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Abstract

Malignant pleural mesothelioma (MPM) is an aggressive malignancy of the
pleura, characterized by poor prognosis. The current therapeutic actions against
this disease are limited due to the late stage at which most patients are diagnosed
and to the intrinsic chemo-resistance of the tumor. Currently, the recommended
systemic therapy for MPM is cisplatin/pemetrexed. Following the results of the
CheckMate 743 study, the combination of nivolumab with ipilimumab has been
recently approved by FDA as first line treatment in patients with unresectable
MPM. However, the prognosis remains poor with a mean overall survival of about
12-14 months for patients treated with chemotherapy and around 18 months for
those treated with immunotherapy. Therefore, novel therapeutic approaches are
urgently needed. Carcinogenesis of MPM is predominantly associated with loss
of CDKN2A/ARF, a tumor suppressor gene encoding for the cell cycle inhibitors
p16'NK4a and p14ARF. In particular, p16'N%4a by inhibiting the CDK4/6-cyclin D1
complex prevents Rb release from the E2F transcription factor. Therefore,
CDKNZ2A/ARF loss drives cell cycle progression through the upregulation of the
Rb/E2F/myc pathway.

This study aims to investigate new therapeutic approaches for the treatment of
MPM, based on targeted therapy with CDK4/6 inhibitors (palbociclib and
abemaciclib). First of all, this study investigates the effects of the CDK4/6 inhibitor
palbociclib in association with PI3K inhibitors (NVP-BEZ235 or NVP-BYL719) on
glucose metabolism in human MPM cell lines. In this case, palbociclib combined
with PI3K inhibitors (NVP-BEZ235 or NVP-BYL719) significantly reduces both
glycolytic activity and mitochondrial respiration compared to the treatments with

drugs used alone in MPM cell lines. Moreover, the combined treatment
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(palbociclib in association with NVP-BEZ235 or NVP-BYL719) prevents the
glucose consumption in both normoxia and hypoxia. In addition, a strong
reduction of glucose uptake is observed in MPM cells treated with palbociclib
combined with NVP-BEZ235 in hypoxia. In fact, the expression of GLUT-1 is
strongly reduced by the association of palbociclib with NVP-BEZ235 or NVP-
BYL719 in MPM cell lines in hypoxia.

Subsequently, this study aims to evaluate the efficacy of the CDK4/6 inhibitor
abemaciclib in combination with the standard chemotherapy used as first line
treatment in MPM patients, using different schedules of treatment (simultaneous
or sequential). The simultaneous treatment of abemaciclib combined with
cisplatin and pemetrexed has a greater antiproliferative effect than the
combination of cisplatin with pemetrexed in MPM cell lines. Moreover, this
simultaneous treatment shows cytostatic effects in MSTO-211H cells, causing
senescence. By contrast, an autophagic cell death is observed in H28 cells
treated with abemaciclib in association with cisplatin and pemetrexed.
Interestingly, the effect of such a combination is irreversible, and after drug
withdrawal, we fail to observe a resumption in tumor cell proliferation.

Finally, this study for the first time investigates the anticancer effects of a new
molecule, called VS2-370, a double inhibitor of CDK4/6 and CDK?9, in MPM cell
lines. VS2-370 is more potent in inhibiting cell proliferation respect to approved
CDKA4/6 inhibitors and its efficacy is associated with cell death induction via MCL-
1 downregulation.

Taken together, these data suggest that a therapeutic strategy, based on target

therapy, may represent a new therapeutic option for the treatment of MPM.



1. Introduction

1.1 Malignant pleural mesothelioma

Malignant mesotheliomas (MMs) are rare tumors of the mesothelial cells lining
the pleura, peritoneum, pericardium and tunica vaginalis. Most cases of MMs are
represented by malignant pleural mesothelioma (MPM) developing from the
pleura (Delgermaa V. et al.,, 2011). MPM has three histologic subtypes:
epithelioid, sarcomatoid and biphasic (Fig 1). Morphologically, MPM subtypes are
identified by standard hematoxylin-eosin staining. About 50 to 70 % of MPM
patients have the epitheliod subtype (Bonelli M. A. et al., 2017), characterized by
polyhedral shaped cells (Beasley M. B. et al., 2021). Recently, the epitheliod
subtype is further classified on the basis of architectural, cytologic and stromal
characteristics (Nicholson A.G. et al., 2020; Beasley M. B. et al., 2021). The
sarcomatoid subtype is diagnosed in approximately 10-15% of MPM patients
(Odisio E. G. et al., 2017) and it is characterized by spindle cells with nuclear
atypia, areas of necrosis and aberrant mitosis (Beasley M. B. et al., 2021). Due
to its morphological heterogeneity, the sarcomatoid subtype has a variant called
desmoplastic mesothelioma and two cytologic features: pleomorphic and
transitional (Beasley M. B. et al., 2021). 20 to 35% of MPM cases are represented
by the biphasic subtype, having both epithelial and sarcomatoid features (Bonelli
M. A. et al., 2017).

The MPM histologic classification has prognostic value: 12-27 months for the
biphasic subtype, showing the longest survival; 7-18 months for the sarcomatoid
subtype, having the shortest survival and finally 8-21 months for the biphasic

subtype (Yap T. A. et al., 2017).



Figure 1. Histological subtypes of MPM: epithelioid (A), sarcomatoid (B) and biphasic (C).
(Nicholson A.G. et al., 2020).

MPM patients show nonspecific signs and symptoms, depending on tumor
progression (Huang Y. P. et al., 2020). At diagnosis, MPM patients usually have
pleural effusion, shortness of breath and chest pain, as the main clinical
symptoms (Odisio E. G. et al., 2017).

The imaging modalities usually used for MPM diagnosis, staging and treatment
planning are: chest radiography, computed tomography (CT), positron emission
tomography (PET/CT) and magnetic resonance imaging (MRI) (Odisio E.G. et
al., 2017; Kindler H. L. et al., 2018; Carbone M. et al., 2019). Chest radiography
identifies abnormalities affecting the pleura. Chest and upper abdomen CT, with
intravenous contrast, is the standard imaging tool, showing the extent of the
tumor, the enlargement of the hilar and mediastinal nodes and the presence of
mestastasis (Kindler H. L. et al., 2018; Carbone M. et al., 2019). PET/CT, with
intravenous administration of the fluorodeoxyglucose (FDG), is a complementary
test to CT for differentiating benign from malignant pleural diseases and for
identifing metastasis (Kindler H. L. et al., 2018). Both CT and PET/CT can be
used to assess tumor response after therapy (Odisio E.G. et al., 2017; Kindler H.

L. et al., 2018). Thoracic MRI, with intravenous contrast, is used only in specific



MPM cases that need a more detailed evaluation to complete the information
obtained with CT (Odisio E.G. et al., 2017).

These imaging tools may be associated with some invasive techniques as,
thorascopy, mediastinoscopy, laparoscopy and endobronchial ultrasound in
order to provide detailed features for MPM staging (Kindler H. L. et al., 2018).
The staging system for MPM, based on TNM descriptors, was born in the mid-
90s due to the rarity of the tumor, the difficult of diagnosis and the lack of clinical
data (Euhus C. J. Etal., 2020). In 2016, the International Association for the Study
of Lung Cancer (IASLC) published the eighth edition of staging system for MPM

based exclusively on data obtained from MPM patients (Pass H., et al., 2016).



1.2 Risk factors associated with malignant pleural mesothelioma

The correlation between MPM and asbestos is well documented. Inhalation of
asbestos fibers represents one of the major risk factors for the development of
MPM (Fig. 2). A group of six silicate minerals, including both the serpentine class
(chrysolite) and the amphibole class (riebeckite, grunerite, anthophyllite, tremolite
and actinolite) subjected to regulatory control due to their carcinogenic properties,
is called asbestos. In fact, tumors of the pleura, lung, ovary and larynx are
asbestos related (Fazzo L. et al., 2018). All forms of asbestos are classified as
occupational carcinogens. However, there is also environmental exposure to
asbestos, which is also related to the development of cancers (Carbone M. et al.,

2019).

Figure 2. Human MPM biopsy shows asbestos fibers in the lung alveoli (Carbone M. et al., 2019).

Other natural minerals, called NOA (naturally occurring asbestos), are: erionite,
fluoro-edenite, winchite, antigorite and richterite (Baumann F. et al., 2013). This
group of minerals is not currently regulated and it is not included in the group
called asbestos (Yap T. A. et al, 2017). However, erionite and fluoro-edenite are

recognized as carcinogens. Erionite is considered to be responsible for the



mesothelioma epidemic in the Cappadocia region of Turkey (Carbone M. et al.,
2019). An ltalian study first shows the development of MPM and peritoneal
mesothelioma after local administration into the pleura and peritoneum of fluoro-
edenite fibers in rats (Soffritti M. et al., 2004).

The role of the simian virus 40 (SV40), a DNA polyomavirus of rhesus monkey,
in developing human cancers, including MPM, is still controversial (Attanoos R.
L. etal., 2018; Carbone M. et al., 2020). In the last century, many stocks of human
poliovaccines were contaminated with SV40 all over the world, causing accidental
human exposure to the virus (Carbone M. et al, 2020). In fact, Sabin's and Salk's
vaccines were prepared by growing the poliovirus in rhesus monkey kidney cell
cultures (Carbone M. et al, 2020). Although it is difficult to establish a correlation
between the administration of the vaccine containing the virus and the
development of human tumors, SV40 is considered a carcinogenic virus. The
oncogenic effects of SV40 are caused by the SV40 Tag protein, which inactivates
proteins involved in the cell cycle regulation (Carbone M. et al., 1997; De Luca A.
et al., 1997). Several studies in rodents show that SV40 causes cancer at the
injection site, including MPM (Cicala C. et al., 1993). Subsequently, another study
observed the development of mesothelioma in both rodents and human
mesothelial cells exposed simultaneously to asbestos and SV40 (Kroczynska B.
et al.,, 2006). SV40 DNA sequences have been found in some brain tumors
(Bergsagel D. J. et al., 1992), in some osteosarcomas (Carbone M. et al., 1996)
and in MPM (Carbone M. et al., 1994), showing a possible role of the virus in
developing of certain types of human cancers. Based on these results, SV40 can
be considered an exogenous risk factor for the development of MPM. On the

other hand, some studies show that in some human brain tumors (Engels E. A.



et al., 2002) and in some forms of human mesothelioma (Lopez-Rios F. et al.,
2004) the presence of SV40 DNA sequences is not detected. Further
investigation is needed to determine the correlation between SV40 and human
tumors.

Germline mutations of tumor suppressor genes can cause a hereditary
predisposition for the development of various types of cancer, including
mesotheliomas (Pastorino S. et a., 2018). One of the most studied tumor
suppressor genes is BAP1, involved in the regulation of DNA repair and
replication, cell death and metabolism (Carbone M. et al., 2020). Heterozygous
germline-inactivating mutations of BAP71 gene caused “BAP1 cancer syndrome”
that predisposes to the development of some tumors, including mesothelioma
(Carbone M. et al., 2012). Exposure to carcinogenic fibers, including asbestos,
increases the incidence of mesothelioma in case of BAP1 mutations. In fact, the
mesothelioma epidemic in Cappadocia is also caused by the presence of BAP1
germline mutations in the population, showing a strong correlation between
exposure to erionite and inactivation of BAP7 (Roushdy-Hammady I. et al., 2001).
A few years later, a study shows that exposure to asbestos causes mesothelioma
in BAP1*-mice while unexposed BAP1*-mice do not develop tumor (Xu J. et al.,
2014). Subsequently, in another study BAP7*- mice developed mesothelioma
after exposure to low levels of asbestos, while very high doses of asbestos
caused mesothelioma in BAP1 wild-type mice (Napolitano A. et al., 2016).

All forms of mesothelioma, including MPM, can also be caused by radiotherapy

used for the treatment of various types of cancer (Attanoos R. L. et al., 2018).



1.3 Epidemiology of malignant pleural mesothelioma in Italy

Asbestos played an important role in the industrialization of ltaly for most of the
twentieth century, due to its chemical-physical properties. On the other hand, the
health effects caused by chronic exposure to asbestos had a strong impact on
the Italian population.

In the Piedmont region, there were the chrysotile quarry in Balangero and the
manufacturing industry for the processing of asbestos in Casale Monferrato. The
quarry was used from about 1917 to 1990 and the factory, called Eternit, was
active from 1907 to 1985 (Comba P. et al., 2018). Asbestos affected both those
who worked this mineral and those who lived in the areas of its extraction and
processing.

The first epidemiological study on asbestos-related tumors begins in 1986 and
covers the period from 1950 to 2003, involving 3434 workers from the Eternit
industry, including 777 women (Comba P. et al., 2018). 497 deaths occurred
between 1965 and 2003 and from 1990 to 2003 there were 49 cases of MPM and
23 cases of peritoneal mesothelioma. Subsequently, a study of 1780 married
women to asbestos workers showed 146 cases of malignant tumors, including 21
cases of MPM, between 1965 and 2003 (Ferrante D. et al., 2007). From the mid-
80s of the last century, several studies were conducted in Casale Monferrato to
measure the concentration of asbestos in various points of the city and to identify
mineral fibers (Comba P. et al., 2018). In 1984, the first study shows asbestos
fibers at a concentration between 0.4 and 19.1 /| (fiber counts per litre) and the
mineral fiber was crysolite (15 to 30%) (Marconi A. et al., 1989). Since 1999 the

concentration of asbestos fibers has been monitored regularly both in Casale



Monferrato and in the nearby areas. The current mean concentration of asbestos
is lower than 0.2 f/l, showing a progressive decrease (Comba P. et al., 2018).
Epidemiological studies in Casale Monferrato have highlighted for the first time
the correlation between asbestos and MPM in ltaly. Since 1992, Italy has
prohibited the extraction, processing and use of asbestos (Marsili D. et al., 2017).
However, the effects of asbestos on cancer development are currently present
due to the long latency period (30 to 40 years). For example, 121 cases of MPM
occurred in Casale Monferrato from 2010 to 2014 (Comba P. et al., 2018).
Moreover, since 2002 a system of epidemiological surveillance of MPM called
ReNaM (Registro Nazionale dei Mesoteliomi) has been organized in Italy.

The Piedmont region is not the only one to be severely affected by asbestos-
related cancers. In fact, in the Lombardy region, an asbestos processing industry
was active from 1932 until 1993 in the city of Broni. Mortality from MPM in Broni
is currently 20-fold higher than in the entire Lombardy region (Comba P. et al.,
2017). The Sicily region is also affected by a high mortality from MPM due to a
fluoro-edenite quarry near the city of Biancavilla (Comba P. et al., 2003). An
epidemiological study, collecting 26 cases of MPM (13 men and 13 women) from
1998 to 2011, shows an incidence of this tumor 20-fold higher in patients under
50 than in the entire region (Bruno C. et al., 2014).

