common symptoms in MPM patients are 

dyspnea and chest pain, that may be caused by pleural effusion or tumor itself.  

At the beginning of the disease, breathlessness is often due to the pleural 

effusion, and it occurs in 70% of MPM patients. Once the disease progresses, 

pleural effusion tends to diminish thanks to the medical intervention (5). 

 

1.1. Asbestos-induced mesothelial injury and carcinogenesis 

Great advances have been made in the understanding of the molecular 

mechanism of asbestos carcinogenesis. Some studies suggest that the physical-

chemical properties of asbestos fibers may have a key role in the progression 

of asbestos-induced disease. Shape, size, and the length/diameter ratio 

determine the ability of the fibers to reach, once inhaled, the alveolar spaces of 

the respiratory tree. In accordance with the World Health Organization (WHO) 

asbestos fibers can be classified into short asbestos fibers (SAF) with length < 
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5 Õm and long asbestos fibers (LAF) with length >5 Õm. A meta-analysis 

demonstrated that people exposed to fibers with length >10 Õm and 20 Õm 

develop a higher risk for asbestos-induced disease. Long and thin fibers are 

correlated with a higher cytotoxicity and mutagenesis, because they cannot be 

efficiently phagocytized by macrophages. The lack of phagocytosis induces the 

release of reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

from the inflammatory cells, exerting mutagenic activity. In addition, 

differences in fibers biopersistence can influence tumorigenesis; for example, 

chrysotile, characterized by shorter biopersistence, shows a lower carcinogenic 

potential, compared with amphiboles and erionite (6). Moreover, some studies 

describe that the chemical structure of the fibers, and iron in particular, as 

chemical component of asbestos fibers, may exert an important role in 

asbestos-induced carcinogenesis. Amosite and crocidolite contain elevated 

levels of iron that form iron-rich chemical structures, high levels of iron cause 

excessive ROS production and DNA damage (7, 8). The major cause of 

asbestos-induced pathogenesis and carcinogenesis is chronic inflammation. 

Once inhaled, asbestos fibers migrate towards the pleura, where they interact 

with human mesothelial (HM) and inflammatory cells, initiating a process of 

chronic inflammation, characterized by prolonged cycles of tissue damage and 

repair. Asbestos fibers exposure induces cell death via programmed cell 

necrosis, characterized by the passive release of high mobility group box 1 

(HMGB1), leading to chronic inflammation. HMGB1 is a damage associated 

molecular protein that promotes the recruitment of macrophages and sustains 

the chronic inflammatory process (9, 10, 11). HMGB1 binds the HMGB1 

receptors of macrophages priming for NLRP3 (NLR family pyrin domain 

containing 3) inflammasome activation. NLRP3 inflammasome causes the 

release of interleukins, such as IL-1ɓ, IL-18, IL-1Ŭ, and HMGB1, establishing 

an autocrine chronic inflammation process (12). HMGB1 induces macrophages 

to release tumor necrosis factor Ŭ (TNF-Ŭ), that activates nuclear factor-kB 
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(NF-kB), which protects HM from asbestos-induced cell necrosis and triggers 

a chronic inflammatory response, leading to HM cell transformation. 

Transforming growth factor ɓ (TGF-ɓ) is described to be involved in asbestos-

induced carcinogenesis, it regulates migration, differentiation, cell 

proliferation and extracellular matrix production. HM cells produce platelet-

derived growth factor (PDGF) that promotes the growth of fibroblasts. Other 

factors are the insulin-like growth factor (IGF), that promotes cell proliferation 

and migration, vascular endothelial growth factor (VEGF), involved in tumor 

angiogenesis; and the hepatocyte growth factor (HGF), that stimulates cell 

migration and invasion (13). 

 

 

Figure 2. Carcinogenesis of human mesothelial cells upon asbestos fibers exposure 

doi:10.3390/ijms22158279. 
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1.2. MPM histotypes 

According to the WHO, MPM is classified into four histotypes, according 

to the tumor cell morphology: epithelioid, biphasic, sarcomatoid, and 

desmoplastic.  

1. Epithelioid MPM (Figure 3A): is the most common histotype and 

accounts for 80% of all MPMs; it is associated with a more 

favorable prognosis (14.4 months) compared with the other 

histotypes (14). It is characterized by tumor cells with cuboidal or 

polygonal morphology, which infiltrate the pleura throw a tubule-

papillary growth pattern. Epithelioid MPMs have more than one 

histologic growth pattern, such as micropapillary (papillary 

structure without a fibrovascular core), solid (continuous sheets), 

trabecular (single or dual linear growth), and less frequently, 

adenomatoid (resemble an adenomatoid tumor owing to the 

presence of gland-like structures lined with flat cells). Mitotic 

count, nuclear grade, and necrosis, in addition to growth pattern, are 

useful to predict survival in epithelioid MPM patients. 

2. Sarcomatoid MPM (Figure 3B): is characterized by tumor cells 

with an irregular shape and the presence of high 

nuclear/cytoplasmatic ratio. It represents 10% of all MPMs and it is 

associated with poor prognosis. Sarcomatoid MPM is defined by 

the WHO as a proliferation of spindle cells organized in haphazard 

or fascicles patterns, which invade the lung parenchyma or adipose 

tissue. Sarcomatoid MPM patients are characterized by larger tumor 

size at diagnosis, more advanced TNM (tumor node metastasis) 

stage, and have the lowest median overall survival (5.3 months) if 

compared to epithelioid and biphasic MPMs.  
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3. Biphasic MPM (Figure 3C): is characterized by the co-existence 

of tumor cells with both epithelioid and sarcomatoid morphology 

and represents 30% of all MPMs. The presence of at least 10% of 

each component is required for it to be defined as biphasic, and the 

percentage of each cell type has implications for clinical behavior. 

A higher percentage of epithelioid component in biphasic MPMs is 

a significant predictor of patientsô longer survival.  Conversely, 

shorter patientsô survival is associated with increased sarcomatoid 

component.  

4. Desmoplastic MPM (Figure 3D): is a rare histotype, in fact it 

represents only 5% of the total MPM cases. It is characterized by 

spindle tumor cells and the presence of sarcomatoid areas, which 

are essential in establishing the diagnosis (15). 

 

 

Figure 3. MPM histotypes: A) Epithelioid MPM B) Sarcomatoid MPM C) Biphasic 

MPM and D) Desmoplastic MPM. doi: 10.1007/s12199-007-0017-6 

 

 

https://doi.org/10.1007%2Fs12199-007-0017-6


INTRODUCTION 

мт 
 

1.3. MPM staging 

MPM pathology is defined through the staging system, which is essential to 

establish the prognosis and the choice of therapy. The staging system was 

established by the AJCC (American Join Commission of Cancer) and takes the 

name of TNM classification. 

The staging system is based on three parameters:  

¶ T: describes the extension of the primary tumor site. Because of MPM 

unconventional tumor growth pattern, it is very difficult to apply this 

parameter on it. In TNM classification, T1 is divided into T1a, that 

describe a very early tumor, which involves the only ipsilateral parietal 

pleura; and T1b, in which the tumor is slightly more advanced and 

involved both the parietal and visceral pleura. This classification is based 

on a study performed in 1993 by Boutin et al., who demonstrated a 

significant difference in MPM patient survival (32.7 months in T1a and 7 

months in T1b). 

¶ N: indicates the extent of the tumor in the lymphatic circulation, it is a very 

important parameter in determining survival of MPM patients. MPM 

patients with nodal metastases have a significantly poorer survival 

compared to those without nodal metastases. TNM staging system divides 

the node classification into: N0, N1, N2 and N3. IASLC database analysis 

confirmed that between the node-negative (N0) and node-positive (N1/N2) 

tumors there is a significant difference; in fact, N0 patients have a better 

survival rate compared to N1 and N2 patients. Between N1 and N2 there 

is no significant difference in survival. 