Asbestos has been used in various working sector, thus exposing also other
workers to the risk of cancer. For example, 70% of mesothelioma cases were
caused by occupational exposure in the region of Friuli Venezia Giulia, between
1995 and 2015 and the highest number of cases occurred among shipbuilders
(D’Agostin F. et al., 2017). In the Lazio region, data from 2001 to 2009 show that

54% of pleura and peritoneum mesothelioma cases are caused by occupational
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exposure and construction workers are the most affected (Romeo E. et al., 2013).
Also in the Puglia region, 178 cases of mesothelioma (96,06 % MPM) occurred
between 1993 and 2018 and all are men employed in the construction (Vimercati
L. etal., 2019).

The latest report on MPM mortality in Italy, collecting data from 2003 to 2014,
shows 13051 deaths of which 9397 men and 3654 women (Comba P. et al.,
2018). In Italy, an increase of about 7000 cases of MPM is expected from 2020

to 2024 (Oddone E. et al., 2020).
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1.4 The mechanisms of asbestos carcinogenesis

The deposition of asbestos and other mineral fibers in the pleura causes a chronic
inflammatory process, leading to MPM development after 30-40 vyears.
Inflammation, considered a hallmark of asbestos-related cancers, is caused by
the high mobility group box 1 (HMGB1) protein and the nod-like receptor family
member containing a pyrin domain 3 (Nalp3) inflammosome (Carbone M. et al.,
2012).

Asbestos exposure induces apoptosis (Broaddus V. C. et al., 1996; Jiménez L.
A. et al., 1997) and programmed necrosis (Yang H. et al., 2010) in rabbit, rat and
human mesothelial cells. HMGB1 protein, released by necrotic mesothelial cells,
is involved in both the chronic inflammatory process (Yang H. et al., 2010) and
the MPM progression (Jube S. et al., 2012). In physiological conditions, HMGB1
is a nuclear protein acting as a DNA chaperone (Bianchi M. E. et al., 2017). In
response to cellular stress, HMGB1 acts as a damage-associated molecular
pattern (DAMP), having a key role in inflammation and tissue repair (Bianchi M.
E. et al., 2017). In MPM, secreted HMGB1 favors the formation of a tumor
microenvironment, causing the recruitment and activation of macrophages that
release mutagenic molecules: reactive oxygen (ROS) and nitrogen (iNOS)
species, both involved in the mesothelial cells’ transformation (Choe N. et al.,
1998; Xu A. et al., 2007). Moreover, macrophages also release TNF-a, involved
in both the inflammatory process and the carcinogenesis process. In fact, a study
showed that TNF-a induced cell survival by activating NF-kB pathway, having a
critical role for asbestos carcinogenesis (Yang H. et al., 2006). In epithelioid
MPM, the high percentage of M2 macrophages in the tumor microenvironment

correlates with a worse prognosis (Cornelissen R. et al., 2014).
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Recently, a preclinical study shows that HMGB1 induces autophagy in
mesothelial cells due to exposure to asbestos, highlighting another possible
mechanism of carcinogenesis (Xue J. et al., 2020). In this case, autophagy could
protect cells from asbestos cytotoxicity, promoting the proliferation of mesothelial
cells with damaged DNA and the development of MPM (Xue J. et al., 2020).

HMGB1 protein also causes the activation of Nalp3 inflammosome, which in turn
releases |L-1B3, favoring chronic inflammation in asbestos-related diseases

(Cassel S. L. et al., 2008; Dostert C et al., 2008).
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1.5 Genomic background of malignant pleural mesothelioma

Carcinogenesis is due to the accumulation of genetic aberrations that favor
neoplastic transformation. The study of the genomic background of a tumor aims
to understand the biological processes of the tumor in order to identify possible
therapeutic targets.

Recently, a genomic study of 74 MPM patients confirms that MPM development
is mainly characterized by loss of tumor suppressor genes (Hmeljak J. et al.,
2018). The most common loss of function aberrations in MPM involve the
CDKNZ2A/ARF locus, the BAP1 (BRCA1-associated protein 1) gene and the NF2
(neurofibromatosis type 2) gene.

The CDKN2A/ARF gene encodes for two tumor suppressor proteins involved in
the cell cycle regulation: p16'NK4A and p14ARF. Cdkn2a and arf genes are
transcribed by alternative reading frame, having each their own promoter and a
different first exon (Ruas M. et al., 1998). p16'NK4A binds to CDK4/6, avoiding the
formation of the cyclin D-CDK4/6 complexes. As a result, retinoblastoma protein
(Rb) is not phosphorylated and the cell remains in the G1 phase of the cell cycle.
p14ARF binds mouse double minute 2 protein (MDM2), avoiding the degradation
of p53. Hence, the loss of the CDKN2A/ARF locus causes both the progression
of the cell cycle and the lack of apoptosis, resulting in the immortalization of the
cell. Deletions of CDKN2A/ARF gene are observed in approximately 70% and
100% of MPM cases, respectively with epithelioid and sarcomatoid histotype
(Sekido Y., 2013). A recent study shows that 49% of MPM patients lost both
copies of CDKN2A gene and 7% had only one copy while a co-deletion of
CDKNZ2A and MTAP is observed in 27 % of samples (Hmeljak J. et al., 2018). In

fact, MTAP gene is adjacent to the CDKNZ2A/ARF locus and it encodes
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methylthioadenosine phosphorylase (MTAP), an enzyme that cleaves
methylthioadenosine (MTA) to generate precursors acting as substrates for
methionine and adenine pathways. Consequently, the loss of MTAP gene impairs
the metabolism of methionine and adenine (Kryukov G. V. et al.,2016). MTAP is
deleted in other tumors, including melanomas, pancreatic adenocarcinomas,
urothelial carcinomas, glioblastomas and non-small cell lung carcinomas (Cerami
E. etal., 2012).

BAP1 protein belongs to the deubiquitylase family of enzymes (Carbone M. et al.,
2020). In fact, BAP1 removes ubiquitin tags from various types of cytoplasmic
and nuclear proteins, with an ubiquitin carboxy-terminal hydrolase domain
(Cakiroglu E. et al., 2020). In the nucleus, BAP1 has an important role during
DNA synthesis under both physiological and stress conditions, interacting with
the INO80 chromatin-remodeling complex (Lee H. S. et al., 2014; Lee H. S. et al.,
2019). Furthermore, BAP1 regulates cell growth by deubiquitylating HCF-1 (host
cell factor-1), a cell cycle regulator (Machida Y. J. et al., 2009). Subsequently, an
in vitro study shows that BAP1 forms a multiprotein complex with HCF-1 and the
transcription factor Yin Yang 1 (YY1), regulating the activity of genes involved in
many cellular processes (Yu H. et al., 2010). BAP1 also induces double-strand
DNA repair, favoring homologous recombination, in order to prevent DNA
damage (Yu H. et al., 2014). In the cytoplasm, BAP1 regulates apoptosis by
deubiquitylating the type 3 inositol-1,4,5 trisphosphate receptor (IP3R3), inducing
the release of Ca?* in the mitochondria (Bononi A. et al., 2017). A recently in vitro
study shows that BAP1 also induces ferroptosis, a regulated form of non-
apoptotic cell death induced by metabolic stress conditions (Zhang Y. et al.,

2018). In fact, BAP1 causes a downregulation of the SLC7A11 gene, encoding
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for solute carrier family 7 member 11, an antiporter involved in the up-take of
cystine. Consequently, the synthesis of reduced glutathione decreased, favoring
ferroptosis (Zhang Y. et al., 2018). Therefore, BAP1 acts as a tumor suppressor
gene and it is deleted in many human cancers. Truncating BAP1 germline
mutations favor the development of various type of tumors such as, MPM, uveal
and cutaneous melanoma (Carbone M. et al., 2012) and clear-cell renal cell
carcinoma (cc-RCC) (Farley M. N. et al.,, 2013). In addition, somatic BAP1
mutations are involved in the development of many cancers, including MPM. In
fact, uveal melanoma (45%), mesothelioma (60-70%), cc-RCC (15%), thymic
carcinoma (13%), cholangiocarcinoma (7%), cutaneous melanoma (5%) and
basal cell carcinoma (4%) show loss of BAP1 (Carbone M. et al., 2020). A
genomic study on MPM biopsies shows that loss of BAP1 is mainly due to both
larger deletions and point mutations (Nasu M. et al., 2015). In a recent study,
57% of MPM patients have somatic BAP1 mutations (Hmeljak J. et al., 2018).

NF2 gene encodes merlin, a member of the ezrin/radixin/moesin (ERM) family
proteins (Stamenkovic I. et al., 2010). Merlin is a multifunctional protein, having
important role in cell motility, cell adhesion, cell proliferation and survival (Pecina-
Slaus N., 2013). In fact, merlin interacts with proteins involved in cytoskeletal
dynamics and in cell-cell adhesion (Peé¢ina-Slaus N., 2013; Sato T. et al., 2018).
Hence, the loss of merlin causes defects of adherens junctions (Lallemand D. et
al., 2003) and the loss of contact inhibition of proliferation (Okada T. et al., 2005).
Moreover, merlin regulates the mTOR and Hippo pathways, inhibiting cell
proliferation (Pec¢ina-Slaus N., 2013; Sato T. et al., 2018). In the nucleus, merlin
inhibits many pathways, causing the inactivation of oncogenes such as YAP/TAZ,

c-myc, RAS and others (Sato T. et al., 2018). NF2 acts as a tumor suppressor
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gene (Pec¢ina-Slaus N., 2013; Sato T. et al., 2018). In fact, inactivating mutations
of the NF2 gene caused neurofibromatosis 2, a dominant familial cancer
syndrome involved in the development of meningiomas, schwannomas
(Ruttledge M. H. et al.,, 1994; Stemmer-Rachamimov A. O. et al.,, 1997),
hamartoma and ependymomas (Peéina-Slaus N., 2013). Somatic mutations of
the NF2 gene are well documented in MPM (Bianchi A. B. et al., 1995; Sekido Y.
et al., 1995). Recently, a genomic study confirms that mutations of NF2 gene are
common in MPM patients: 34% of the samples showed deletions and 40% loss
(Hmeljak J. et al., 2018).

Inactivating mutations of LATS2 gene, TRAF7 gene, SETD2 and SETDB1 gene
have been identified in MPM. Other human cancers also have these genes
inactivated, highlighting their role in tumor development. In fact, 25 % of
meningiomas have TRAF7 mutated (Zotti T. et al., 2017) and the inactivation of
SETD2 mainly occurs in cc-RCC (Li J. et al., 2016).

Large tumor suppressor 1, encoded by LATS2 gene, is a member of the Hippo
pathway involved in cell survival, proliferation, and differentiation (Ma S. et al.,
2019). TRAF7 gene encodes a multifunctional protein involved in many cellular
processes such as, stress responses, apoptosis, the innate and acquired immune
responses, cell growth and cell survival (Zotti T. et al., 2017). SETDZ2 encodes an
enzyme responsible for trimethylation of lysine 36 of Histone H3 (H3K36),
involved in epigenetic modifications (Edmunds J. W. Et al., 2008). Finally,
SETDB1 gene encodes a methyltransferase that reversibly catalyzes the
methylation of histone 3 (H3) K9 in euchromatic regions of chromosomes,
inhibiting gene transcription (Strepkos D. et al., 2021). A study on MPM primary

cell cultures shows 11% of the samples with LATS2 mutations, consisting of
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deletions and point mutations (Tranchant R. et al., 2017). Moreover, 8% of the
MPM samples have mutations in both LATS2 and NF2, showing a dysregulation
of the Hippo signaling pathway (Tranchant R. et al., 2017). Genetic analysis of
cells from pleural effusion of MPM patients show the loss of TRAF7 gene, LATS2
gene and SETD2 gene respectively in 66%, 59% and 48% of the samples
(Sneddon S. et al., 2018). Finally, a genomic study of a cohort of MPM samples
identified a novel molecular subtype characterized by the association of TP53
and SETDB1 genes co-mutation (Hmeljak J. et al., 2018).

In addition, many genomic studies have identified epigenetic and non-coding
RNAs aberrations involved in the pathogenesis of MPM (Hmeljak J. et al., 2018;
Cakiroglu E.et al.,, 2020). These mutations can be a useful tool both in the
diagnosis and in the development of new therapeutic approaches for MPM

treatment.
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1.6 Current therapeutic strategies for malignant pleural

mesothelioma

MPM has limited therapeutic options based on chemotherapy, surgery and
radiotherapy. Chemotherapy is the standard therapeutic approach used for MPM
patients with unresectable tumor. The association of cisplatin and pemetrexed is
the first-line chemotherapy approved for the treatment of MPM (Kindler H. L. et
al., 2018). Bevacizumab, a VEGF antibody, can be combined with cisplatin and
pemetrexed in MPM patients without cardiovascular comorbidities (Kindler H. L.
et al., 2018). Carboplatin replaces cisplatin in case of intolerance (Kindler H. L.
et al., 2018). In 2020, based on a open-label, randomised, multicentre phase IlI
clinical trial, CheckMate 743 (NCT02899299), the US FDA (Food and Drug
Administration) approved the association of nivolumab (anti-PD-1) with
ipilimumab (anti-CTLA-4) as a first-line treatment for chemotherapy-naive MPM
patients with unresectable tumor (Bass P. et al., 2021). This study shows that
MPM patients treated with nivolumab+ipilimumab have an overall survival of
about 18 months while 14 months of overall survival are reported for MPM
patients treated with cisplatin+tpemetexed. An approved second-line treatment
option is still absent.

Cisplatin (cis-diamminedichloroplatinum) is one of the most widely used
chemotherapy drugs for the treatment of various types of cancer, including MPM.
Cells internalize cisplatin via the copper transporter Ctr1 (Ishida S. et al., 2002).
Inside the cells, the water molecules in the cytoplasm replace the chlorides atoms
on cisplatin. This electrophilic molecule binds nitrogen donor atoms on purine
residue and the DNA structure becomes irreversibly damaged, resulting in cell

death by apoptosis.
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Cisplatin was first synthesized by Peyrone in 1844 and its chemical structure
(Fig.3) was described a few decades later (Dasari S. et al., 2014). In the middle
of the last century, a study showed that cisplatin inhibited cell division in
Escherichia Coli (Rosenberg B. et al., 1965), becoming a good candidate for the
treatment of tumors due to its cytotoxic properties. After several studies, the FDA

approved cisplatin for the treatment of cancers in 1978 (Kelland L., 2007).
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Figure 3. Molecular structure of cisplatin (A) and carboplatin (B) (Weiss R. B. et al., 1993).

Pemetrexed disodium ([ALIMTA®, “pemetrexed”], LY231514; Eli Lilly and
Company; Indianapolis, IN) is a pyrrolo[2,3-d]pyrimidine-based antifolate (Fig.4),
first discovered in 1992 (Taylor E. C. et al., 1992). This drugs is internalized by
the cells through a reduced folate carrier. Subsequently it is polyglutamated by
folylpolyglutamate synthase, inhibiting thymidylate synthase (TS), dihydrofolate
reductase (DHFR) and aminoimidazole carboxamide ribonucleotide
formyltransferase (AICARFT) (Grindey G. B. et al., 1992; Shih C. et al., 1996;
Chen V. J. et al.,, 1996). Inhibition of TS disrupts DNA synthesis, due to a
decrease of thymidine. Also, inhibition of DHFR and AICARFT, both involved in

purine biosynthesis, interferes with DNA synthesis.
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Figure 4. Molecular structure of pemetrexed (Hanauske A. R. et al., 2001).