¶ M: indicates metastasis, which occur rarely in MPM patients. MO 

describes the absence of metastases while M1 describes the presence of a 

metastatic disease. 
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According to the TNM classification, MPM is classified into the following 

stages: 

¶ Stage IA, which includes T1A; N0; M0 stages. (32,7 months) 

¶ Stage IB, which includes T1B; N0; M0 stages. (7 months) 

¶ Stage II, which includes T2; N0; M0 stages. (19 months) 

¶ Stage III, which includes T3; N1/2; M0 stages. (16 months) 

¶ Stage IV, which includes T4; N3; M1 stages. (12 months) (16, 17). 

 

1.4. Therapeutic approaches for MPM 

       To date, there are no efficacious therapies for MPM patients. Systemic 

treatment choices include chemotherapy, radiotherapy, and surgery, delivered 

separately or as trimodality treatment. MPM is often diagnosed in a late stage 

of disease and the patientsô prognosis is poor. Unfortunately, only few patients 

are eligible for surgery. There are two surgical approaches to resect MPM. 

The more invasive procedure is extra pleural pneumonectomy (EPP), which 

aims to eradicate entirely the tumor through the removal of pleura, lung, 

diaphragm, and pericardium. Median survival after EPP surgery is 

approximately 18 months, with a 5-years survival rate of 14%. In the case of 

pleurectomy/decortication (PD)- (tissue sparing procedure), which is a more 

conservative procedure, a phase III study, MARS2, demonstrated that PD 

combined with chemotherapy prolongs the overall survival compared to 

chemotherapy only. The role of radiotherapy remains, still, controversial and 

without clear evidence of its efficacy, but in a contest of multimodal 

treatment, it can be effective in both reducing relapses and improving overall 

survival. In fact, it is mainly used as adjuvant therapy to surgical resection 

and in palliative care to reduce chest wall pain (5). 
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1.4.1. Chemo- and Immune- therapies  

 

 

 

 

 

 

 

 

 

The current MPM standard of care (SOC) is the combination of two drugs: 

pemetrexed and cisplatin. The phase III study, EMPACIS, conducted in 2003, 

demonstrated the survival benefit of cisplatin/antifolate therapy over cisplatin alone. 

The median survival, in the pemetrexed plus cisplatin arm, was 12.1 months, 

compared with 9.3 months with cisplatin as single agent (18). The mode of action of 

cisplatin has been linked to its ability to crosslink with the purine bases on the DNA, 

interfering with DNA repair mechanisms, causing DNA damage, and subsequently 

inducing apoptosis in cancer cells. Unfortunately, cisplatin is associated with several 

side effects: nephrotoxicity, hepatotoxicity, gastrointestinal problems, such as 

nausea, vomiting and diarrhea, myelosuppression, and hematological and vascular 

toxicity. Nephrotoxicity is observed in 30% of treated patients and it is due to renal 

excretion of the drug and to the accumulation of serum uric acid. Moreover, the 

accumulation of ROS in the cells of cochlea causes ototoxicity, which is observed in 

CƛƎǳǊŜ пΦ {ŎƘŜƳŜ ƻŦ ata ǘǊŜŀǘƳŜƴǘ 
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10% of treated patients (19). In some cases, cisplatin can be replaced with carboplatin 

in older patients, patients with comorbidities or patients who experienced toxicity 

with cisplatin (20, 21). Pemetrexed is a folate antimetabolite, which inhibits three 

enzymes involved in purine and pyrimidine synthesis: thymidylate synthase (TS), 

dihydrofolate reductase (DHFR) and glycinamide ribonucleotide formyl transferase 

(GARFT). The inhibition of these three enzymes results in the inhibition of DNA 

and RNA synthesis. The main side effects due to the administration of pemetrexed 

are gastrointestinal disorders, fatigue, neutropenia, and nephrotoxicity. Hematologic 

disorders, in particular neutropenia, are present in 40% of treated patients; due to 

inhibition of cell proliferation in the hematopoietic system, progenitor cells are 

unable to mature into functional leukocytes (22).  In patients not eligible to receive 

combinations based on platinum derivates, vinorelbine or pemetrexed monotherapy 

may be considered as first-line treatments, although supporting evidence is limited. 

The addition of bevacizumab at the standard of care showed a statistically significant 

advantage in both disease control and survival. The effectiveness of cisplatin and 

gemcitabine combination was tested in two phase II studies (Byrne et al., 1999, and 

Nowak et al., 2002). Unfortunately, in the absence of randomization in this study, the 

use of gemcitabine as first-line treatment is not validated (23). 

The CHEKMATE 743 study demonstrated that the combination of two 

immunotherapy drugs, nivolumab (anti-Programmed cell Death protein 1) and 

ipilimumab (anti-Cytotoxic T-Lymphocyte antigen 4), increase median survival 

compared to the first-line chemotherapy (18 months compared to 14 months)In 2020, 

the Food and Drug Administration (FDA) and subsequently in the 2021, the 

European Medicines Agency (EMA) approved immunotherapy as an alternative 

first-line treatment option for patients with unresectable MPM. Recently in 2022, 

AIFA (Agenzia Italiana del Farmaco) approved the use of immunotherapy as first-

line treatment only for patients diagnosed with unresectable and non-epithelioid 

MPM. (24) 
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1.4.2. Resistance of MPM to SOC 

MPM is a tumor characterized by high chemo-resistance. Patients become resistant 

to SOC and relapse rapidly with a median overall survival of 12.7 months; in fact, 

cisplatin-pemetrexed combination can remove sensitive highly proliferative cells, 

while the resistant cells can still proliferate after the treatment. To data, unfortunately, 

there are no approved therapies for relapsed MPM after the first-line treatment, but 

several clinical trials with molecular targeted therapies are underway. The 

understanding of molecular mechanisms of intrinsic and acquired resistance of MPM 

is strategic to overcome resistance. The resistance of MPM to standard chemotherapy 

may be due to different mechanisms, including: 

Mechanism of resistance to cisplatin: 

¶ Alteration in cellular accumulation of the compound: because of reduced 

cisplatin uptake, DNA adducts formation is decreased. The reduction of the 

platinum accumulation is the consequence of two independent events, which 

regulate the intracellular drug uptake and export. The influx of cisplatin 

inside the cell is regulated by passive diffusion and transmembrane 

transportation systems. Copper (Cu) transporters are the main transporters 

involved in the import of platinum-based compounds. Cu transporter 1 

(CTR1), has an important role in cellular uptake of cisplatin, in fact the 

increased expression of CTR1 can increase the platinum-based agentsô 

uptake. The ATP-binding cassette (ABC) transporters can be involved in the 

platinum resistance. ABC transporters use ATP hydrolysis to shuttle several 

small biological compounds, including ions, nutrients, and drugs through the 

cellular membrane. In particular, ABCC2, ABCC5, and ABCC6 transporters 

are overexpressed in drug resistant cancer cells, in which are described to 

transport cisplatin out of the cell. Organic cation transporters (OCT) have a 

role in the hepatic uptake of hydrophilic compounds including, dopamine, 
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serotonin, and histamine. It has also been observed that OCT have a role in 

transporting wide range of various drugs, including cisplatin. There are three 

OCTs: OCT1, OCT2 and OCT3. Each OCT has tissue-specific localization; 

for example, OCT1 is mostly expressed in liver, and OCT2 is the main 

isoform in the kidney, while OCT3 is distributed in many tissues. OCT3 has 

been described to be overexpressed in cisplatin resistant cells, appointing it 

as a probable candidate for the cisplatin uptake (25). 

¶ Intracellular detoxification of the compound: some studies have described 

that increased levels of glutathione S-transferase (GST) are associated with 

reduced platinum efficacy, suggesting that cisplatin inactivation occurs 

through its conjugation with glutathione (GSH). GSTs are important 

detoxification enzymes; in fact, they are now considered as promising drug 

targets to reverse tumour resistance to cisplatin. An approach to suppress 

GST activity is to develop bifunctional Pt (IV) prodrugs that are activated in 

situ and have a major stability. This induces the accumulation of active 

platinum at the target site (26). 

¶ DNA damage repair: formation of DNA adducts can affect DNA 

transcription and replication. DNA adducts disrupt the DNA structure, which 

is recognized by the cellular proteins that repair DNA damage induced by 

cisplatin treatment. Enhanced DNA repair activity may limit the response of 

tumour cells to cisplatin. NER (nucleotide excision repair) pathway is the 

main DNA repair system, involved in the removal of platinum adducts. NER 

prevents the apoptosis induced by cisplatin through the activation of the 

ataxia telangiectasia mutated (ATM), which is recruited to the DNA damage 

sites (27, 28).  

Mechanisms of resistance to pemetrexed: 

¶ Impaired transport: pemetrexed is transported inside cancer cells through 

the reduced folate carrier (RFC) (29). RFC mutations have been correlated 
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with resistance by causing alterations in the binding properties of the 

transporter and the mobility of the transporter with its substrates (30,31). 

¶ Decreased expression of foly-polyglutamate synthase (FPGS): Following 

cellular uptake, pemetrexed is metabolized into a more effective 

polyglutamated form by FPGS. FPGS is an enzyme with a key role in 

maintaining intracellular folate levels, this enzyme catalyses the addition of 

glutamate moieties to folate through an ATP-dependent reaction, forming 

folypolyglutamates. High folate concentrations compete at the level of FPGS, 

causing the suppression of active antifolate polyglutamates formation. Low 

folate concentrations decrease competition at the level of FPGS, causing an 

increase in antifolate polyglutamation. Reduced accumulation of antifolate 

polyglutamate is a mechanism by which cancer cells can show resistance to 

pemetrexed (32).  

¶ Multidrug resistance proteins (MRPs): MRPs, and in particular MRP2 and 

MRP5 have been described to be involved in mediating multidrug resistance 

through the extrusion of chemotherapeutic substrates (33). Pemetrexed 

polyglutamates are good substrates for polyglutamate hydrolase, which is 

involved in the folateôs metabolism. High levels of this enzyme have been 

correlated with cellular resistance to antifolates (34).  

 

1.5. Towards personalized therapies 

MPM is a tumour characterized by high inter and intra-tumour heterogeneity at both 

molecular and morphological levels. Molecular analysis demonstrated a high 

heterogeneity between patients and in different areas within the tumour, in terms of 

different clonal composition (1). Given the high resistance of this tumour to the drugs 

approved up to now, continued research focused on identifying novel targeted 

therapies and personalized approaches is critical. 
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1.5.1. Genetic alterations 

Understanding the genetic alterations that characterize MPM is crucial for the 

development of personalized therapies. Differently from other kind of tumors, MPM 

shows a low number of recurrent mutations, in particular, three main frequent 

alterations were identified: BAP1 and NF2-Merlin mutations and CDKN2A deletion 

(1, 35). 

BAP1 (coding for BRCA-1 associated protein-1) is located at 3p21 locus and 

encodes for a deubiquitinating enzyme. BAP1 is a 90 kDa enzyme with ubiquitin 

carboxyl hydrolase (UCH) activity, characterized by the presence of the nuclear 

localization signal (NLS) site. BAP1 is responsible for the deubiquitination of 

histones and non-histone proteins, and it also exerts an important role in DNA repair, 

acting as component in the BRCA1/BARD1 complex.  

BAP1 acts through three main mechanisms: i) as member of the polycomb repressive 

deubiquitinase (PR-DUB) complex, BAP1 deubiquitinates histone H2A, causing the 

transcriptional activation of genes that regulate cell growth ii) BAP1 acts as a 

transcription co-regulator, in association with HCF-1 (host cell factor-1 ), YY1, and 

E2F and induces the transcription of genes involved in cell cycle regulation iii) and 

contributes to the process of DNA repair (36). Recent studies have described that 

BAP1 is located also in the cytosol, and in the endoplasmic reticulum (ER), where it 

modulates the stability of the IP3R3 (inositol 1,4,5-trisphosphate receptor type 3) 

channel, involved in the regulation of the passage of Ca2+ ions from ER to the 

mitochondria. Different kind of BAP1 alterations have been described, such as 

frameshifting, missense and nonsense mutations, and mutations near or at splice 

sites. Independently of the alteration mechanism, the mutations of BAP1 result into 

the lack of nuclear protein expression, due to the loss of its NLS (37). In the nucleus 

BAP1 regulates, transcription, chromatin assembling and DNA repair. The NLS is 

situated at the carboxy terminus of the protein, for this reason all truncating 
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mutations are pathogenic because causing the loss of NLS, so the protein remains in 

the cytoplasm. Since 2011, when Carbone et al. demonstrated that the lack of nuclear 

BAP1 staining is associated to MPM, the immunohistochemical analysis of BAP1 

expression is entered in the routine of almost all diagnostic laboratories. BAP1, via 

itself deubiquitylation, translocates from the cytoplasm to the nucleus; 

nonsynonymous somatic mutations in the UCH domain are pathogenic when causing 

the loss of the deubiquitylation activity. Mutations in other BAP1 portions are less 

frequently pathogenic (38). Germline BAP1 mutation is responsible for increased 

susceptibility to several malignancy, including MPM. (39). Germline BAP1 

mutations are associated with less aggressive disease than sporadic MPM. (40). 

LaFave et al. demonstrated that BAP1 inactivation sensitizes tumor cells to Enhancer 

of Zeste Homolog 2 (EZH2) inhibition, that has been demonstrated to inhibit tumor 

growth in BAP1 deficient MPM mouse models. Tazemetostat is a potent and 

selective oral EZH2 inhibitor, which in preclinical studies has shown antitumor 

activity in several kind of tumors (41). The activity and the safety of tazemetostat 

were evaluated in patients with relapsed MPM in a phase 2, open label study. The 

obtained results demonstrated that tazemetostat showed favorable tolerability and 

safety in refractory MPM patients; tazemetostat is orally bioavailable and its 

absorption was rapid (Tmax of 2h); tazemetostat is metabolized by cytochrome P450. 

At the end of the study, 2 of 61 patients had a partial response, with an overall 

response rate of 3%. One of the two patients had an ongoing partial response with a 

duration of 18 weeks without disease progression at the cutoff, while the second had 

a duration of response of 42 weeks. In the overall patient population, the disease 

control rate was 51% at week 12 and 28% at week 24. In non-epithelioid patients, 

the disease rate control was 57%. Overall, 46 of 74 patients (62%) had stable disease, 

while 22 (30%) had progressive disease. In 24 of 69 patients (35%) a reduction in 

tumor volume was observed. H3K27me3 was significantly reduced by a median of 

37% compared with baseline and was increased in two patients. Patients with 

reduced H3K27me3 reached disease control at both week 12 and 24, while patients 
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with increased H3K27me3 had disease progression by week 12. From 

immunofluorescence analysis of infiltrating immune cells, there was a significant 

decrease in the number and density of intratumor B cells upon tazemetostat 

treatment. B cells infiltrate has been associated with an immunosuppressive 

microenvironment and can also promote tumor growth in MPM patients (42).  