Recently, some clinical trials have investigated new therapeutic approaches for
the treatment of MPM, based on cisplatin and pemetrexed combined with
molecules that target the tumor microenvironment. From 2016 to 2018, a phase
[l clinical trial, called LUME-Meso, evaluated the safety and efficacy of cisplatin
and pemetrexed in association with nintedanib in MPM patients with epitelioid
istotype (NCT01907100). This study showed a PFS of 6/8 months and 7 months
in patients treated with nintedanib and those treated without, respectively
(Scagliotti G. V. et al., 2019). Moreover, severe adverse events occurred more in
patients treated with nintedanib than in patients treated with placebo (44% and
39%, respectively). Recently, a phase Ib clinical trial aimed to evaluate the safety
of a molecule that blocks fibroblast growth factors (FGFs) in association with
cisplatin and pemetrexed in 36 MPM patients (NCT01868022). This study
showed the efficacy and feasibility of this therapeutic approach, highlighting the
possibility of further studies (van Brummelen E. M. J. et al., 2020).

Surgery and radiotherapy are always used in association with chemotherapy in a
multimodality treatment regimen.

The surgical approach for MPM treatment is reserved for patients having early-

stage tumor with epithelioid subtype and non-compromised cardiopulmonary
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functions (Carbone M. et al., 2019). In this case, extrapleural pneumonectomy
(EPP) and pleurectomy/decortication (P/D) aim to eliminate the tumor, having
curative intent. EPP is the removal of the pleura, involving also the lung,
pericardium and diaphragm. This surgical approach was replaced by P/D,
involving only the pleura, or by extended PD (EPD), involving also pericardium
and diaphragm, due to its very high mortality (Carbone M. et al., 2019). On the
other hand, partial pleurectomy with pleurodesis is performed with palliative
purpose (Carbone M. et al., 2019).

Radiation therapy is used before surgery or after surgery, depending on the type
of tumor. In the first case, radiation therapy is a neoadjuvant treatment used to
reduce the size of the tumor and facilitate the surgical approach. Radiation
therapy after surgery, defined as adjuvant treatment, aims to avoid the formation
of a tumor recurrence.

The radiotherapy approach is used for the treatment of MPM patients with a
resectable tumor, mainly as hemithoracic adjuvant radiation therapy (Kindler H.
L. et al., 2018). Moreover, radiotherapy can be used as a palliative treatment to
reduce chest pain in MPM patients with symptoms (Kindler H. L. et al., 2018).
3-dimensional conformal radiation therapy (3D-CRT) and intensity-modulated
radiation therapy (IMRT) are the two radiation therapy techniques used for the
treatment of MPM (Kindler H. L. et al.,, 2018). 3D-CRT, based on the three-
dimensional image of the tumor, releases a high dose of radiation towards the
tumor tissue, reducing the radiation to healthy tissue. IMRT is a more recent
radiotherapy technique, very similar to the previous one, used for the treatment

of solid tumors with an unusual shape. Also in this case, the higher dose of
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radiation affects the tumor tissue while healthy tissue receives a low intensity
dose, decreasing side effects.

To date, the most effective therapeutic combination for MPM treatment has not
yet been found as the data are controversial.

In 2007, a non-randomized clinical trial enrolled 21 MPM patients (95.2% with
epithelioid phenotype and 4.8% with mixed phenotype) treated with trimodality
therapy, consisting of induction chemotherapy (carboplatin/gemcitabine), EPP
and adjuvant radiotherapy, in order to evaluate the feasibility and survival (Rea
F. et al., 2007). Data showed 25.5 months of median survival and an overall 5-
years survival rate of 19% (Rea F. et al., 2007).

In 2011, the Mesothelioma and Radical Surgery (MARS) feasibility study
(ISRCTN95583524) aims to compare the clinical outcomes and survival of MPM
patients treated with EPP and MPM patients treated without EPP in a
multimodality treatment setting (Treasure T. et al., 2011). Data showed a median
survival of 14.4 and 19.5 months for EPP patients and no-EPP patients,
respectively. The EPP patients had serious adverse events, showing no benefit
in surgical therapy (Treasure T. et al., 2011).

Some years later, a randomised phase Il clinical trial (SAKK 17/04) aims to
investigate the role of hemithoracic radiotherapy for the treatment of MPM in a
multimodality therapy regimen (NCT00334594) (Stahel R. A. et al., 2015). In the
first part of the clinical study, MPM patients were treated with neoadjuvant
chemotherapy (cisplatin/pemetrexed) followed by extrapleural pneumonectomy,
having total macroscopic resection of the tumor as primary endpoint. In this case,
64% of MPM patients achieved complete tumor resection. In the second part,

patients with complete tumor resection were divided into two groups: some
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patients received radiotherapy and others did not. In this case, locoregional
relapse-free survival was the primary endpoint. 7.6 and 9.4 months were median
locoregional relapse-free survival for MPM patients without radiotherapy and with
radiotherapy, respectively. Data suggested no benefit for MPM patients treated
with trimodality therapeutic approach.

A recently phase Il clinical trial investigated a novel therapeutic approach for the
treatment of MPM called surgery for mesothelioma after radiotherapy (SMART),
having feasibility as the primary endpoint and 5-year cumulative incidence of
distant recurrence as the secondary endpoint (NCT00797719). This study shows
the feasibility of hemithoracic radiotherapy followed by extrapleural
pneumonectomy for the treatment of MPM with long-term results (B. C. J. Cho et

al., 2021).
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1.7 The regulation of the mitotic cell cycle in somatic cells

Most of the cells of an adult individual are quiescent, being in phase GO. In fact,
these cells are metabolically active without proliferating. Some cells, such as
cardiomyocytes and neurons, are permanently in the GO phase, while others,
such as hematopoietic cells and epithelial cells, always cycle. When cells respond
to mitogenic stimuli, they enter the cell cycle to generate two daughter cells with
identical genomes (Fig.5). During the G1 (Gap1) phase, the first step of the cell
cycle, cells synthesize proteins and enzymes necessary for the S phase,
characterized by DNA synthesis. During the next G2 (Gap2) phase, cells check
the integrity of the duplicated DNA and synthesizes molecules for mitosis, the last
phase of the cell cycle. The M phase is characterized by the generation of two

identical cells.

Prophase, metaphase, anaphase, telophase, and cytokinesis

G2-M M-to-A
M-C aN
CDK1-cyclin B launch
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Figure 5. Cell cycle in somatic cells (Roskoski Jr R., 2018).
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The cell cycle progression is regulated by cyclins and cyclin-dependent protein
kinases (CDKs). About 29 proteins form the large family of cyclins, with 16
subfamilies and 3 main groups: group |, also called the cyclin B group, is
composed of cyclins A, B, D, E, F, G and J; cyclin Y belongs to group Il and finally
the cyclins C, H, K, L and T form group llI, also known as the cyclin C group (Ma
Z. et al., 2013). In each phase of the cell cycle, cells express cyclins which are
then degraded by process involving ubiquitin ligases (E3s) and proteasomes
before moving on to the next phase (Nakayama K. I. et al., 2006). The 21 human
CDK:s are serine/threonine kinases, classified into three groups: regulators of the
cell cycle (CDK1, CDK2, CDK4 and CDKG6), regulators of gene transcription
(CDK7, CDK8, CDK9, CDK 12, CDK13 and CDK19) and regulators of other
cellular activities, including proteins with unknown function (CDK5, CDK10,
CDK11, CDK14, CDK15, CDK16, CDK17, CDK18 and CDK20) (Garcia-Reyes B.
et al., 2018; Wood D. J. et al., 2018: Cassandri M. et al., 2020). Unlike cyclins,
these enzymes do not vary during the phases of the cell cycle. In fact, cells
express CDKs in their inactivated state throughout the cell cycle. The CDKs
structure is characterized by two lobes with the catalytic site in-between
(Malumbres M., 2014). The amino-terminal lobe is composed by B-sheets and o-
helices characterized the carboxy-terminal lobe. When the CDKs are in their
inactive state, the T-loop closes the catalytic site. The binding with cyclins causes
a conformational change of the CDKs structure, making the catalytic site exposed
to binding with ATP. In this case, cyclin/CDK complexes phosphorylate residues
of serine and threonine on their substrate proteins.

Cells control the progression of the cell cycle through mechanisms that prevent

the passage to the next phase, called checkpoints. During the first checkpoint,
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which occurs between phases G1 and S, cells decide whether to start the cell
cycle or remain quiescent. The next checkpoint, between phase G2 and M, is
activated in response to damaged DNA. In this case, cells stop the cell cycle in
order to repair the DNA, avoiding the proliferation of cells with genomic
abnormalities. The first checkpoint is regulated by the expression of D-type
cyclins, which binds CDK4/6. The cyclin D-CDK4/6 complexes enter the nucleus
to be activated by CDK-activating kinase (Goel S. et al., 2018). The D-type cyclins
(D1, D2, D3) are expressed in a cell-specific manner (Roskoski Jr R., 2018). The
cyclin D-CDK4/6 complexes phosphorylate the retinoblastoma (Rb) tumor
suppressor protein, promoting the release of the transcription factor E2F1
(Narasimha A. M. et al., 2014). Also the cyclin E-CDK2 complexes phosphorylate
Rb, resulting in a further increase in E2F1 expression ((Hiebert S. W. et al., 1992).
This transcription factor induces the expression of proteins necessary for the
subsequent S phase of the cell cycle, causing cell cycle progression (Trimarchi
J. M. et al., 2002). Hypophosphorylated Rb prevents the expression of genes
necessary for the S phase both through the binding of E2F1 and through the
recruitment of chromatin modifiers to DNA, silencing E2F1-target gene
expression (Talluri S. et al., 2010; Chicas A. et al., 2012).

CDKs are inhibited by two protein families: INK4 and CIP/KIP. The INK4 family
consists of 4 CDK endogenous inhibitors: p16/INK4A, p15/INK4B, p18/INK4C
and p19/INK2D (Canepa E. T. et al., 2007). All these proteins bind to CDK4 and
CDK6 avoiding the binding to the D-type cyclins (Roskoski Jr R., 2018). The
proteins of the INK4 family act as tumor suppressors, inhibiting the cell cycle
(Malumbres M. et al., 2001). The CIP/KIP family has 3 members: p21/CIP/WAF1,

p27/KIP1 and p57/KIP2 (Roskoski Jr R., 2018). p21/CIP/WAF1 is induces by
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DNA damaged. p27/KIP1 characterizes the GO phase of the cell cycle. Finally,
p57/KIP2 inhibits cyclin A-CDK2, cyclin E-CDK2 and cyclin D-CDK4, acting as a
negative regulator of the cell cycle.

Cell cycle dysregulation is one of the hallmarks of the tumor. In fact, many tumors
are characterized by mutations involving cyclins, CDKs or CDK endogenous
inhibitors (Roskoski Jr R., 2016). Amplification of cyclins and CDKs genes
characterizes various types of human cancers. 15 to 40% of tumors have the
amplification of the cyclin D1 gene (Musgrove E. A., 2011). Cyclin E is over-
expressed in uterine and ovarian carcinomas (Kuhn E. et al., 2014). Cyclin A
gene amplification characterizes endometrial, thyroid, hepatocellular and
esophageal carcinomas (Roskoski Jr R., 2016). Diffuse large B-cell ymphomas
and melanomas have overexpression of CDK1 (Roskoski Jr R., 2016). CDK4 and
CDK®6 genes are amplified in a wide variety of tumors (Roskoski Jr R., 2018).
Finally, the loss of CDK endogenous inhibitors gene led to an uncontrolled cellular
proliferation, promoting the acquisition of the tumor phenotype. In fact,
p16/INK4A gene is deleted in many tumors such as MPM, acute lymphoblastic
leukemias (Drexler H. G. et al., 1998), NSCLC, melanomas, Hodgkin lymphomas,
osteosarcomas and retinoblastomas (Roskoski Jr R., 2016). The loss of this gene
is correlated with poor survival (Roskoski Jr R., 2018). The lack of expression of
p21/CIP/WAF1 characterizes different types of tumors (Roskoski Jr R., 2016) and

it is associated with metastases (Roskoski Jr R., 2018).
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1.8 CDK4/6 inhibitors as anticancer drugs

CDK4 and CDKG6 are promising therapeutic targets for the treatment of various
types of human cancer. Currently, many clinical studies investigate the
association of 12 CDK4/6 inhibitors with chemotherapy, immunotherapy and
targeted therapy for the treatment of malignant tumors (Malumbres M., 2019). So
far, the CDK4/6 inhibitors, approved by the US FDA for the treatment of breast
cancer, are: palbociclib (PD-0332991), abemaciclib (LY2835219) and ribociclib
(LEE-011). In fact, in 2009, an in vitro study shows for the first time that palbociclib
inhibits proliferation in human breast cancer cell lines (Finn R. S. et al., 2009). A
few years later, many clinical studies show the efficacy of combining palbociclib
with letrozole for the treatment of advanced breast cancer (Finn R. S. et al.,
2016). Due to their different pharmacokinetics and clinical toxicities, these
CDK4/6 inhibitors have a different therapeutic strategy (Klein M. E. et al., 2018).
The molecular structure of these CDK4/6 inhibitors consists of a pyrido [2,3-d]
pyrimidinone core, a pyridine-pyrimidine-benzimidazole core and a pyrrolo [2,3-
d] pyrimidine core for palbociclib, abemaciclib and ribociclib respectively
(Roskoski Jr R., 2019) (Fig.6). Palbociclib and ribociclib have a similar structure,
while abemaciclib is quite different. Some in vitro studies show that these
molecules have a different affinity towards the targets. In fact, palbociclib
antagonizes both cyclin D1-CDK4 and cyclin D2-CDK6 (Fry D. W. et al., 2004).
Instead, abemaciclib and ribociclib have a greater efficacy towards CDK4 than
CDK®6 (Gelbert L. M. et al., 2014; Tripathy D. et al., 2017). Recent studies have
shown that abemaciclib binds other kinases, including CDK1, CDK2, CDK7 and

CDK®9, with less inhibitory potency (Hafner M. et al., 2019).
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Figure 6. Molecular structure of FDA approved CDK4/6 inhibitors (Roskoski Jr R., 2019).

The CDK4/6 inhibitors target the cyclin D-CDK4/6 complexes, preventing the
phosphorylation of Rb and causing cell cycle arrest. These drugs also act on
other aspects of tumor biology, including senescence (Anders L. et al., 2011),
metabolism (Wang H. et al., 2017), cancer metastasis (Liu T et al., 2017), and
cancer immune surveillance (Zhang J. et al., 2018).