As I mentioned before, BRCA1-BARD-BAP1 complex is important for the 

homologous recombination (HR) mediated repair of DNA double strand breaks 

(DSBs), while PARP enzymes play a key role in DNA single strand breaks (SSBs) 

repair. It has been demonstrated that the inhibition of PARP1 causes the 

accumulation of SSBs that are converted to lethal DSBs by synthetic lethality in cells 

deficient in HR-mediated DNA DSB repair pathways. In accordance, mutations in 

BRCA genes, essential for DNA DSBs repair through the HR repair pathway, 

sensitize tumor cells to PARP inhibitors. It was hypothesized that MPM patients 

carrying germline or somatic BAP1 mutations may clinically benefit from olaparib 

(a PARP inhibitor) monotherapy (43). For this reason, MPM patients were enrolled 

on a non-randomized open-label, single arm, phase 2 clinical trial to receive olaparib. 

PARP inhibition efficacy was based on the absence or presence of germline or 

somatic mutations of BAP1. The results of the study revealed that olaparib has 

limited antitumor activity in MPM patients with a median OS of 8.7 months. 

Obtained data suggest that BAP1 is not a determinant of sensitivity to PARP 

inhibitors (44). 

Neurofibromatosis type 2 (NF2-merlin) is a tumor suppressor gene, which is often 

somatically mutated in MPM, in fact it is mutated in 30-40% of MPM patients. NF2 

gene is located at 22q12 locus and encodes for the merlin protein, which regulates 

cytoskeleton remodeling and cell signaling. Merlin is a protein with three different 

domains: i) a FERM (F for 4.1 protein, E for ezrin, R for radixin, and M for moesin) 

domain at the N-terminus ii) an alpha helical domain and iii) a C-terminal domain. 

Merlin regulates cell survival and cell proliferation through the binding with F-actin 
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and other intracellular effectors, including cell adhesion molecules and receptor 

tyrosine kinases (RTKs), that downregulate molecules associated with the 

intracellular signal transduction such as phosphoinositide 3-kinase (PI3K)/Akt, and 

mammalian target of rapamycin (mTOR) pathway. NF2 mutations are more frequent 

in sarcomatoid rather than epithelioid MPMs and are associated with a more 

aggressive phenotype. Germline mutations of NF2 are not mutations that predispose 

to the development of familiar MPM as in the case of BAP1. 

In addition, NF2 regulates the Hippo pathway, which is considered one of the 

promising targets for patients with MPM.  The Hippo pathway is involved in several 

physiological processes, including cell proliferation, cell differentiation, tissue 

regeneration, embryogenesis, and wound healing (45). The transcriptional enhanced 

associate domain (TEAD) family of proteins are transcription factors in the Hippo 

signaling pathway and have a key role in migration, proliferation, angiogenesis, and 

apoptosis. There is an ongoing study to evaluate the safety and tolerability of IK-

930, an oral TEAD inhibitor, that targets the Hippo pathway in patients with 

advanced solid tumors, including MPM. The phase 1 study evaluates the safety and 

tolerability of IK-930 as monotherapy. Participants are adults with advanced and 

metastatic solid tumors for whom there is no therapy known to confer clinical 

benefit. For this study there are no published results yet (NCT05228015). 

 

1.5.2. A focus on CDKN2A 

The CDKN2A gene, due to an alternative splicing, encodes two proteins, p16ink4a and 

p14arf. Both p16ink4a and p14arf  have key role in tumor suppression through their 

function in the cell cycle regulation. The deletion of the 9p21 locus, which contains 

CDKN2A, is a common genetic alteration in MPM. 
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p14arf is responsible for the blockade of the G1 and G2 phases of the cell cycle by 

indirectly activating p53. p14arf mainly accumulates in the nucleolus, where forms 

complexes with MDM2 (mouse double minute 2). p14arf has a key role in the p53 

pathway, because causes the block, in the nucleolus, of Mdm2 and p53 cannot be 

degraded. p14arf-mdm2 interactions allow p14arf to act as tumor suppressor through 

the block of Mdm2, which has a main role in transporting p53 into the cytoplasm for 

degradation. (46). 

p16ink4a acts as a negative cell cycle regulator via inhibitions of the cyclin D-

dependent kinases 4 and 6 (CDK4 and CDK6). p16ink4a binds CDK4/CDK6 inducing 

the change of their allosteric conformation, and inhibiting the complex formation 

between CDK4/6 and cyclin D.  The absence of the complex keeps the 

retinoblastoma protein (Rb) in its hypo-phosphorylated and growth suppressive state 

and causes the G1 phase cell cycle arrest via the formation of the Rb/E2Fs-repressive 

complex (16). In 2020, Marshall and colleagues reported that 60% of MPMs (they 

analyzed 216 MPM samples) carry a homozygous deletion of CDKN2A and can be 

accurately reliably and efficiently identified by FISH (Fluorescence in situ 

Hybridization) test, which is widely used as a molecular diagnostic tool in MPM. In 

MPM and other tumors, including pancreatic cancer, melanoma, glioblastoma 

multiforme, lung cancer, and neck and head cell carcinoma (36), it has been 

described that epigenetic regulations of CDKN2A expression can occur. CDKN2A 

expression is epigenetically regulated by DNA promoter methylation and via 

polycomb group (PcG) proteins (47, 48). PRC2 (Polycomb repressive complex 2) 

consists of 3 subunits: EEd (embryonic ectoderm development), Suz12 (suppressor 

of zeste 12 homolog) and EZH2 responsible of the histone methyltransferase activity. 

PRC2 is responsible of the CDKN2A repression, via histone H3K27 trimethylation.  

As demonstrated in the literature p16ink4a is a tumor suppressor gene and its deletion 

is associated with shorter overall survival of MPM patients; for this reason, it has 

been supposed that the epigenetic re-expression of p16ink4a may have an important 
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role in improving patient survival.  In vitro, it has been demonstrated that treatment 

of p16ink4a negative MPM cells with abemaciclib (CDK4/6 inhibitor) significantly 

decreased cell proliferation, causing the induction of G1 cell cycle arrest, and 

increasing cell senescence in MPM cells (50). To confirm this hypothesis, a 

multicenter phase 2 clinical trial, named MIST2 (NCT03654833), has been designed 

stratifying MPM patients according to p16ink4a expression status.  In this study the 

week 12 landmark was used in order to establish a threshold for drug activity, and it 

has been usually used as a primary endpoint in phase 2 studies in MPM patients. The 

study revealed that disease control at week 12 was observed in 14 of 26 patients 

(54%), and at week 24 in six patients (23%).  Partial response was observed within 

week 24 from the beginning of the treatment in 4 of 26 patients (15%), and one 

patient had partial response at week 12. At week 12, 2 of 26 patients (8%) had 

progressive disease. The median progression free survival was 128 days and median 

overall survival was 217 days. In summary, this study revealed that abemaciclib has 

promising clinical activity in p16ink4A-negative MPM patients who were treated 

before with chemotherapy. (51).  

 

 

 

Figure 5 BAP1, CDKN2A and NF2 genomic landscape in MPM. (A) BAP1, CDKN2A, and NF2 somatic 

mutations in MPMs. (B) Schematic illustration of the pathways mediated by these tumor suppressors. doi: 

10.3389/fonc.2020.57946 
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1.6. The MPM microenvironment 

Tumor microenvironment (TME) has an important role in MPM development, 

progression, and response to therapy.  MPM TME is characterized by the presence 

of the extracellular matrix, non-immune and immune cells, and the soluble mediators 

released by the different cells (52).   

 

Macrophages play a key role both in early tumor-promoting inflammation in asbestos 

fibers response and at the advanced stage of MPM in immunosuppression. In MPM, 

the most abundant population of immune cells are Tumor-associated macrophages 

(TAMs), that are recruited by CCL2. CCL2 is a chemotactic factor, which is 

produced abundantly by mesothelial cells after asbestos exposure. CD68, that is a 

pan-marker of macrophages, was correlated with poor prognosis in non-epithelioid 

MPMs. TAMs are divided into activated (M1) macrophages, characterized by anti-

tumorigenic activity, and (M2) macrophages, characterized by pro-tumorigenic 

 

 

Figure 6.  Graphical representation of MPM tumor microenvironment. doi: 10.3390/cancers13112564. 
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activity. M2 differentiation is regulated by several interleukins, such as IL-4, IL-13, 

and IL-10, which are produced by tumor infiltrating lymphocytes (TILs) (53). In 

MPM M2 markers, such as CD163 and CD206, are upregulated, suggesting a shift 

of polarized activation toward the immunosuppressive program (M2), accordingly, 

in MPM specimens a positive association between immunosuppressive Tregs and 

stromal CD68+ macrophages were observed. MPM pleural effusions are enriched in 

molecules, like macrophage colony stimulating factor (M-CSF), transforming 

growth factor ɓ (TGF- ɓ) and prostaglandin E2 (PGE2), PGE2 are released by tumor 

cells and drive immunosuppressive differentiation of macrophages in vitro.  

Polymorphonuclear (PMN) and monocytic myeloid-derived suppressor cells 

(MDSC) account for less than 10% of MPM immune infiltrate and play several 

tumor-promoting activities, which negatively influence MPM outcome. They both 

play important immunosuppressive activities; in fact, they are involved in the 

inhibition of proliferation and cytotoxic activity of human T lymphocytes. Two 

MDSC populations have been described in MPM TME: the granulocytic like 

subtype, which express CD15high/CD33low and the monocytic like subtype, which 

express CD15low/CD33high. The granulocytic subtype is recruited by the tumor 

through G-CSF and GM-CSF, with the consequent differentiation into an 

immunosuppressive phenotype. In MPM, the proliferation of CD8+T cells is 

inhibited by MDSCs, through the secretion of immunosuppressive molecules.  The 

increased tumor infiltrating MDSCs significantly decrease the overall survival in 

MPMs. 

Dendritic cells (DC), that have an important role in inducing an antigen-specific 

immune response, are reduced in number and in migratory and antigen presentation 

capability. DCs maintain IL-12 expression, and produce anti-inflammatory and pro-

angiogenic factors, like vascular endothelial growth factor (VEGF) and IL-10 (54).  
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Neutrophils originate from the myeloid lineage and are the most abundant leukocytes 

present in the immune system. They are the first responders to inflammation and 

capture invading microorganisms through degranulation, phagocytosis, and 

formation of neutrophil extracellular traps (NETs). Neutrophils exert an important 

role in cancer progression, through several mechanisms, such as promoting 

angiogenesis, immunosuppression, and cancer metastasis. Recent studies 

demonstrated that neutrophils have a key role in the tumor microenvironment (55). 

Tumor associated neutrophils (TAN), as macrophages, display a high plasticity and 

can have a dual function, in fact, they can be part of tumor-promoting inflammation 

or, on the other hand, mediate antitumor responses.  A recent study demonstrated that 

neutrophils could infiltrate MPM multicellular spheroids (MCS) in vitro. They also 

demonstrate that neutrophils recruited inside MCS undergo NETosis, but the 

phenotype and the effect of neutrophil recruited inside MCS must be further 

investigated (56). 

Programmed death ligand 1 (PDL-1) and cytotoxic T lymphocyte associated antigen 

4 (CTLA4) are considered as key regulators of tumor immune evasion by acting as 

immunosuppressors.  PDL-1 is an immune checkpoint receptor present on activated 

T cells. Investigation of checkpoint molecules expression showed that PDL-1 is 

associated with shorter overall survival, and that non epithelioid tumors exhibit 

higher PDL-1 levels than epithelioid tumors. In different kinds of solid tumors, PDL-

1 expression correlates with higher response rate to programmed cell death protein 

1 (PD-1) and PDL-1 blocking antibodies; in fact, it is usually used as a prognostic 

biomarker to check response to immunotherapy (57). 

Tumor stroma of MPM is mostly composed by i) fibrocytes, that are characterized 

by spindle-shaped nuclei, they derive from DC or macrophages and ii) cancer -

associated fibroblasts (CAFs) or activated fibroblasts are the major component of the 

MPM microenvironment. CAFs are recruited and activated by MPM via fibroblasts 

growth factor-2 (FGF-2) and platelet derived growth factor-AA (PDGF-AA), and 
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they have an important role in tumor growth and collagen release by remodeling of 

the extracellular matrix (58). In recent studies, fibroblasts growth factor receptor 

(FGFR) signaling has been demonstrated to be important, both in cancer 

pathogenesis and as a possible therapeutic target. FGFR1 and 2 are co-expressed in 

MPM cell lines, and their expression is significantly correlated with sensitivity to the 

inhibitor of FGFR tyrosine kinase (59). Inhibition of FGF release, causes a reduction 

in MPM cell proliferation and reduces tumor growth in xenografts. The phase II 

clinical trial with FGFR 1 and 3 inhibitors demonstrated that they were not 

efficacious in MPM patients, who had progressed after first-line treatment with 

cisplatin-based chemotherapy (60, 61). CAFs exert pro-tumorigenic effects by 

secreting a wide variety of growth factors which promote cell invasion and 

proliferation. TGF-ɓ, IL6, and CCL2 synthesized by CAFs were found in MPM 

patientsô pleural effusions, where they contribute to the immunosuppressive cell 

recruitment (62). 

 

2. Aldehyde dehydrogenase 1A3 (ALDH1A3) 

Aldehyde dehydrogenase 1A3 (ALDH1A3) is a member of the enzymatic family of 

aldehyde dehydrogenases (ALDHs) composed of 19 different isoforms, and it is 

encoded by the ALDH1A3 gene located on the 15q26.3 chromosome. ALDH1A3 is 

a NAD+ (Nicotinamide adenine dinucleotide) or NADP (Nicotinamide adenine 

dinucleotide phosphate) dependent enzyme, involved in the irreversible 

detoxification of a wide spectrum of endogenous and exogenous aldehydes into the 

corresponding carboxylic acid. Endogenous aldehydes derive from the metabolism 

of amino acids, lipids, vitamins, biogenic amines, or steroids; while exogenous 

aldehydes derive from both harmful substances present in the environment, such as 

cigarette smoke, and from the metabolism of some drugs (63). 



INTRODUCTION 

оп 
 

ALDH1A3, with the isoforms ALDH1A1 and ALDH1A2, belongs to the ALDH1A 

subfamily of ALDH. ALDH1A subfamily has an important role in the control of 

retinoic acid (RA) synthesis. RA regulates several functions, both at physiological 

level, such as embryogenesis and organogenesis, and at pathological level, such as 

tumor cell proliferation and resistance to chemotherapy (64). 

 

 

 

 

 

 

 

 

2.1.  ALDH1A3 detoxification role 

ALDH1A3 is involved in the detoxification of toxic aldehydes, which originate from 

some metabolic processes including lipid peroxidation (LPO). During LPO, oxidant 

molecules, such as non-radical and free radical species, bind lipids containing 

carbon-carbon double bonds, in particular polyunsaturated fatty acids (PUFAs), 

causing hydrogen abstraction from a carbon, with the consequent oxygen insertion, 

resulting in lipid peroxyl-radicals and hydroperoxides formation. 

A wide variety of toxic aldehydes are formed as secondary products during LPO 

including: propanal, malondialdehyde (MDA), 4-hydroxynonenal (4-HNE), and 

CƛƎǳǊŜ тΦ Schematic illustration of the catalytic activity of ALDHs. doi: 

10.1016/j.cbi.2012.10.026 
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hexanal. MDA is the most mutagenic product of lipid peroxidation, while 4-HNE is 

the most toxic one (65). 