Cell cycle arrest, induced by CDK4/6 inhibitors, can cause quiescence or
senescence, depending on the type of tumor. Quiescent cells enter the cell cycle
in response to proliferative stimuli. While senescent cells are permanently out of
the cell cycle. Quiescent cells are also able to become senescent and this
biological mechanism is called geroconversion (Blagosklonny M. V., 2014). Cell
senescence was first observed in a cell culture of human fibroblasts and was
considered a block of cell proliferative capacity (Hayflick L. et al., 1961).
Currently, senescence is interpreted as a cellular mechanism that prevents the
proliferation of cells with genetic alterations, such as cancer cells (Hanahan D. et
al.,, 2011). In fact, p16-INK4A-Rb and p53-p21/CIP/WAF1 signaling induce

senescence in normal cells (Rodier F. et al., 2011), in response to stress stimuli
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(Kuilman T. et al., 2010). Senescence induces various morphological changes,
also observed in cells treated with CDK4/6 inhibitors, including increase in cell
size, development of heterochromatin foci and increased activity of the (-
galactosidase enzyme (Bonelli M. et al., 2019). Moreover, senescent cells
express cytokines, chemokines, growth factors and many other proteins, called
the senescence-associated secretory phenotype (the SASP). The SASP act on
the tumor microenvironment promoting both the antitumor immune response
(Xue W. et al., 2007) and tumorigenesis (Ruhland M. K. et al., 2016), highlighting
the complex and ambiguous role of senescence. These data suggest that
eradication of senescent cells could be a treatment option in the context of cancer
(Sikora E. et al., 2019).

The CDK4/6-cyclin D-Rb-E2F pathway has an important role in both cell
proliferation and metabolism. In fact, the CDK4-pRb-E2F1 pathway is involved in
the secretion of insulin in mouse pancreatic cells (Annicotte J. S. et al., 2009).
CDK4 plays a role in insulin signaling in adipocytes and hepatocytes (Lee Y. et
al., 2014; Lagarrigue S. et al., 2016). Cyclin D1-CDK4 complex inhibits the
expression of nuclear respiratory factor 1 (NRF-1), involved in the regulation of
mitochondrial genes (Wang C. et al., 2006). An in vitro study showed that cyclin
D1 binds to a voltage-dependent anion channel situated in the mitochondrial
membrane of B-cell malignancies, inhibiting the mitochondrial activity
(Tchakarska G. et al., 2011). Cyclin D3-CDK6 complex binds many enzymes
involved in glycolisis in cancer cells (Wang Z. et al., 2017).

So far, the effects of CDK4/6 inhibitors on cellular metabolism have been
predominantly studied in vitro in breast cancer cell lines. Many studies showed

that palbociclib in association with endocrine therapy shows a greater inhibitory
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effect on cell metabolism than the effect obtained with drugs used alone in breast
cancer cell lines (Bonelli M. et al., 2019). It is worth of note that abemaciclib alone
acts on cell metabolism causing a reduction of the metabolites of the tricarboxylic
acid cycle in breast cancer cell lines (Torres-Guzman R. et al., 2017).

Many studies show that CDK4/6 inhibitors stimulate the innate antitumor
response, enhancing the immunogenicity of cancer cells. A recent in vitro and in
vivo study showed that both palbociclib and abemaciclib induce cancer cells to
present antigens, stimulating an antitumor immune response (Goel S. et al.,
2017). CDK4/6 inhibitors cause a reduction in the expression of type 1 DNA
methyl-transferase (DNMT1), being a target of E2F. DNMT1, normally,
downregulates endogenous retroviral elements. So, CDK4/6 inhibition leads to
the production of type Il interferons which in turn cause the production of the
major histocompatibility complex class | molecules by the tumor cells. Another in
vivo study performed on triple negative breast cancer models, shows that
palbociclib or ribociclib in combination with a PI3Ka inhibitor induce an increase
in the expression genes encoding for both cytokines and proteins of the major
histocompatibility complex class | molecules (Teo Z. L. et al., 2017).

It is worth of note that CDK4/6 inhibitors also cause tumor immune escape. In
fact, an increase in PD-L1 expression by tumor cells was observed in response
to treatment with ribociclib or palbociclib in an in vitro and in vivo study of breast
cancer models (Zhang J. et al., 2018). CDK4/6 inhibitors increase PD-L1 by
avoiding the phosphorylation of the adaptor protein specle-type POZ (SPOP)
(Zhang J. et al., 2018) and by promoting the activation of NF-kB (Bouillez A. et

al., 2017). A combined inhibition of CDK4/6 with PD-L1/PD1 axis affect tumor
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growth in an in vivo study in breast cancer (Zhang J. et al.,, 2018) and in
melanoma (Kong Y. et al., 2019).

Cell death is also associated with CDK4/6 inhibitors: palbociclib induced
apoptosis in T-cell acute lymphoblastic leukemia (Sawai C. M. et al., 2012) and
autophagy in gastric cancer cells (Valenzuela C. A. et al., 2017). Autophagy is
considered a form of cell death, characterized by the formation of
autophagolysosomes in the cell cytoplasm (Shintani T. et al., 2004). The
induction of autophagy by CDK4/6 inhibitors is not yet fully understood and needs
further investigations (Goel S. et al., 2018).

Although CDK4/6 inhibitors represent an effective therapeutic approach for the
treatment of advanced hormone-positive breast cancer, many resistance
mechanisms to CDK4/6 inhibitors have emerged. (McCartney A. et al., 2019;
Alvarez-Fernandex M. et al., 2020). Currently, many preclinical and clinical trials
aim to identify biomarkers in order to predict resistance or sensitivity to CDK4/6
inhibitors. The primary resistance appears in the early phase of the therapy,
resulting in no benefit from CDK4/6 inhibition. On the other hand, the acquired
resistance can occur during the progression phase of the tumor. Many preclinical
studies identify Rb deficiency as a driver of resistance to CDK4/6 inhibitors (Fry
D. W. et al., 2004; Dean J. L. et al., 2012; Witkiewicz A. K. et al., 2014). By
contrast, human breast cancer cell lines with high levels of Rb and cyclin D1 and
concurrently low levels of p16 show sensitivity to palbociclib (Finn R. S. et al.,
2009). However, the role of cyclin D1 and p16 as biomarkers is still controversial.
In fact, a phase Il clinical trial (NCT01037790) shows that palbocilib have no
clinical benefit in Rb-positive breast cancer patients with amplification of cyclin

D1 or low levels of p16 (DeMichele A. et al., 2015). In an another phase Il study,
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called PALOMA-1/TRIO-18, amplification of cyclin D1 or loss of p16 have no
impact on PFS in breast cancer patients treated with palbociclib (Finn R. S. et al.,
2015). In addition, high levels of cyclin E1 expression have been associated with
resistance to palbociclib (Herrera-Abreu M. T. et al., 2016). Mutations in the
catalytic subunit of PI3K have been related to mechanisms of resistance to
CDK4/6 inhibitors (Cristofanilli M. et al., 2016; O’Leary B. et al., 2018). So far, no
biomarkers have been validated to predict the response to this class of drugs

(Goel S. et al., 2018).
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1.9 The glucose metabolism in cancer cells

Cancer cells have abnormal energy metabolism, which includes glucose,
glutamine and fatty acid metabolism (Park J. H. et al., 2020). Reprogramming of
cellular metabolism is considered an emerging hallmark of the tumor, because it
is observed in various types of human cancer (Hanahan D. et al., 2011). The
study of the biological mechanisms that support the reprogramming of tumor
metabolism has clinical implications, including cancer diagnosis, prognosis and
therapy (Vander Heiden M. G. et al., 2017).

In 1927, Warburg and colleagues observed for the first time that the tumor cells
were able to reprogram the metabolism of glucose (Warburg O. et al., 1927), a
metabolic alteration called the Warburg effect. Cancer cells take high amounts of
glucose and turn it into lactate even in the presence of oxygen, an abnormal
process also called aerobic glycolysis. In fact, glycolysis is a metabolic adaptation
of healthy cells to the hypoxic condition. The high consumption of glucose by
cancer cells is a useful feature for diagnosis. In fact, radioactive glucose is the
basis of PET-CT used to stage tumors.

Tumor metabolic reprogramming is caused by mutations of many oncogenes
involving E2F1, c-myc and HIF1 and of several oncogenic pathways including the
phosphatidylinositol-3-kinase  (PI3K)/AKT/mammalian target of rapamyc
(mTOR). The E2F family is composed by 8 transcription factors (E2F1-8),
classified according to molecular structure, transcriptional features and targets
(Black E. P. et al., 2005). E2F1, the first E2F transcription factor identified, is
inactivated by binding to Rb in the absence of proliferative stimuli. E2F1 is one of

the most important transcription factors, playing crucial role in many cellular
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functions, including the regulation of energy metabolism (Denechaud P.D. et al.,
2017).

In the context of the tumor metabolic reprogramming, E2F1 promotes the
Warburg effect, enhancing the expression of many genes involved in glycolysis
(Tarangelo A. et al., 2015). In fact, the metabolic switch against glucose oxidation
in mitochondria is supported by E2F1, which favors the expression of the enzyme
6-phosphofructo-2-kinase/fructose-2,6-bisphosphate, a strong activator of
glycolysis (Fernandez de Mattos S. et al., 2002). Moreover, E2F1 inhibits glucose
oxidation, promoting the expression of pyruvate dehydrogenase kinase (PDK). In
fact, in pancreatic cancer cells aerobic glycolysis is supported by the increased
expression of PDK1 and PDK3 (Wang L. Y. et al., 2016).

The myc family is composed of the ¢c-myc oncogene, an isoform found in most
human tissues, mycn and mycl, physiologically expressed during development
(Meyer N. et al., 2008). The c-myc transcription factor, one of the many targets
of E2F1, is involved in many key mechanisms of cell biology, such as cell growth,
cell proliferation, differentiation, cell cycle progression and metabolism (Meyer N.
et al., 2008). c-myc acts as a transcription factor when it binds MAX, forming a
heterodimer that binds a DNA sequence of target genes (Tarrado-Castellarnau
M. et al., 2016). On the other hand, c-myc inhibits the transcriptional activity of
MIZ1 and SP1, showing transcription repressive capacity (Herkert B. et al., 2010).
Different types of human tumors are characterized by aberrant mutations of c-
myc expression, including mechanisms of gene amplification and chromosomal
translocation (Tarrado-Castellarnau M. et al., 2016). In the context of the tumor,
c-myc favors tumorigenesis, supporting the progression of the cell cycle and

tumor metabolic reprogramming. In fact, c-myc promotes the Warburg effect by
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inducing the expression of genes involved in glucose uptake and glycolysis
(Osthus R. C. et al., 2000).

The hypoxia inducible factors HIF 1, expressed in most healthy tissues, HIF2 and
HIF3, expressed in specific tissue, are transcription factors induced by hypoxia
(Gordan J. D. et al., 2007). HIF transcription factors have two subunits: HIFa, a
subunit sensitive to changes in oxygen and HIFB, a subunit constitutively
expressed (Gordan J. D. et al., 2007). In normoxic conditions, HIFa subunits are
ubiquitinated by the tumor suppressor protein von Hippel-Lindau (VHL) to be
degraded by the proteasome complex (Dang C. V. et al., 2008). On the contrary,
the low oxygen concentration avoids the interaction of HIFa subunits with VHL
(Dang C. V. et al., 2008). In this case, HIFa subunit binds to HIFf3 subunit to form
a transcription factor that binds specific sequences in the promoter region of
target genes, mainly favoring angiogenesis (Semenza G. L., 2009). HIFa levels
increase in various types of human tumors and often indicate a poor prognosis,
showing a crucial role in tumorigenesis (Semenza G. L., 2010). In fact, the
expression of HIFa, induced by the hypoxic condition of most solid tumors,
promotes angiogenesis, the dissemination of metastases and metabolic
reprogramming (Semenza G. L., 2010). In the context of glucose metabolism of
cancer cells, HIF1 promotes the expression of genes involved in glucose uptake
and in glycolysis, favoring the Warburg effect (Gordan J. D. et al., 2007).
PI3K/AKT/mTOR pathway is characterized by hyperactivating mutations in most
human cancers (Thorpe L. M. et al., 2015).

PI3Ks are lipid kinases activated by various types of receptor tyrosine kinases
(Lemmon M. A., 2010). Currently, 3 classes of PI3Ks have been identified on the

basis of molecular structure, regulatory mechanism and target (Vanhaesebroeck
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B. et al., 2010). PI3Ks, belonging to class I, are composed of p85, a regulatory
subunit, and p110, a catalytic subunit. Heterodimers composed of catalytic
subunits (p110a, p110p and p1108) and regulatory subunits (p85a, p8583, p55a,
p55y and p50a) belong to class IA. And finally, class IB is composed of p110y,
as a catalytic subunit, in association with p101 or p87, as regulatory subunits.
PI3Ks convert PIP2 (phosphatidylinositol 4,5-bisphosphate) to PIP3
(phosphatidylinositol 3,4,5-triphosphate), adding a phosphate group. PIP3
promotes the interaction between PDK1 (phosphoinositide-dependent-kinase 1)
and AKT, causing AKT phosphorylation (Fedele C. G. et al., 2010).

AKT, a serine-threonine kinase, is found in 3 tissue-specific isoforms: AKT1,
AKT2 and AKT3. In fact, AKT2 has an important role in insulin-dependent tissues
and AKT3 in the brain (Dummler B. et al., 2007; Manning B. D. et al., 2017). AKT
regulates several aspects of cell biology including, proliferation, survival, growth
and energy metabolism (Manning B. D. et al., 2017). In the contest of tumor
metabolic reprogramming, AKT promotes Warburg effect, increasing glucose
transporters (Rathmell J. C. et al., 2003; Elstrom R. L. et al., 2004) and activating
glycolytic enzymes, including hexokinase 2 (Gottlob K. et al.,, 2001) and 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase (Deprez J. et al., 1997).
The forkhead box O (FOXO) family, the glycogen synthase kinase 3 (GSK3) and
mTOR are some downstream effectors of AKT signaling. FOXO, a family of
transcription factors, is involved in apoptosis, DNA repair, differentiation and cell
survival (Watroba M. et al., 2012; Shats | et al., 2013). Phosphorylation of FOXO
family members by AKT causes degradation of these transcription factors by the
proteasome (Brunet A. et al., 1999). In the tumor context, the hyperactivation of

AKT signaling determines the degradation of the transcription factors FOXO,
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favoring cell survival (Wang Y. et al., 2014). GSK3 is another AKT substrate with
the function of blocking glycogen synthesis (Cross D. A. et al., 1995). Also in this
case, the phosphorylation of this kinase by AKT inhibits its function (Fumarola C.
et al., 2014).

mTOR, a highly conserved serine/threonine kinase, is part of two distinct
multiprotein complexes called mTORC1 and mTORC2 (Saxton R. A. etal., 2017).
mTOR, DEPTOR, mLST8, Raptor and PRAS40 form mTORC1. This multi-
protein complex promotes cell growth, cell survival and inhibits autophagy
Fumarola C. et al., 2014). In the context of cell metabolism, mTORC1 supports
lipid metabolism, inducing the espression of the transcription factors sterol
regulatory element-binding protein 1/2 (SREBP1/2), which in turn regulates
genes involved in lipid synthesis (Laplante M. et al., 2009). Moreover, this
multiprotein complex promotes the expression of genes involved in oxidative
phosphorylation in mitochondria (Cunningham J. T. et al., 2007).

mTORC1 is indirectly activated by AKT, which inhibits a negative regulator of this
multiprotein complex, called the tuberous sclerosis complex 1/2 (TSC1/2), by
phosphorylation (Menon S. et al., 2014; Valvezan A. J. et al., 2019).