4-HNE is a highly reactive compound with a particular chemical structure composed 

by three functional groups: C2=C3 double bond, a C=O carbonyl group and a 

hydroxyl group on C4. This characteristic makes 4-HNE highly reactive toward 

nucleophilic thiol and amino groups. The reaction of the 4-HNE with proteins occurs 

via two reactions: i) through the addition of the aldehydic group to an amino group 

of the protein (Schiffôs reaction) and ii) through Michael addition to a nucleophile 

by the active C=C double bond. Because of its high toxicity 4-HNE is quickly 

metabolized by three different enzymes: GST (glutathione-S-transferases (GST), 

alcohol dehydrogenases (ADH) and aldehyde dehydrogenases including ALDH1A3. 

If not metabolized, 4-HNE can react with several macromolecules, including 

proteins, particularly those that contain cysteine, histidine and lysine residues, lipids 

with an amino group, and with nucleic acids, in particular with the guanosine moiety 

of DNA. 4-HNE-protein adductions exert an important role in cancer initiation and 

progression, metabolic reprogramming, and cell death (66, 67). 

MDA is produced through the peroxidation of membrane polyunsaturated fatty acids, 

and its detection is used as indicator of LPO. MDA forms adducts, that can be 

involved in deleterious reactions, including intra-intermolecular protein/DNA 

crosslinking, which accumulate and induce significant alteration. MDA can 

spontaneously degrade, and form acetaldehyde (AA). MDA and AA can interact, 

forming the stable hybrid malondialdehyde-acetaldehyde adduct (MAA) on 

macromolecules, including proteins. MAA-adduct proteins are immunogenic and 

can start an inflammatory response (68). 
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2.2. Conversion of retinaldehyde to retinoic acid by ALDH1A3 

ALDH1A3 is the main enzyme involved in the oxidation of all-trans retinal to RA 

(Retinoic Acid), in fact the catalytic activity of ALDH1A3 is 10-fold higher than the 

activity of ALDH1A1. RA works using two kinds of retinoid receptors, RXRs and 

RARs, which belong to the nuclear hormone receptor family. The product of the 

ALDH1A3 metabolism includes both 9-cis-RA and all-trans-RA; 9-cis-RA has a 

high affinity for RXR receptors, while all-trans-RA has a high affinity for RAR 

receptors. RAR and RXR bind specific regulatory regions, called RARE (Retinoic 

acid Responsive element), resulting in the formation of 9-cis-RA/RXR/RAR/all-

trans-RA tetramer, causing the modulation of the genic transcription (69). 

 

 

2.3. ALDH1A3 expression and its role in solid tumors 

ALDH1A3 is found to be often over-expressed in several malignancies, including 

glioblastoma and MPM, while it is not expressed in the respective non-tumor tissue. 

 

 

Figure 8.  Retinoic acid signaling pathway. doi: 10.1242/dev.065938 
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ALDH1A3 high expression is correlated with poor prognosis in breast cancer, 

glioblastoma, neuroblastoma, gastric and pancreatic cancers, colon cancer, gall 

bladder and intrahepatic cholangiocarcinoma cancers and malignant pleural 

mesothelioma. Its expression is associated to a more aggressive and invasive 

phenotype of tumor cells (70). 

 

2.3.1. ALDH1A3 is a marker of Cancer Stem Cells 

ALDH1A3 is highly expressed in the Cancer Stem Cell (CSC) population, a 

subpopulation of cells within the tumor, which exhibits high capacity of self-renewal, 

proliferation, and drug resistance. Chemotherapy usually eliminates most of non-

CSCs, while CSCs remain, leading the tumor to relapse and metastasize. For this 

reason, targeting CSCs could be a potent strategy to overcome drug resistance and 

increase the efficacy of cancer treatments. Due to its high expression in CSCs, 

ALDH1A3 is an established marker used for their identification and isolation (71). 

The increased activity of ALDH, detected by the ALDEFLUOR assay, is a method 

to identify the CSC population. The ALDEFLUOR assay quantifies the conversion 

of the ALDHsô substrate, (BODIPY) amino acetaldehyde (BAAA) into the 

fluorescent reaction product (BIODIPY) aminoacetate (BAA) (72). 

 

 

Figure 9. Scheme of ALDEFLUOR assay.  doi: 10.18632/oncotarget.6920. 
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For example, in breast cancer, knockdown of the19 ALDH isoforms showed that the 

ALDH1A3 is the main isoform contributing to ALDEFLUOR activity of breast 

cancer cells. High ALDH1A3 has been described in other kinds of tumors, including 

non-small cell lung cancer, glioblastoma, and colon cancer (73, 74).   

 

2.3.2. ALDH1A3 promotes tumor progression 

ALDH1A3 has an important role in cancer progression, likely via effects on 

migration, proliferation clonogenicity and resistance to apoptosis. Tumor cells 

present an altered metabolism to satisfy the large energy demand necessary for 

massive neoplastic growth. Tumor cells, even in the presence of oxygen, prefer to 

use adenosine triphosphate (ATP) to generate ATP dependent glycolysis, 

transforming most of the glucose into lactate (Warburg effect). It has been widely 

demonstrated that ALDH1A3 has a key role in this metabolic reprogramming. Nie 

et al., described that ALDH1A3 has a key role in accelerating pancreatic cancer 

metastasis by promoting glucose metabolism. They described that ALDH1A3 

activates PI3K/AKT/mTOR pathway by cross talking with the transcription factor 

peroxisome proliferator-activated receptor gamma (PPARɔ). Pi3K/AKT/mTOR 

pathway promotes the activity of hexokinase in driving glycolysis, suggesting that 

targeting ALDH1A3 may be a new approach for pancreatic cancer treatment. In 

melanoma, gastric cancer, and non-small cell lung cancer, ALDH1A3 inhibition 

reduces tumor growth (70, 75). 

 

2.3.3. The role of ALDH1A3 in drug resistance 

ALDH1A3 is highly expressed in chemo-resistant cancer cells, and it confers 

resistance to some chemotherapeutics agents, such as paclitaxel, doxorubicin, 

temozolomide, docetaxel, 5-fluorouracil, cisplatin and oxaliplatin in several solid 
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tumors (76, 77). ALDH1A3-mediated chemoresistance is not due to ALDH1A3 

mediated drug inactivation, but an indirect mechanism in which ALDH1A3 induces 

gene expression changes that result in chemoresistance (70). For example, in prostate 

cancer, the increased expression of ALDH1A3 activates the PI3K/AKT/mTOR 

signaling pathway, which confers a survival advantage and decreases their sensitivity 

to docetaxel (78).  EGFR upregulation, with the consequent activation of the signal 

transducer and activator of transcription 3 (STAT3) and extracellular signal-regulated 

kinases (Erk) pathways increases the expression of ALDH1A3, resulting in the 

resistance to gemcitabine in cholangiocarcinoma (79). In gastric cancer, ALDH1A3 

is responsible for cisplatin and 5-fluorouracil resistance in association with the 

histone demethylase 4C (KDM4C) (80).  

 

2.3.4. A focus on ALDH1A3 in MPM 

Canino et al. have recently demonstrated that treatment of MPM cells with 

pemetrexed plus cisplatin triggers the emergence of subpopulations of cells 

presenting high chemoresistance, high levels of ALDH1A3 activity and 

mesenchymal traits (ALDHbright cells). In this study, they demonstrated that a 

pSTAT3-NFkB complex is necessary for the repression of DDIT3 mRNA levels, 

causing high levels of CEBP (CAAT/Enhancer Binding Protein)-dependent 

ALDH1A3 promoter activity. They observed that treatment of MPM cells with 

butein, an inhibitor of STAT3 phosphorylation, interfered with the STAT3-NFkB 

complex stability and was associated with reduced chemoresistance in vitro and in 

vivo. Phosphorylation allows the STAT3 dimerization and its consequent 

translocation within the nucleus, where STAT3 binds NF-kB to form a complex. 