The functions of mMTORC2, composed of mTOR, Protor, Sin1, Rictor, mLST8 and
DEPTOR, are not yet fully understood (Tarrado-Castellarnau M. et al., 2016).
mTORC2 is known to induce AKT phosphorylation which in turn activates
mTORC1 (Sarbassov D. D. et al., 2005).

The kinases of PIBK/AKT/mTOR signaling are attractive targets for the treatment
of various types of cancers. In fact, several classes of drugs have been developed
that inhibit this oncogenic pathway, including AKT inhibitors, mTOR catalytic site

inhibitors, mMTORC1 inhibitors, dual PI3BK-mTOR inhibitors and PI3K inhibitors
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(Fumarola C. et al., 2014). NVP-BEZ235, a reversible competitive inhibitor of the
ATP-binding site of both PI3K and mTOR (Maira S.M. et al., 2008), belongs to
the class of dual PISK-mTOR inhibitors. This imidazoquinolynic compound is
investigated in many clinical trials since 2006, especially for the treatment of
breast cancer (Fumarola C. et al., 2014). The class of PI3K inhibitors is formed
by several compounds, including NVP-BYL719, a specific inhibitor of the p110a

subunit of PI3K (Furet P. et al., 2013).

40



1.10 Role of CDK9 in cancer

CDKO9 belongs to the CDKs family, acting mainly as a transcription regulator. This
protein, discovered in 1994 (Grana X. et al., 1994), is encoded by CDK9 gene. It
exists in two isoforms, transcribed by two different promoters (Shore S. M. et al.,
2003): CDK942 and CDK9ss (Bacon C. W. et al., 2019). CDK942 isoform is mainly
located in the nucleoplasm and CDK9ss isoform in the nucleolus (Liu H. et al.,
2005). In its active state, CDK9 binds Cyclin T1 forming a heterodimeric complex
called Positive-Transcription Elongation Factor-b (P-TEFb) (Mandal R. et al.,
2021). Cyclin T2a and cyclin T2b are considered minor partners of CDK9
(Ramakrishnan R. et al., 2011). RNA Polymerase Il (RNAP Il) regulates the
expression of genes through steps, such as pre-initiation, initiation, elongation,
RNA processing and termination (Mandal R. et al., 2021). P-TEFb plays a crucial
role during the elongation phase, involved in regulating the expression of most
human genes (Chen F. X. et al., 2018). In fact, P-TEFb phosphorylates specific
residues at the C-terminus domain of RNAP I, promoting the elongation phase
of mMRNA strands (Zhou Q. et al., 2012; Bowman E. A. et al., 2014).

P-TEFb plays a key role in cell cycle progression and cellular differentiation. In
fact, it promotes c-myc, involved in cell proliferation, and myeloid cell leukemia-1
(MCL-1), an anti-apoptotic protein of the B-cell lymphoma-2 (Bcl-2) family
(Mandal R et al., 2021). P-TEFb is also essential for the differentiation of various
cell types, including neurons (De Falco G. et al., 2005), lymphocytes (Bellan C.
et al., 2004) and adipocytes (lankova I. et al., 2006).

The biological activity of P-TEFb is strictly regulated (Zhou Q. et al., 2012). In

fact, most of the amount of P-TEFb reversibly binds other proteins, forming a
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ribonucleoprotein complex with inhibitory function (Michels A. A. et al., 2004).
Moreover, post-translational modifications, such as ubiquitination, acetylation
and phosphorylation, targeting CDK9/Cyclin T1 acts on the P-TEFb activity
(Anshabo A. T. et al., 2021).

Since its discovery, many studies have shown that CDK9 is involved in
cardiovascular diseases, viral infections and different types of cancer (Franco L.
C. et al., 2018), becoming an attractive therapeutic target. In fact, many CDK9
inhibitors have been developed, some of which are being investigated in clinical
trials, for the treatment of various types of human cancer (Anshabo A. T. et al.,
2021; Mandal R. et al., 2021).

In the context of cancer, CDK9 promotes carcinogenesis both in hematological
malignancies and in solid tumors (Anshabo A. T. et al., 2021). In fact, the role of
P-TEFb in different forms of leukemia is well known. These tumors are
characterized by rearrangements and translocations at the chromosome level
that lead to the formation of fusion genes. These genes often code for chimeric
proteins, which act by recruiting P-TEFb and thus promote the transcription of
other genes, supporting leukemogenesis (Lin C. et al., 2010).

P-TEFb supports the expression of a large plethora of mutated genes that
characterize breast cancer (Anshabo A. T. et al., 2021). In fact, triple-negative
breast cancer with high CDK9 level shows poor overall survival (Brisard D. et al.,
2018). P-TEFb is also involved in prostate cancer due to its interaction with
androgen receptor, promoting the expression of target genes (Lee D. K. et al.,
2001). Moreover, androgen receptor is phosphorylated by P-TEFb, which
modifies its transcriptional activity, its binding to DNA and its localization in the

nucleus, supporting carcinogenesis in prostate cancer (Gordon V. et al., 2010;
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Chen S. et al., 2012). Recently, a study on endometrial cancer biopsies revealed
elevated levels of CDK9 expression, highlighting the role of this kinase as a

potential prognostic biomarker and a therapeutic target (He S. et al., 2020).
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2. Aims of the study

This study aims to investigate new therapeutic approaches for the treatment of
MPM, as a target therapy is currently missing. The high frequency CDKN2A/ARF
gene loss makes CDK4/6 inhibitors a potential treatment option for MPM. In 2016,
Zhang et al. have demonstrated that CDK4/6 inhibitors enhance the AKT/mTOR
pathway due to inhibition of Rb phosphorylation, which causes AKT activation
(Zhang et al., 2016). In fact, in physiological conditions, hyper-phosphorylated Rb
avoids the interaction between AKT and mTORC2, so that AKT/mTOR pathway
is downregulated. This finding suggests the rationale for the combination of
CDK4/6 inhibitors and PI3K inhibitors, as a potential therapeutic strategy for MPM
treatment. As previously demonstrated by our research group, the combined
inhibition of CDK4/6-cyclin D-Rb-E2F and PI3K/AKT/mTOR pathways affected
proliferation in MPM cell lines, showing an anti-tumor efficacy (Bonelli M. A. et
al., Neoplasia, 2017).

Based on these encouraging results, one of this study's goal was to evaluate the
effect of the CDK4/6 inhibitor palbociclib in association with PI3K inhibitors (NVP-
BEZ235 or NVP-BYL719) on glucose metabolism in human MPM cell lines. It is
well known that CDK4/6-cyclin D-Rb-E2F and PI3K/AKT/mTOR pathways plays
also a crucial role in the control of metabolic process: AKT regulates glucose
metabolism through HIF1-a and c-myc has a role in glucose metabolism through
the regulation of the glucose transporter GLUT1 and many genes involved in the
glycolytic process. Palbociclib/PI3K inhibitors combined treatment might affect
glucose metabolism due to inhibition of both PISK/mTOR pathway and c-myc

expression.
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Another goal of this research was to find a treatment schedule based on the
association of abemaciclib with the first-line chemotherapy approved for the
treatment of MPM in order to investigate the antiproliferative effects on MPM cell
lines.

Finally, this study also investigated the antitumor efficacy of a new molecule,
called VS2-370, in MPM cell lines. VS2-370, developed by an Italian company
for the treatment of various types of cancer, is a highly selectively inhibitors of
both CDK4/6 and CDK9. Currently, this new drug is in an advanced preclinical

phase of development.
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3. Materials and Methods

3.1 Cell cultures

Human MPM cell lines MSTO-211H (biphasic istotype), H2052 (sarcomatoid
istotype), H28 (epithelioid istotype) and H2452 (epithelioid istotype) were
purchased from American Type Culture Collection ATCC (Manassas, VA, USA).
ZS-LP was a primary cell line obtained from a MPM patient, after informed
consent, diagnosed at Hospital of Parma (Bonelli M. A. et al., Neoplasia, 2017).
All cell lines were cultured in RPMI-1640 growth medium supplemented with 10%
of fetal bovine serum (FBS), 2 mM glutamine (GLN) and 1% of antibiotics
(penicillin 100 Ul/ml and streptomycin 100 ug/ml). H2052 were cultured in RPMI-
1640 supplemented with 10% of FBS, 2 mM GLN, 1% of antibiotics, 10 mM
Hepes, 12 mM glucose and 1 mM NaPyr. All cell lines, seeded in different
densities, grew in Petri dishes of different sizes in a humified atmosphere with
5% CO:2at 37°C. Hypoxic conditions were created by a cell culture incubator with

controlled Oz levels at 37°C (Binder GmbH).
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3.2 Drug treatments

Palbociclib (PD-0332991), abemaciclib (LY2835219) and ribociclib (LEE-011)
were provided by Selleckchem (Houston, Texas, USA). Palbociclib was dissolved
in sterile water while abemaciclib and ribociclib were dissolved in DMSO.

NVP-BYL719 and NVP-BEZ235, provided both by Selleckchem (Houston, Texas,
USA), were dissolved in DMSO. Cisplatin and pemetrexed were provided from
the inpatient pharmacy of University Hospital of Parma and were dissolved in
sterile water. VS2-370 was provided from Virostatics (Italy) and was dissolved in
DMSO. DMSO was used at a concentration below 0.1% (v/v).Control cells were

treated with an equal amount of solvent.
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3.3 Trypsinization and cell counting

Trypsinization was the process of cell dissociation using trypsin, a proteolytic
enzyme that broke down proteins in order to dissociate adherent cells from the
vessel in which they are being cultured. The culture medium was removed and
an adequate volume of Trypsin EDTA 1Xin PBS w/o calcium w/o magnesium w/o
Phenol Red (Biowest) were added at 37°C, in order to facilitate the detachment
of cells from the plate. Then, cells were transferred to sterile tubes and spiked
with a volume of cultured medium equal to that of trypsin. The suspension was
centrifuged at 500 x g for 4 minutes. Subsequently, the supernatant was removed
and cells were re-suspended in culture medium. Cell counting was performed by
light microscopy using a Burker haemocytometer. Finally, cells were seeded at

the density desired in plates with culture medium.
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3.4 MTT assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was a
colorimetric assay for measuring cell vitality. The assay was based on the
reduction of the yellow tetrazole MTT into its insoluble formazan, giving a purple
color. MTT-reduction was dependent on NAD(P)H-dependent oxidoreductase
enzymes expressed in the cell. Therefore, reduction of MTT was directly
proportional to cellular metabolic activity due to elevated NAD(P)H flux. 3-5 x 103
cells were seeded into 96-well plates in quadruplicate and were exposed to
various treatments. After 72 hours of drug treatment, medium was removed and
100 pl of MTT solution (1 mg/ml, Sigma-Aldrich) was added to each well. The
plate was incubated at 37°C. After an hour, crystalline formation was dissolved
with DMSO and the absorbance was measured at 565 nm, using a microplate-

reader (TECAN).
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3.5 Cristal violet assay

Cristal violet (triphenylmethan dye (4-[(4-dimethylaminophenyl)-phenyl-methyl]-
N, N-dimethyl-aniline) assay was a colorimetric assay for measuring cell vitality.
Crystal violet dye stained nuclei. Upon solubilization, the intensity of the color
produced was directly proportional to cells number. 3-5 x 102 cells were seeded
into 96-well plates in quadruplicate and were exposed to drug treatments. After
72 hours of drug treatments, medium was removed and the cells were washed
with cold PBS twice. Subsequently, cells were fixed with ice-cold methanol for 10
minutes and then stained with 0.5% crystal violet. The unbound dye was removed
by washing carefully with water. Bound crystal violet was solubilized with 0.2%
TritonX-100 in PBS. Light excitation, which increased linearly with cells number,

was analyzed at 570 nm, using a microplate-reader (TECAN).
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3.6 Analysis of cell death

Cell death was assessed by Hoechst 333342/propidium iodide staining, in order
to differentiate apoptotic from necrotic cells, using the fluorescence microscope.
Hoechst 33342 (bisbenzimide H33342 trihydrochloride) was a specific
fluorescent DNA stain that crossed the cell membrane highlighting apoptotic cells
in blue (Portugal J. et al., 1988). Propidium iodide (Pl) was a DNA intercalating
fluorescent agent of necrotic cells that appeared red under the fluorescence
microscope (Tas J. et al., 1981).

Hoechst 33342 was dissolved in distilled water (50 pg/ml) while Pl was dissolved
in PBS, at the same concentration, with the addition of sodium citrate (0.1%) and
NP40 (0.5%). 10° cells were seeded into medium plates in complete growth
medium. 24 hours later, medium was replaced with drug-containing RPMI-1640
and the cells were cultured for additional 72 hours. Subsequently, the cells were
detached and counted with trypan blue to distinguish dead cells from live cells.
Cell counting was performed by light microscopy using a Burker
haemocytometer. Finally, the cells were resuspended in culture medium added
with Hoechst 33342 (3 ug/ml) and Pl (2.5 ug/ml) and the cells were counted

using the fluorescence microscope.
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3.7 Colony formation assay

Colony formation assay (clonogenic assay) was an in vitro test that evaluated cell
survival through colony formation (Franken N. A. P. et al., 2006). This test was
based on the proliferation of a single cell forming a group of at least 50 cells,
called a colony. 2 x 102 cells were seeded into small plates in complete growth
medium. 24 hours later, medium was replaced with drug-containing RPMI-1640.
After 72 hours, the medium was removed and replaced by medium with drugs or
medium without drugs, depending on the type of cells treated. Medium
replacement could continue for one to two weeks. The drug-free medium
evaluated the resumption of cell proliferation after drugs treatment. Finally,

colonies were stained with crystal violet assay.
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3.8 Cellular glucose uptake

Cellular glucose uptake quantified the glucose transport by cells in different
experimental conditions. 10° cells were seeded into 12-well plates in complete
growth medium. 24 hours later, medium was replaced with drug-containing or
free-RPMI-1640 and the cells were cultured for additional 24 hours. Kreb'’s Ringer
HEPES (KRH) buffer (136 nM NaCl, 4.7 mM KCL, 1.25 mM CaClz, 1.25 mM
MgSOs4, 10 MM HERPES; pH 7.4), containing 1 uCi/ml Deoxy-D-Glucose 2-[1,2-
3H(N)] (2DG, 1 mCi/mmol, Perkin-Elmer, Waltham, MA, USA) was used for
glucose uptake measurements. 2-D-deoxyglucose, analogue of glucose, was
internalized by the cells and phosphorylated to 2-deoxyglucose-6-phosphate by
the hexokinase. The compound produced was not further metabolized by the
cells. The radioactivity was directly proportional to the quantity of labeled glucose
internalized by the cells.