STAT3-NFkB complex supports oncogenic activity and the consequent activation of 

CEBPs. In summary they demonstrated, by combining in vitro and in vivo studies, 

that a STAT3-NFkB-dependant repression of DDIT3 expression ensured high levels 
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of CEBP-dependent ALDH1A3 expression, modulating the resistance and survival 

of the ALDHbright cells to cisplatin and pemetrexed treatment in vitro and in vivo. 

They described that DDIT3 repression can represent a specific mechanism of 

resistance to therapy that can be targeted in vivo by butein (81). 

 

 

 

 

 

 

 

 

 

 

Based on these results, Cioce et al. evaluated the possibility that ALDH1A3 mRNA 

expression may be used to stratify MPM patients. The analysis of 84 MPM patients 

in the TGCA database revealed that high expression of ALDH1A3 correlates with 

low overall survival of MPM patients, confirming that ALDH1A3 expression may 

stratify patients according to their overall survival OS (82).   

 

2.4. ALDH1A3 selective inhibitors 

Several ALDH inhibitors have been developed among them: citral, 4-amino-4-

methyl-2-pentyne-1-al, disulfiram and DEAB. These inhibitors block the activity of 

 

Figure 10. Kaplan-Meier plot from TGCA MPM samples 

(n=84) showing stratification of MPM patients based on 

their OS. doi: 10.3390/ijms222112071 

https://www.sciencedirect.com/topics/medicine-and-dentistry/citral
https://www.sciencedirect.com/topics/medicine-and-dentistry/disulfiram
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all ALDH1 members, and their application may lead to potential side effects due to 

the multiple functions of the distinct ALDHôs members. Increased ALDH expression 

and activity have been described in various human cancers and associate with cancer 

relapse (83). Therefore, the exploration of selective inhibitors for each ALDH family 

member is of utmost importance. As previously described, the high expression of 

ALDH1A3 is correlated with chemoresistance and poor prognosis in several solid 

tumors; therefore, the targeted inhibition of this enzyme can represent a new 

therapeutic strategy for tumor treatment. The major challenge for the development 

of selective inhibitors for each ALDH isoform is the high sequence homology. There 

is, in fact, more than 40% sequence identity among the 19 isoenzymes of the ALDH 

family and more than 60% of sequence homology among the members of each 

subfamily. ALDH1A1, ALDH1A2 and ALDH1A3 share more than 70% of sequence 

homology, ALDH1A3 shares 71% and 72% of amino acid identity with ALDH1A1 

and ALDH1A2 respectively. For this reason, it is very challenging to synthesize a 

highly selective and potent ALDH1A3 inhibitor (84).  

To date, only few ALDH1A3 selective inhibitors have been reported: 

1. MCI-INI3 is a full competitive ALDH1A3 inhibitor. Structural data revealed 

that MCI-INI3 phenyl group creates a ́- ́  stacking interaction with F308, 

while the carboxyl group formed a hydrogen bond with T315. The 1,3-

benzodioxol-5-yl group is in the enzyme hydrophobic pocket formed with 

E135, R139, T140, W189, L471, and L489, and corresponds to the 

retinaldehyde binding pocket. Moreover, the complex is stabilized by two 

weak hydrogen bonds between W189 and T140 and MCI-INI3 stabilized the 

complex. The crystal structure of ALDH1A1 and MCI-INI3 demonstrated 

that ALDH1A1 didnôt show any hydrogen donor residue to match MCI-INI3 

carboxyl group. T315 in ALDH1A3 is substituted by I304 in ALDH1A1, 

which penalizes the binding of MCI-INI3 to ALDH1A1. The 1,3-

benzodioxol-5-yl group, present in the hydrophobic pocket of ALDH1A3 
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enzyme, were blocked with M124 and F292 in ALDH2. The two 

hydrophobic pockets, present in the ALDH1A2, are buried by Y65and W233, 

respectively. The two hydrophobic pockets and T315 near the access tunnel 

of the enzyme is the structural basis for the inhibitor selectivity for 

ALDH1A3 over other ALDHs. The analysis of MCI-INI3-ALDH1A3 crystal 

structure, demonstrated that MCI-INI3 binds the enzyme in the active site, 

overlapping the ALDH1A3 retinaldehyde binding pocket, which extends 

from the protein surface to the catalytic C314 that explains the competitive 

behavior of MCI-INI3. The effect of MCI-INI-3 activity was tested in vitro 

on MES subtype of GSCs. To test MCI-INI-3 effect on RA production, cells 

were treated with retinoids in presence of the ALDH1A3 specific inhibitor 

(15ɛM). The results demonstrated that ALDH1A3 inhibition caused a 

significant decrease in RA biosynthesis in glioma stem cells (85). 

 

 

!ύ                                                                  .ύ 

 

 

Figure 11. A) MCI-INI3 chemical structure. doi: 10.1080/14756366.2023.2166035 B) Selective 
ALDH1A3 inhibitory by in silico screening of the crystal structure of ALDH1A1, ALDH1A2 and 

ALDH1A3with MCI-INI3. doi: 10.1021/acs.jmedchem.9b01910 

https://doi.org/10.1080%2F14756366.2023.2166035
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2. YD1701 is a selective ALDH1A3 inhibitor. It exhibits a strong interaction 

with ALDA1A3 and has a selective inhibitory effect on it compared with the 

other ALDH1A members, in fact, YD1701 canôt form any protein-ligand 

interactions with ALDH1A1 and ALDH1A2 proteins. The enzymatic activity 

of the inhibitor revealed a high affinity between YD1701 and ALDH1A3 

(Km= 0,78 ɛM). The inhibitory effect of YD1701 was tested in vitro on 

human colorectal cancer cells, while the YD1701 therapeutic potential was 

tested in vivo, in a xenograft mouse model. The results demonstrated that 

YD1701 attenuated the CRC HCT116 cell invasion in vitro and, prolonged 

the survival of mice (86). 

 

 

 

 

3. NR6 is a selective ALDH1A3 inhibitor, which binds ALDH1A3 at the 

catalytic tunnel entrance, while there are no direct interactions between the 

ligand and the catalytic cysteine. NR6 derived from GA11, a molecule 

derived from daidzein. In NR6, differently from GA11, the phenyl group has 

been decorated with the cyanide group that blocks NR6 in a rigid and 

conserved pose. Thanks to an edge-to-face -́ ́  staking interaction, Y472 

residue strongly binds and coordinates NR6 pyridinic ring. A hydrogen bond, 

present between theY472 residue -OH group and the N1 of NR6, stabilized 

the interaction described before. It is important to underline that the Y472 

residue is not conserved in the ALDH1A1 and ALDH1A2 isoforms. Y272 

residues are substituted with a S461 and N478, in ALDH1A1 and ALDH1A2 

Figure 12. Chemical structure of YD1701. DOI: 10.1080/13543776.2023.2287515 
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respectively. The cyanide group presence in NR6 is crucial because favors 

the distinct orientation of NR6 compared to Y472, determining high 

selectivity towards ALDH1A3. The inhibitory efficacy of NR6 was tested in 

vitro, using ALDH1A3-expressing colorectal HCT116 and human 

glioblastoma U87 cells. Cells were treated for 72h at the concentration of 1 

ɛM; the results obtained, demonstrated that NR6 can inhibit selectively the 

ALDH1A3 in both cells, and induce apoptotic death. (84) 

 

A)                                                   B) 

 

 

      C) 

 

 

Figure 13. A) NR6 chemical structure. doi: 10.1080/14756366.2023.2166035 B) Structural superimposition 

between ALDH1A1, ALDH1A2, ALDH1A3 and NR6.  C) NR6-ALDH1As complexes kinetic characterization 

demonstrates that NR6 is characterized by higher affinity and a lower IC50 for the ALDH1A3 isoform.  doi: 