The cells were quickly rinsed with KRH and incubated with KRH containing
labeled glucose (uptake buffer) at 37°C for 5 minutes. The incubation was
stopped by removal of the uptake buffer. The cells were quickly rinsed three times
in cold Earle’s solution containing 0.1 mM phloretin (Sigma-Aldrich). lce-cold
trichloroacetic acid (TCA 5% w/v) was added for 15 minutes at 4° C, in order to
precipitate proteins and extract small intracellular solutes. Subsequently, the
radioactivity was measured by liquid-scintillation counting in 4 independent
determinations. Then, proteins were dissolved in 0.5 N NaOH and their
concentration was measured by a dye-fixation method (Bio-Rad Laboratories,

Hercules, CA, USA), using bovine serum albumin as standard.
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3.9 Glucose (HK) assay

The consumption of glucose by cells was detected by Glucose (HK) Assay Kit
(Sigma-Aldrich). Hexokinase catalyzed the glucose phosphorylation due to
adenosine triphosphate (ATP), causing the formation of glucose-6-phosphate
(G6P) and adenosine diphosphate (ADP). Subsequently, glucose-6-phosphate
dehydrogenase (G6PDH) catalyzed the oxidation reaction of G6P, forming 6-
phospho-gluconate and NADH. In fact, an equimolar amount of NAD was
reduced to NADH. In this case, the concentration of NADH, proportional to
glucose concentration, was analyzed at 340 nm, using a microplate-reader
(TECAN).

Culture media were collected 24 hours after drugs treatment and centrifuged to
remove debris. 6 yl of sample (containing 0.05-5 mg of glucose/ml) were added
to 300 pl of glucose assay reagent (containing ATP, NAD, hexokinase and
glucose-6-phosphate dehydrogenase) for 15 minutes at room temperature.
Subsequently, the absorbance of samples was measured and compared to the

absorbance of RPMI-1640, containing 2 mg/ml of glucose.
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3.10 Agilent Seahorse XFp phenotype test kit

Glycolysis and mitochondrial respiration, the two most important energy
pathways of the cell, were measured by Agilent Seahorse XFp technology, both
under baseline and stressed conditions. Results were reported considering two
main parameters:

» Extracellular Acidification Rate (ECAR): the rate of increase in proton
concentration (decrease of pH) in the assay medium. ECAR was a rate of
the measure of the glycolysis of the cell.

» Oxygen Consuption Rate (OCR): the rate of decrease of oxygen
concentration in the assay medium. OCR was a mesasure of the rate of
mitichondrial respiration of the cell.

Glycolytic function and mitochondrial respiration were determined using the XFp
extracellular flux analyzer (Seahorse Bioscience, North Billerica, MA).

Glycolytic function was investigated using Glycolysis Stress Test Kit. The cells
were seeded in a Seahorse culture plate at an optimazed concentration of 12.000
cells per well. ECAR and OCR were detected after having added cells with a
glucose-free medium. Glycolysis, glycolytic capacity, glycolytic reserve and non-
glycolytic acidification were assessed after the addition respectively of 100 mM
glucose, 10 uM oligomycin and 500 mM 2-deoxy-D-glucose.

Mitochondrial respiration was investigated using Mito Stress Test Kit. The cells
were seeded in a Seahorse culture plate at an optimazed concentration of 12.000
cells per well. ECAR and OCR were measured in the presence of physiological
concentrations of 10 mM glucose, 1 mM pyruvate and 2 mM glutamine.
Mitochondrial ATP dependent respiration, uncoupled respiration and non-

mitochondrial respiration were assessed after the addition respectively of 1 yM
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oligomycin, 1.5 yM carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP)
and the combination of 0.5 yM each of antimycin A and rotenone.
At the end of analysis, the Agilent Seahorse XFp produced a test report and it

automatically calculated the baseline ECAR and OCR of the samples.
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3.11 Western blotting analysis

Preparation of extracts

Cells were treated with drugs for a certain period of time and then the proteins
were extracted for electrophoretic analysis. The cell monolayer was washed twice
with 2 ml of saline solution in phosphate buffer (PBS) at 4°C. Subsequently, cells
were treated with lysis buffer (150 mM NaCl, 5 mM MgCl2, 50 mM Tris-HCL
pH7.4, 0.1% sodiumdodecylsulphate (SDS), 1% Triton-X-100, 100 mg/ml 4-
amidinophenylmethanesulfonyl fluoride (APMSF), 0.5 ug/ml leupeptin, 0.7 pg/ml
pepstatin, 0.5 mM EDTA, 1 mM sodium ortovanadate, 50 mM NAF, 5 mM sodium
pyrophosphate 10 mM sodium B-glycerophosphate, 0.5% sodium deoxycholate)
and the lysate was collected using “cell scraper”. The extracts obtained were
frozen at -80°C for at least 30 minutes, sonicated and centrifuged at 12000 x rpm
for 10 minutes at 4°C in order to separate coarse components from the
supernatant containing the proteins. Subsequently, the supernatant was

transferred in eppendorf to quantify proteins.

Determination of protein content

Cell lysate proteins were determined using the BIO-RAD DC Protein Assay Kit
(Richmond CA, USA). 125 pl of REAGENT A (alkaline solution of copper’'s
tartrate) was added to 2 pl of sample, vortexed and 1 ml of REAGENT B (Folin’s
reagent) was added in each sample. Subsequently, all samples were incubated
in the dark for 15 minutes at room temperature. The proteins induced a reaction
that caused a purple color whose intensity was proportional to the protein
concentration of each sample. Subsequently, the absorbance of samples was

measured at 750 nM, using a microplate-reader (TECAN). The calibration curve
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was constructed with a standard protein, such as bovine serum albumin (BSA).
The protein concentration of each sample, including the samples of the calibration

curve, was calculated by the absorbance.

Polyacrylamide gel electrophoresis in SDS (SDS-page)

The same amount of protein was taken from each sample with the addiction of
the lysis buffer and sample buffer (62.5 mM Tris-HCL pH 6.8, 2% SDS, 2-5% -
mercaptoethanol, 0.002% blue bromine phenol, 20% glycerol). Subsequently, all
samples were boiled at 100°C for 2-3 minutes and loaded into gel on SDS
polyacrylamide slab gels (8x6x0.15 cm, using BIORAD equipment. On each lane,
the same amount of protein was loaded. Subsequently, proteins were separated
on a gel (acrylamide/polyacrylamide 30:0.8), according to the procedure
described by Laemmli (Laemmli U. K., 1970), with a constant current of 60 mA at
4°C for about 1 hour. The molecular weight of each band was obtained by
comparing the relative mobility of the same and that of standard proteins, colored
and of known molecular weight, which were separated simultaneously with the

samples.

Electrophoresis transfer

Following electrophoresis, the separated proteins were transferred (or blotted)
onto a second matrix, PVDF (polyvinylidene difluoride) membrane, activated
previously in methanol. The gel was placed in direct contact with a PVDF
membrane and they were “sandwiched” between two electrodes. The transfer
was performed by Lightning Blot Protein Transfer System (Perkin Elmer). When

the electric field was applied, the proteins moved out of the polyacrylamide gel
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onto the surface of the membrane, where the proteins became tightly attached.
The resulting membrane was a copy of the protein pattern found in the

polyacrylamide gel.

Protein detection

The membrane was incubated with blocking solution (5% non-fat-powdered milk
or 5% BSA in TTBS buffered saline composed by 20 mM Tris, 137 mM NaCl, 1
mM HCl and 0.1% Tween 20) for 1 hour at 37°C, in order to block the non-specific
binding site by proteins. Subsequently, the membrane was incubated with
primary antibody overnight at 4°C on a shaker platform. After this time, 3 washes
of 5 minutes each were performed with TTBS. Then, the membrane was
incubated 1 hour with HRP-anti-mouse or HRP-anti-rabbit antibodies (secondary
antibodies labelled with peroxidase) at 1:5000 dilutions. After this time, 3 washes
of 5 minutes each were performed with TTBS. Immunoreactive bands were
visualized using an enhanced chemiluminescence system: the transferred
proteins, complexed with the secondary antibody, reacted with a
chemiluminescent substrate, such as luminol (LuminataTM Crescendo Western
HRP Substarte, Millipore Corporation, Billerica MA, USA), in order to produce
immunoreactive bands which were visualized on photographic plates (C-DiGitTM
Blot Scanner, Li-COR Bioscences, INC., Lincoln, NE, USA). The intensity of the
signal correlated with the abundance of the antigen on the blotting membrane.
The densitometric analysis of the bands, performed using Quantity One (BIO-
RAD) software, allowed the quantification of the light signal that was a function of

protein concentration.
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3.12 B-Galactosidase staining

Cellular senescence was demonstrated using the Senescence 3-Galactosidase
Staining Kit (Cell Signaling Technology Inc.). Cells were cultured in small dishes
(3 x 10 cells) and after 24 hours the medium was replaced with medium added
to drugs. After 72 hours, the medium was removed and the cells were washed
gently with PBS twice. Then, a fixative solution was added for about 15 minutes
at room temperature. The cells were again washed with PBS twice. Finally, the
solution containing the B-Galactosidase was added and the cells were incubated
at 37 ° C overnight in the absence of CO2. After a certain variable number of
hours, depending on the type of cells, the senescent cells appeared blue. The
cells were washed with PBS twice to remove the solution containing the enzyme
and to stop the reaction. Finally, B-galactosidase positive cells were counted

using the microscope.
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3.13 CYTO-IDR Autophagy detection Kit 2.0

Autophagy was demonstrated using the CYTO-IDR Autophagy Detection Kit 2.0
(Enzo Life Sciences (ELS) AG). Cells were cultured on slides (10 ° cells) and after
24 hours the medium was replaced with the medium containing the drugs. The
positive control was done by adding medium with combined treatment of
rapamycin (500 nM) and chloroquine (5 pM). After 72 hours, the medium was
removed and the cells were washed gently with Assay Buffer 1X containing 5%
FBS twice. Then, 100 ul of Microscopy Dual Detection Reagent was added for
30 minutes at 37°C. The cells were washed gentlly with Assay Buffer 1X
containing 5% FBS once. Then, the cells were fixed with 4% formaldehyde for 20
minutes at room temperature. The cells were again washed with Assay Buffer 1X
containing 5% FBS three times. Finally, the Hoechst 33342 Nuclear Stain (1uM)
was added for 15 minutes at room temperature. At the end of the incubation time,

the cells were observed using the confocal microscope.
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3.14 Bliss analysis

The combined effects of drugs were investigated using the Bliss independence
criterion for in vitro co-exposure (Goldoni M. et al., 2007).
The Bliss criterion is expressed by the following equation:
E(x,y) = E(x) + E(y) - E(x) x E(y)
E(x) is the effect of the concentration for the first compound (between 0 and 1),
E(y) is the effect of the concentration for the second compound and E(x,y) is the
combined effect. If the combination effect is higher than the expected value from
Bliss equation, the interaction is synergistic. If this effect is lower, the interaction

is antagonistic. Otherwise, the effect is additive when drugs have no interaction.
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3.15 Statistical analysis

Statistical analysis was carried out using GraphPad Prism version 8.0 software
(GraphPad Software Inc. San Diego, CA, USA). Results were expressed as mean
value * standard deviation (SD) for the indicated number of independent
measurements. Differences between the mean values recorded for different
experimental conditions were evaluated by one-way Anova and Bonferroni’s

post- test. A p value <0.05 was considered as significant.
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4. Results

Human MPM cell lines MSTO-211H (biphasic histotype), H2452, H28 (both of
epithelioid histotype) and H2052 (sarcomatoid histotype) were characterized by
CDKNZ2A/ARF loss and functional Rb pathway (Bonelli M. A. et al., Neoplasia,
2017). ZS-LP is a primary cell line obtained from a MPM patient, after informed
consent, diagnosed at Hospital of Parma (Bonelli M. A. et al., Neoplasia, 2017).
This primary cell line showed the same molecular characteristics described above

(Bonelli M. A. et al., Neoplasia, 2017).

4.1 Effects of combined inhibition of CDK4/6 and

PISBK/AKT/mTOR on metabolism in MPM cell lines

4.1.1 Background

The starting point of this research derived from previous data demonstrating that
MPM cell lines, harboring CDKN2A/ARF deletion, were sensitive to palbociclib
(Bonelli M. A. et al., Neoplasia, 2017). Moreover, MSTO-211H, H28 and ZS-LP
cells treated with palbociclib for 24 hours, followed by the combined treatment of
PI3K inhibitors (BEZ235 or BYL719) and palbociclib for further 48 hours, showed
a synergistic/additive inhibition of cell proliferation in comparison with single drug
treatments (Bonelli M. A. et al., Neoplasia, 2017).

The same treatment described above was also tested on H2052 cells, both in
normoxia (Fig.1A-B) and hypoxia conditions (Fig.1C-D). In fact, the tumor
microenvironment of various types of cancer, including MPM, is often
characterized by poorly oxygenated areas. Also in this cell model, the combined

treatment of palbociclib with BEZ235 or BYL719 caused an additive inhibition of
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cell proliferation in both conditions. It is worth of note that this treatment schedule
affected cell growth also in hypoxic conditions. Taken together these data
suggested that palboliciclib in association with PI3K inhibitors (BEZ235 or

BYL719) could be considered a new therapeutic approach for the treatment of
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Figure 1. Effect of the combined treatment of palbociclib with PI3K/mTOR inhibitors on cell
proliferation in H2052 cells. H2052 cells were treated with palbociclib 1 yM in association with
BEZ235 (from 0.1 to 100 nM) or BYL719 (from 0.1 to 10 uM) for 72 hours in normoxia (A-B) and
hypoxia (C-D). Cell proliferation was evaluated by MTT assay. The type of interaction
(antagonistic, additive or synergistic) was determined through Bliss analysis. Data were
expressed as percent inhibition versus control cells and were representative of two independent
experiments. * p < 0.05 vs. Bliss.
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4.1.2 Analysis of the metabolic phenotype in MPM cell lines

Since CDK4/6-cyclin D-Rb-E2F and PISK/AKT/mTOR pathways are involved in
the regulation of cell metabolism, in the context of the tumor they support
metabolic reprogramming, becoming attractive therapeutic targets.