10.3390/cancers13020356 

https://doi.org/10.1080%2F14756366.2023.2166035
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ABMM15 and ABMM16: are selective ALDH1A3 inhibitors, based on a benzyloxy 

benzaldehyde scaffold. Both the compounds are characterized by the presence of 

methyloxy (-CH2O-) group as linker between the two benzene rings, which has a 

key role on the inhibitory activity of ALDH1A3. The efficacy of the compounds was 

tested on A549 (ALDH positive cells), and H1299 (ALDH negative cells). The 

results obtained demonstrated that the compounds have an IC50 values of 0,23 and 

1,29 uM respectively, results also showed no significant cytotoxicity on either cell 

lines (87)Φ 

A)                                                             B) 

 

 

3. Outline of the thesis 

The aim of my PhD project was the identification of new therapeutics targets in 

MPM, a rare and aggressive malignancy which originates from mesothelial cells. My 

PhD tutor, Prof. Pinton Giulia has a wide experience in the field of MPM and for 

many years has been involved in studies aimed to evaluate MPM drug resistance and 

find novel targets for more personalized therapies. My PhD co-tutor, Prof. 

Garavaglia Silvia, has a wide experience in the field of the biochemistry, 

enzymology, and homeostasis of NAD(P)and more recently has focused her research 

on the study of ALDH1A subfamily structures. ALDH1A subfamily is part of a 

family of 19 isoenzymes that exert a protective role against oxidative stress and 

Figure 14. Chemical structure of A) ABMM15 and B) ABMM16 

.doi: 10.1080/14756366.2023.2166035 
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reactive oxygen species.  ALDHs are involved in the detoxification of toxic 

aldehydes through a NADP dependent reaction that converts toxic aldehydes into 

corresponding carboxylic acid. During my PhD project, I focused the attention on 

the role of ALDH1A3 that has been described to be highly expressed in different 

solid tumors, and promote tumor growth, metastasis and chemoresistance. It has been 

recently described that ALDH1A3 is highly expressed in MPM, and that ALDH1A3 

expression stratifies patients according to their overall survival. During my PhD I 

characterized the ALDH1A3 expression and role in different MPM derived cell lines 

cultured as multicellular spheroids (MCSs). The MCS is an in vitro 3D culture 

model, characterized by the presence of proliferating cells in the oxygenated corona 

and non-proliferating cells in the hypoxic core, which more closely model to an a-

vascularized tumor in vivo.  The ALDH1A3 expression was investigated in H2596, 

MSTO-211H and REN MPM cells, which are derived from sarcomatoid, biphasic 

and epithelioid MPMs, respectively. We described that ALDH1A3 is highly 

expressed in MSTO-211H and H2596 MCSs while it is not expressed in REN MCSs. 

We also demonstrated that NP2, mesothelial cells, do not express ALDH1A3. For 

this reason, for our experiments, we choose to use as cellular models MSTO-211H 

and H2596 cells.   To study the role of ALDH1A3 we used NR6, which is a potent 

and selective inhibitor of ALDH1A3 that was synthetized and characterized by Prof. 

La Motta Concettina (Department of Pharmacy, University of Pisa) and Prof. 

Garavaglia Silvia. We demonstrated that the inhibition of the ALDH1A3 activity, in 

MSTO-211H MCSs, caused the accumulation of toxic aldehydes; we observed that 

NR6 treatment induced DNA damage, as demonstrated by the increase of the 

expression of ɔH2AX. We observed that NR6 treatment induced a cell growth arrest 

and a state of senescence with increased expression of CDKN2A. We also observed 

that in MSTO-211H cells, NR6 treatment causes an increase in IL-6 expression, but 

conversely diminished CXCL8 expression and IL-8 release, with the consequent 

prevention of both neutrophil recruitment and NETs generation. We demonstrated in 

this study that CDKN2A has a crucial role in the response of MPM cells to NR6 
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treatment. NR6 induces a state of senescence in CDKN2A positive cells, while it 

induces apoptosis in CDKN2A silenced or homozygously deleted cells. The results 

of his study were published in 2023 in International Journal of Molecular Sciences.  

As stated above cisplatin is used as chemotherapeutic agent for several malignancies, 

including MPM. However, the clinical use of cisplatin is limited by side effects and 

acquired resistance. One of the mechanisms of cisplatin resistance is the enhanced 

DNA repair activity that can limit tumor cell response to cisplatin. With the hope to 

improve the therapeutic efficacy of cisplatin in MPM patients, during my PhD, I had 

the opportunity to collaborate with the group of Prof. Ravera Mauro, at the 

Department of Science and Technological Innovation, University of Piemonte 

Orientale, Alessandria. In 2021, we published a research article about the synthesis 

and efficacy of four cisplatin-based Pt(IV) prodrugs with the PARPi 3-

aminobenzamide (3-ABA) moiety. In this study, we demonstrated that the 

conjugation of PARPi to the Pt(IV) can be useful to develop new metal-based anti-

cancer complexes, as possible drug candidates for MPM therapy. Complexes 6-9 

were obtained from square planar Pt (II) based drugs through the addition of two 

axial ligands via chemical oxidation. These complexes behave as prodrugs because 

they are reduced in the hypoxic tumor microenvironment and deliver the cytotoxic 

cisplatin metabolite and the two axial ligands, which consist of one or two molecules 

of a biologically inactive moiety (L) or of another drug (D). In this case, complexes 

present a PARP inhibitor (3-ABA) in the axial position D. The delivered cisplatin 

causes its cytotoxic effect through the formation of DNA adducts, while PARP 

inhibitor block DNA repair, resulting in an accumulation of DNA damages and 

induction of pro-apoptotic signals. 
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Complexes 6-9 differ in the length of the (CH2) n arm, which links the carboxylate 

functionality anchored to the Pt (IV) core and the terminal 3-ABA moiety. Acetate 

ligand was used for the second axial position of Pt (IV), with the aim of conferring 

higher stability. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Activation by reduction of cisplatin -based Pt(IV) prodrug. 

DOI: 10.3390/molecules26164740 

 

Scheme 2. Pathways for the synthesis of the compound 6-9. 
DOI: 10.3390/molecules26164740 
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The effects of compounds 6 to 9 on PARP-1 expression were evaluated on MSTO-

211H cells, that were treated with equitoxic concentrations of compounds for 72 

hours, and the obtained results revealed that treatment with compound 6 resulted in 

downregulated PARP1 expression. For this reason, the effect of the compound 6 on 

PARP-1 activity was evaluated on MSTO-211H cells. Cells were treated with 

compound 6, CDDP, and 3-ABA alone or in combination. The obtained results 

revealed that compound 6 induced PARP-1 cleavage, suggesting the induction of 

apoptotic death of MSTO cells, while CDDP induced PARP-1 activation. We also 

observed an increased number of H2AX foci, suggestive of increased DNA damage, 

in the cells treated with compound 6. The obtained results were also confirmed in 

MSTO-211H MCSs, where apoptosis was evinced by changes in spheroid 

morphology, PARP-1 cleavage, and induction of the pro-apoptotic genes BCL2L11 

and PUMA. To confirm that PARP-1 is a target of compound 6, a thermal shift assay 

was employed. In summary we demonstrated that complex 6, which is the most 

promising conjugate, was more effective if compared to cisplatin or cisplatin/3-ABA 

combination, in inhibiting the activity of PARP-1 and inducing apoptotic death in 

MPM cells, cultured as monolayer or as MCSs. 

During my PhD, I got also involved in writing a review, entitled ñEpigenetic Insights 

on PARP-1 activity in Cancer Therapyò. The review is centered on histones and 

DNA/histone epigenetic machinery, which are direct targets of PARP-1 activity 

through covalent and non-covalent PARylation. 
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