First, the metabolic characteristics were analyzed on a panel of human MPM cell
lines: MSTO-211H, H2452, H28 and H2054 cells cultured in complete medium
for 24 hours (Fig.2A). MSTO-211H cells showed the highest glycolytic and
oxidative metabolism (energetic phenotype), measured respectively by extra
cellular acidification (ECAR) and oxygen consumption rate (OCR) with the Agilent
SeaHorse XFp analyzer, whereas H2052 cells had the lower glycolytic and
oxidative metabolism (quiescent phenotype). H2452 and H28 cells showed an
intermediate metabolic phenotype. Subsequently, all these MPM cell lines were
subjected to glucose deprivation for 24 hours (Fig.2B). Glucose starvation
moderately influenced the growth of H28 and H2452 cells. Cell viability of MSTO-
211H cells was strongly impaired by the absence of glucose in the cultured
medium, while H2052 cells adapted much better to this stress condition, as their
growth was not inhibited. In fact, as shown in figure 2C, H2052 cells reacted
better to the energy demand by maintaining high levels of both glycolysis and
mitochondrial respiration. On the other hand, MSTO-211H cells were very
susceptible, showing a lower metabolic potential. Finally, cell proliferation was
observed in all MPM cell lines in hypoxia for 24 and 48 hours (Fig.2D). H2052
cells grew in hypoxic conditions at both 24 and 48 hours, due to their adaptability
to metabolic stress conditions. Instead, MSTO-211H cells exhibited growth

inhibition in hypoxia, confirming their low metabolic potential.
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MSTO-211H and H2052 cells showed the highest and lowest energy phenotype,

respectively. Based on these results, these two MPM cell lines were chosen to

investigate the effects of palbociclib in association with PI3K inhibitors (BEZ235

or BYL719) on cell metabolism.
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Figure 2. Metabolic profile of MPM cell lines. The Agilent SeaHorse Cell Energy Phenotype
assay was used to analyze the metabolic features (A) and the metabolic potential (C) of MSTO-
211H, H2052, H2452 and H28 cell lines. Data were representative of two independent
experiments. (B) MPM cell lines were cultured under glucose starvation (w/o gluc) for 24 hours.
Cell viability was measured by CV assay and data were representative of three independent
experiments. *p<0.05, ***p<0.001 vs. control. (D) MPM cell lines were cultured in hypoxia for 24
hours and 48 hours. Cell viability was measured by CV assay and data were representative of
three independent experiments. Data were expressed as percent versus control cells in normoxia

(N) *p<0.05, **p<0.01, ***p<0.001 vs. N.
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4.1.3 Analysis of the effects of the association of palbociclib with PI3K
inhibitors (BEZ235 or BYL719) on glucose metabolism in MPM cell lines
The glycolytic activity of MSTO-211H and H2052 cells was analyzed with the
Agilent SeaHorse XFp analyzer, in order to better characterize the effects of
palbociclib and BEZ235 individually or in association.

The glycolytic function was measured by evaluating the extracellular acidification
rate (ECAR). Cells were incubated with palbociclib 1 yM and BEZ235 40 nM,
alone or in association, for 24 hours. Palbociclib or BEZ235 caused a reduction
in basal ECAR levels in both cell models. It should be noted that ECAR levels
showed a drastic decrease when MSTO-211H and H2052 cells were treated with
the association of palbociclib with BEZ235 (Fig.3A-D). Afterwards, the cells were
analyzed using the Agilent SeaHorse Glycolysis Stress Test, based on the
sequential addition of glycolysis modulators to get glycolytic metabolic
parameters (Fig.3B-E). The initial measurement was considered as a basal cell
glycolytic activity in the absence of glucose (non-glycolytic acidification). The first
injection of glucose activated glycolysis and ECAR increased due to the
production and release of lactate. In cells used as controls, with a drug-free
medium, this measurement was the normal rate of glycolysis. When glucose was
injected in MSTO-211H and H2052 cells, treated with palbociclib and BEZ235
individually or in association, the induction of ECAR was significantly reduced,
confirming the inhibition of their glycolytic capability. In the next step of the
analysis, the ATP synthase inhibitor oligomycin was injected, thus producing a
rapidly hyperpolarization of the mitochondrial membrane and blocking the
generation of ATP by oxidative phosphorylation. The cells responded to this

dramatic decrease of ATP production by activating glycolysis at their maximum
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capability, and this was measured by a secondary increase of ECAR level. As
shown in figure 3B-E, MSTO-211H and H2052 cells treated with palbociclib
combined with BEZ235 showed a greater decrease of their glycolytic capacity
than the cells treated with the drugs used alone. In fact, palbociclib and BEZ235
combination prevented oligomycin effects, maintaining ECAR at a similar rate to
the baseline. At the end, glycolysis was completely inhibited by the injection of
the glucose analog 2-DG, and the ECAR returned to its non-glycolytic level.

Moreover, as shown in figure 3C-F, the glycolytic capacity (the maximum ECAR
rate reached after oligomycin injection) and the glycolytic reserve (the capability
of cells to respond to an energetic demand) strongly decreased when MSTO-
211H and H2052 cells were treated with the combined treatment. It is worth of
note that MSTO-211H cells showed a greater reduction in the glycolytic reserve
levels compared to H2052 cells treated with palbociclib in association with
BEZ235, highlighting the ability of H2052 cells to better adapt to metabolic stress

conditions.
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Figure 3. Effect of the combined treatment of palbociclib and BEZ235 on glycolysis in
MSTO-211H and H2052 cells. Cells were treated with palbociclib (1uM) in association with
BEZ235 (40nM) or with palbociclib or BEZ235 for 24 hours. (A-D) The glycolytic activity was
evaluated by the extracellular acidification rate (ECAR) using Agilent SeaHorse XFp analyzer.
Data were shown as mpH/min normalized to proteins and they were representative of four
independent experiments. (B-E) Glycolytic profile was measured by ECAR using Agilent
SeaHorse XFp analyzer Glycolysis Stress Test Kit. Data were representative of two independent
experiments. (C-F) Glycolysis, glycolytic capacity (ECAR rate reached at the maximal cellular
glycolytic capability after oligomycin addition) and glycolytic reserve (difference between the
maximum ECAR reached after oligomycin injection and baseline ECAR) were calculated as
percent versus control cells. Data were expressed as the media of at least three independent
experiments. *p<0.05, **p<0.01, ***p<0.001 vs. C; #p<0.05, ##p<0.01, ###p<0.001 vs.
palbociclib; §p<0.05, §§<0.01, §§§p<0.001 vs BEZ235.
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Subsequently, the same analysis described above was performed on MSTO-
211H and H2052 cells to investigate the effects of palbociclib and BYL719
individually or in association on the glycolytic activity (Fig.4). Cells were incubated
with palbociclib 1 yM and BYL719 1 uM for MSTO-211H cells or BYL719 2.5 uM
for H2052 cells, alone or in association, for 24 hours.

As shown in figure 4A-D, palbociclib combined with BYL719 caused a decrease
in basal ECAR levels in both MSTO-211H and H2052 cells. It should be noted
that basal ECAR levels were reduced by BYL719 in H2052 cells whereas this
reduction was not detected in MSTO-211H cells. Subsequently, the cells,
analyzed using the Agilent SeaHorse Glycolysis Stress Test, showed a reduced
glycolytic activity due to combined treatment (Fig.4B-E). Moreover, MSTO-211H
and H2052 cells had a strong downregulation of their glycolytic capacity and
glycolytic reserve, when both cell models were treated with palbociclib in

association with BYL719 (Fig.4C-F).
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Figure 4. Effect of the combined treatment of palbociclib and BYL719 on glycolysis in
MSTO-211H and H2052 cells. (A-D) The glycolytic activity was evaluated by the extracellular
acidification rate (ECAR) using Agilent SeaHorse XFp analyzer. Data were shown as mpH/min
normalized to proteins and they were representative of four independent experiments. (B-E)
Glycolytic profile was measured by ECAR using Agilent SeaHorse XFp analyzer Glycolysis Stress
Test Kit. Data were representative of two independent experiments. (C-F) Glycolysis, glycolytic
capacity (ECAR rate reached at the maximal cellular glycolytic capability after oligomycin addition)
and glycolytic reserve (difference between the maximum ECAR reached after oligomycin injection
and baseline ECAR) were calculated as percent versus control cells. Data were expressed as the
media of at least three independent experiments. **p<0.01, ***p<0.001 vs. C; #p<0.05, ##p<0.01,
#H##p<0.001 vs. palbociclib; §p<0.05, §§<0.01, §§§p<0.001 vs BYL719.

72



The effects of palbociclib in associations of PI3K inhibitors on glucose metabolism
were further investigated by evaluating other parameters. First, the effects of
palbociclib alone or combined with BEZ235 or BYL719 on cell glucose
consumption rate were measured under both normoxic and hypoxic conditions
by Glucose (HK) Assay Kit (Fig.5A-B). MSTO-211H and H2052 cells were treated
with palbociclib 1 yM, BEZ235 40 nM or BYL719 (1 uM for MSTO-211H cells or
2.5 yM for H2052 cells), individually or in association (palbociclib + BEZ235 or
palbociclib + BYL719) in both normoxic and hypoxic conditions (0.5 % Oz2) for 24
hours. In normoxic conditions, both palbociclib and BEZ235, used individually,
induced about 20% decrease in glucose consumption in both MPM cell models.
On the contrary, BYL719 alone affected glucose consumption only in H2052 cells.
The association of palbociclib with BEZ235 or BYL719 caused a decrease in
glucose consumption of about 30% in MSTO-211H cells and about 40% in H2052
cells. In hypoxic conditions, the combination of palbociclib with PI3K inhibitors
prevented hypoxia-mediated stimulation of glucose consumption more than
individual treatments in both MPM cell models. In fact, the consumption of
glucose decreased by 30% due to the combined treatment and by 15-20% due
to the drugs used individually. The reduced glucose consumption observed after
palbociclib/PI3K inhibitors combined treatment was ascribed to a reduced
glucose uptake (Fig.5C-D). In this case, MSTO-211H and H2052 cells were
treated with palbociclib 1 yM or BEZ235 40 nM, individually or in association, in
both normoxic and hypoxic conditions (0.5 % O2) for 24 hours. The association
of palbociclib with BEZ235 induced a greater glucose uptake inhibition than single
drug treatment in both MSTO-211H and H2052 cells, in both normoxic and

hypoxic conditions. In addition, both MPM cell models adapted to the hypoxic
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condition by increasing glucose uptake; this adaptation was more efficaciously

inhibited by the combined treatment as compared with single treatments.
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Figure 5. Effect of the combined treatment of palbociclib and PI3K inhibitor BEZ235 or
BYL719 on glucose consumption and cellular glucose uptake in MSTO-211H and H28 cells.
(A,B) MSTO-211H cells were treated with palbociclib (1 uM), BEZ235 (40 nM), BYL719 (1 uM)
and H2052 cells were treated with palbociclib (1 yM), BEZ235 (40 nM), BYL719 (2.5 pM) or
palbociclib in association with BEZ235 or BYL719 for 24 h in normoxia and hypoxia conditions.
At the end of the treatments, glucose consuption was evaluated with Glucose (HK) assay kit.
*p<0.05, **p<0.01, ***p<0.001 vs. C normoxia; #p<0.05, ##p<0.01, ##H#p<0.001 vs. palbociclib;
§p<0.05, §§<0.01, §§§p<0.001 vs BEZ235 or BYL719. (C,D) MSTO-211H and H2052 cells were
treated with palbociclib (1 yM) and BEZ235 (40 nM), individually or in association, for 24 h in
normoxia and hypoxia conditions. At the end of the treatments, glucose uptake was evaluated.
*p<0.05, **p<0.01, ***p<0.001 vs. C; #p<0.05, ##p<0.01, #H##p<0.001 vs. palbociclib; §p<0.05,
§8§<0.01, §§§p<0.001 vs BEZ235.
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Subsequently, the effects of the association of palbociclib with PI3K inhibitors
were investigated by Western blotting in order to analyze the expression of
proteins involved in both cell cycle regulation and cell energy metabolism. MSTO-
211H and H2052 cells were treated with palbociclib 1 yM, BEZ235 40 nM or
BYL719 (1 uM for MSTO-211H cells or 2.5 yM for H2052 cells), individually or in
association (palbociclib + BEZ235 or palbociclib + BYL719) in both normoxic and
hypoxic conditions (0.5 % O2) for 24 hours (Fig.6A-B). The association of
palbociclib with BEZ235 or BYL719 induced a decreased expression of the
phosphorylated Rb protein and its target c-myc in MSTO-211H cells, more
evident in hypoxic condition. On the other hand, H2052 cells treated with single
drugs showed a strong decreased of Rb phosphorylation under both normoxic
and hypoxic conditions. The inhibition of both Rb and mTOR, due to the combined
treatment of palbociclib with BEZ235 or BYL719, induced a decrease in c-myc
expression in H2052 cells. Palbociclib induced an increase in the expression of
phosphorylated AKT, due to the lack of activation of the Rb protein (Zhang J. et
al., 2016), in both MPM cell lines and in both culture conditions. PI3K/mTOR
inhibitors reduced phosphorylated AKT in both MSTO-211H and H2052 cells and
the association of BEZ235 or BYL719 with palbociclib was more effective in
H2052 cells under hypoxic condition. The modulation of mMTORC1 was shown by
the decrease in 4E-BP1 due to PIBK/mTOR inhibitors used individually and in
combination with palbociclib. MSTO-211H cells showed greater 4E-BP1
reduction in hypoxic condition than H2052 cells.

GLUT-1 and HIF-1a were both up-regulated in MSTO-211H cells by hypoxic
condition. The association of palbociclib with PI3K inhibitors induced a more

evident decrease of GLUT-1 compared to single treatments. On the other hand,
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HIF-1a protein levels were reduced only by the treatment with PI3K inhibitors.
H2052 cells showed GLUT-1 in both normoxic and hypoxic conditions and
hypoxia did not increase its level. Palbociclib strongly reduced the level of

expression of GLUT-1, compared to the combined treatments.
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Figure 6. Western blotting analysis of the effects of the combined treatment of palbociclib
and PI3K inhibitors on proteins involved in the regulation of cell cycle and glucose
metabolism in MSTO-211H and H28 cells. MSTO-211H cells were treated with palbociclib (1
uM), BEZ235 (40 nM), BYL719 (1 uM) and H2052 cells were treated with palbociclib (1 pM),
BEZ235 (40 nM), BYL719 (2.5 uM) or palbociclib in association with BEZ235 or BYL719 for 24 h
in normoxia and hypoxia conditions. Data were representative of two independent experiments.
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4.1.4 Effects of combined inhibition of CDK4/6 and PI3K/AKT/mTOR on
mitochondrial respiration in MPM cell lines

To better characterize the effects of palbociclib in association with BEZ235 or
BYL719 on metabolism in MSTO-211H and H2052 cells, the Agilent SeaHorse
XFp analyzer was used to investigate the mitochondrial function. MSTO-211H
and H2052 cells were incubated with palbociclib 1 yM and BEZ235 40 nM
individually or with palbociclib in association with BEZ235 for 24 hours.

The cells were analyzed using the Agilent SeaHorse Cell Mito Stress Test, based
on a sequential addition of respiration modulators to get mitochondrial metabolic
parameters. The mitochondrial activity was measured as oxygen consumption
rate (OCR), related to the rate of decrease of oxygen concentration in the assay
medium. MSTO-211H and H2052 cells treated with palbociclib or BEZ235 alone
showed impaired mitochondrial activity, measured as OCR, whereas the
association of palbociclib with BEZ235 caused a more pronounced decrease of
this parameter. In fact, as shown in figure 7 A-B, the injection of oligomycin, an
enzyme that blocks the production of ATP in the mitochondria, caused a decrease
of OCR both in control cells and in treated cells. Subsequently, the addition of the
uncoupling agent FCCP rapidly reversed the hyperpolarized state of
mitochondria caused by oligomycin and, consequently, the oxygen consumption
reaches its maximum, causing an increase in OCR. After FCCP injection, MSTO-
211H and H2052 treated cells showed a lower oxygen consumption maximum
level than control cells. In fact, the association of palbociclib with BEZ235
maintained OCR at almost baseline levels. Finally, the addition of antimycin A
and rotenone, two electron transport chain inhibitors, blocked completely

mitochondrial respiration and, as a consequence, OCR decreased at its lowest
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level. In this case, the OCR measured a process outside the mitochondria (non-
mitochondrial respiration).

Subsequently, the effect of the combined treatment on mitochondrial respiration
was evaluated with other parameters in MSTO-211H and H2052 cells (Fig.7C-
D). The spare respiratory capacity occured when cells responded to an energy
demand, indicating its theoretical maximum. This parameter was obtained by the
difference of OCR after FCCP injection and OCR at the baseline. Also in this
case, MSTO-211H and H2052 cells treated with the drugs individually and in
combination showed a reduced spare respiratory capacity. It is worth of note that
MSTO-211H had a greater inhibition of spare respiratory capacity due to the
combined treatment than H2052 cells. Taken together these data confirmed
again that the drugs prevent the cells from adapting their metabolism when there
was an energy demand. Finally, the ATP production was downregulated by the

association of palbociclib with BEZ235 in both MPM cell models.
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Figure 7. Effect of palbociclib and BEZ235 on mitochondrial activity in MSTO-211H and
H2052 cells. (A-B) Oxygen consumption rate (OCR) was measured using Agilent Seahorse XFp
analyzer Cell Mito Stress Test Kit. Data were shown as mpH/min normalized to proteins and they
were representative of four independent experiments. (C-D) Basal respiration, spare respiratory
capacity and ATP production were calculated as percent versus control cells. Data were
expressed as the media of at least three independent measurements. *p<0.05, **p<0.01,
***p<0.001 vs. C; #p<0.05, ##p<0.01, ###p<0.001 vs. palbociclib; §p<0.05, §§p<0.01,
§§§p<0.001 vs BEZ235.
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Subsequently, the same analysis described above was performed on MSTO-
211H and H2052 cells to investigate the effects of palbociclib and BYL719
individually or in association on mitochondrial respiration. Cells were incubated
with palbociclib 1 yM and BYL719 1 uM for MSTO-211H cells or BYL719 2.5 uM
for H2052 cells, alone or in association, for 24 hours. MSTO-211H and H2052
cells treated with the association of palbociclib with BYL719 showed a stronger
downregulation of mitochondrial activity, measured as OCR, in comparison with
single drug treatment (Fig.8A-B). Also in this case, MSTO-211H and H2052 cells
showed an inhibition of spare respiratory capacity due to the combined treatment
(Fig.8C-D). This inhibition was more pronounced in MSTO-211H cells than in
H2052 cells, highlighting again the ability of H2052 cells to better adapt to stress
conditions. The association of palbociclib with BYL719 inhibited ATP production

very little in both MPM cell models.
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Figure 8. Effect of palbociclib and BYL719 on mitochondrial activity in MSTO-211H and
H2052 cells. Oxygen consumption rate (OCR) was measured using Agilent Seahorse XFp
analyzer Cell Mito Stress Test Kit. (A-B) Oxygen consumption rate (OCR) was measured using
Agilent Seahorse XFp analyzer Cell Mito Stress Test Kit. Data were shown as mpH/min
normalized to proteins and they were representative of four independent experiments. (C-D)
Basal respiration, spare respiratory capacity and ATP production were calculated as percent
versus control cells. Data were expressed as the media of at least three independent
measurements. *p<0.05, **p<0.01, ***p<0.001 vs. C; #p<0.05, ##p<0.01, ###p<0.001 vs.
palbociclib; §p<0.05, §§<0.01, §§§p<0.001 vs BYL719.
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4.2 Effects of abemaciclib combined with cisplatin and
pemetrexed in MPM cell lines

As previously demonstrated, palbociclib had an anticancer effect on human MPM
cell lines, highlighting that CDK4/6 inhibitors could play a role in the treatment of
MPM (Bonelli M. A. et al., Neoplasia, 2017). This part of the research aimed to
investigate on MPM cell lines the anticancer effects of abemaciclib in association
with the standard chemotherapy approved as first line treatment in MPM patients.
First, ICs0 values of abemaciclib, cisplatin and pemetrexed have been determined
for MSTO-211H, H2452, H28 and ZS-LP cell lines (Table 1). All the MPM cell
lines analyzed were sensitive to abemaciclib, with 1Cso values ranging from 0.5 to
1 uM. By contrast, the MPM cell lines had a variable response to cisplatin and
pemetrexed. In fact, MSTO-211H cells were the most sensitive to cisplatin while
ZS-LP cells were the most resistant, with 1Cso values of 0.4 yM and 4.0 uM
respectively. H2452 cells were the most resistant to pemetrexed, with an ICso

value of 0.5 pM.

Cell line Abemaciclib Cisplatin Pemetrexed
MSTO-211H 0.5 uM 0.4 uM 0.03 uM
H2452 1.5 uM 2.6 uM 0.5 uM
H28 1.2 uyM 2.5 uM 0.06 uM
ZS-LP 1uM 4.0 yM 0.04 uM

Table 1. Abemaciclib, cisplatin and pemetrexed sensitivity in MPM cell lines. After 24 h from
seeding, MPM cell lines were treated with increased concentrations of abemaciclib, cisplatin and
pemetrexed for 72 h. Cells proliferation was assessed by MTT assay and data, expressed as a
percentage of inhibition versus control, were representative of three independent experiments.
ICso values were calculated using GraphPad Prism 8.00 software.
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Then, MSTO-211H, H28 and ZS-LP cells were used to investigate the effects of
abemaciclib in combination with cisplatin and pemetrexed on cell proliferation
(Fig.9). Two different schedules of combination were tested: a simultaneous and
a sequential treatment. In the first schedule, cells were treated with the
association of cisplatin and pemetrexed or abemaciclib combined with cisplatin
and pemetrexed. The second approach was based on a sequential treatment; in
in this case, cells were treated with abemaciclib for 24 hours, then abemaciclib
was removed and the cells were exposed to the association of cisplatin and
pemetrexed or to the association of abemaciclib with cisplatin and pemetrexed,
for further 48 hours. Simultaneous treatment with abemaciclib in combination with
cisplatin and pemetrexed induced a greater inhibition of cell proliferation than the
other treatments, in both MSTO-211H and H28 cells (Fig.9A-B). It is worth of note
that the sequential treatment (replacement of abemaciclib after 24 hours with
abemaciclib combined with cisplatin and pemetrexed) caused an inhibitory effect
on ZS-LP cells similar to that observed in the simultaneous treatment
(abemaciclib combined with cisplatin and pemetrexed) (Fig.9C). As
demonstrated by the Bliss experimental model, the simultaneous association of
abemaciclib with chemotherapy produced a synergistic inhibitory effect on cell
proliferation in MSTO-211H cells (Fig.9D). Additive inhibitory effect was observed
in H28 and ZS-LP cells, due to the abemaciclib combined with cisplatin and
pemetrexed (Fig.9E-F). On the basis of these results, the simultaneous treatment
of abemaciclib in association with cisplatin and pemetrexed was used for

subsequent experiments.
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Figure 9. Effects of the combination of abemaciclib with cisplatin and pemetrexed on cell
growth in MPM cell lines. (A-B-C) MSTO-211H cells were treated with abemaclib (0.5 yM),
cisplatin (0.3 yM) and pemetrexed (0.02 uM). H28 and ZS-LP cells were treated with abemaclib
(1 uM), cisplatin (1 pM) and pemetrexed (0.05 uM). Cells proliferation was assessed by MTT
assay and data, expressed as a percentage of cell proliferation versus control, were
representative of three independent experiments. Comparison among groups was made by using
analysis of variance (one-way ANOVA), followed by Bonferroni’s post-test. (D-E-F) The type of
interaction (synergistic, additive, antagonistic) was evaluated through Bliss analysis. MSTO-211H
cells were treated with abemaclib 0.5 yM, H28 and ZS-LP cells with abemaciclib 0.8 uM and with
increased concentrations of cisplatin and pemetrexed. Data were expressed as a percentage of
inhibition versus control. Cells proliferation was assessed by MTT assay and data were
representative of three independent experiments. **p<0.01, ****p<0.0001 vs. cis+pem; ##p<0.01,
#HH#p<0.001, #HHp<0.0001 vs. abe+cis+pem.
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Then, the effects of the association of abemaciclib with cisplatin and pemetrexed
were investigated by Western blotting in both MSTO-211H and H28 cells, in order
to evaluate the expression of proteins having a role in cell cycle regulation
(Fig.10). Simultaneous treatment seemed to have different effects on the
inhibition of cell proliferation in the MPM cell lines analyzed. Abemaciclib, alone
or in association with cisplatin, pemetrexed or the combination of cisplatin and
pemetrexed induced a decrease in the expression of pRb in both MPM cell lines.
MSTO-211H cells showed a greater reduction in Rb expression than H28 cells,
under the same treatment conditions described above. MSTO-211H cells treated
with abemaciclib alone and in combination with cisplatin, pemetrexed or the
association of cisplatin and pemetrexed showed a decrease in c-myc levels
(Fig.10A). p-AKT (thr) expression was dramatically reduced by the simultaneous
treatment of abemaciclib combined with chemotherapy drugs in MSTO-211H
cells (Fig.10A). By contrast, H28 cells had a strong reduction in c-myc levels
induced by the simultaneous treatment of abemaciclib in association with
cisplatin and pemetrexed (Fig.10B). Moreover, the expression of p-AKT (thr) was
drastically reduced by abemaciclib alone and in combination with cisplatin,

pemetrexed or the association of cisplatin and pemetrexed in H28 cells (Fig.10B).
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Figure 10. Western blotting analysis of the antiproliferative effects of the combined
treatment of abemaciclib with cisplatin and pemetrexed on proteins involved in the
regulation of cell cycle. (A) MSTO-211H cells were treated with abemaclib (0.5 uM), cisplatin
(0.3 uM) and pemetrexed (0.02 uM) for 24 h. (B) H28 cells were treated with abemaclib (1 uM),
cisplatin (1 yuM) and pemetrexed (0.05 uM) for 24 h. At the end of the treatments, the expression
levels of proteins involved in signal trasduction was analyzed by Western blotting. Data were
representative of two independent experiments.

Since it is well known that CDK4/6 inhibitors might cause senescence, the next
step was to investigate the effects of the association of abemaciclib with cisplatin
and pemetrexed on the induction of senescence in both MPM cell lines.
Abemaciclib alone and in combination with cisplatin, pemetrexed or the
association of cisplatin and pemetrexed caused an accumulation of senescent-
like cells, with flat and enlarged morphology, in MSTO-211H cells (Fig.11B). As
shown in figure 11A, abemaciclib alone induced about 40% of senescent cells.
Abemaciclib combined with cisplatin or pemetrexed caused about 60% of
senescent cells while the simultaneous treatment of abemaciclib in association
with chemotherapy drugs induced almost 80 % of senescent cells. Unlike MSTO-

211H cells, no senescence was observed in H28 cells (data not shown).
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Finally, to test for the reversibility of the effects of the simultaneous treatment of
abemaciclib combined with cisplatin and pemetrexed, MSTO-211H cells were
treated with the drugs for 72 hours; then, the medium was replaced with drug-
free medium and the cells were cultured for additional 72 hours (fig.11C). After
the recovery period, MSTO-211H cells treated with cisplatin and pemetrexed,
alone or in combination, showed a resumption of cell proliferation. By contrast,
abemaciclib in association with cisplatin showed a greater inhibition of the
resumption of cell proliferation in MSTO-211H cells compared to abemaciclib
combined with pemetrexed. The simultaneous treatment of abemaciclib in
association with cisplatin and pemetrexed caused the highest inhibition of the
resumption of cell proliferation in MSTO-211H cells, indicating that this treatment

caused an irreversible inhibition of cell proliferation.
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Figure 11. Effects of abemaciclib in association with cisplatin and pemetrexed on
senescence induction in MSTO-211H cells. MSTO-211H cells were treated with abemaciclib
(1 uM), cisplatin (0.3 uM) and pemetrexed (0.02 uM) after 72 h. (A) Histograms represented the
percentage of senescent cells positive for SA-B-Gal expression. Comparison among groups was
made by using analysis of variance (one-way ANOVA), followed by Bonferroni's post-test. (B)
Representative images of MSTO-211H cells, treated as described above, stained with SA-B-Gal
Kit. (C) Effects of removal of abemaciclib, cisplatin and pemetrexed on cell proliferation in MSTO-
211H cells. Cells were treated with abemaciclib (0.5 uM), cisplatin (0.3 pM) and pemetrexed (0.02
M) for 72 h; then, cells were cultured for additional 72 h in a drug-free medium (recovery time).
Cell proliferation was evaluated by crystal violet staining. Comparison among groups was made
by using analysis of variance (one-way ANOVA), followed by Bonferroni’s post-test. **p<0.01
***p<0.001, ****p<0.0001 vs. abe+cis+pem.
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As shown in figure 12 (A-B), abemaciclib in association with cisplatin and
pemetrexed had a different effect on cell death in MSTO-211H and H28 cells. In
fact, abemaciclib alone and in combination with cisplatin or pemetrexed caused
about 10% of cell death in MSTO-211H cells. The simultaneous treatment of
abemaciclib combined with cisplatin and pemetrexed induced about 15% of cell
death in MSTO-211H cells. By contrast, the association of abemaciclib with
cisplatin or pemetrexed caused about 20 % of cell death in H28 cells. In addition,
the percentage of cell death reached about 30% in H28 cells treated with the
simultaneous treatment of abemaciclib combined with cisplatin and pemetrexed.
Then, the expression level of proteins involved in cell cycle arrest, senescence
induction and autophagy was evaluated on both MSTO-211H and H28 cells
(Fig.12C-D). In MSTO-211H cells, Abemaciclib alone and in combination with
cisplatin, pemetrexed or the association of cisplatin and pemetrexed caused a
strong decrease in MDM2 phosphorylation, consequently inducing the
accumulation of p53 and p21. Finally, an accumulation of cyclin D1 was observed
in MSTO-211 cells treated with abemaciclib alone and in combination with
cisplatin, pemetrexed or the association of cisplatin and pemetrexed. By contrast,
H28 cells treated with abemaciclib alone and in combination with cisplatin,
pemetrexed or the association of cisplatin and pemetrexed showed a reduction
of the expression of p53, p21 and p27. Activation of lipidate microtubule-
associated protein light chain 3 (LC3B), considered a marker of autophagy, was
observed in H28 cells treated with abemaciclib alone and in combination with
cisplatin, pemetrexed or the association of cisplatin and pemetrexed. In fact,
abemaciclib induced an increase in cell size and the formation of cytoplasmic

vacuoles in H28 cells, confirming an autophagic phenotype (Fig.12Ea-b).
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Figure 12. Effects of abemaciclib in association with cisplatin and pemetrexed on cell
death in MSTO-211H and H28 cells. MSTO-211H cells were treated with abemaciclib (1 uM),
cisplatin (0.3 uM) and pemetrexed (0.02 uM) for 72 h. H28 cells were treated with abemaciclib (1
M), cisplatin (0.5 pM) and pemetrexed (0.05 uM) for 72 h. (A-B) Histograms represented the
percentage of dead cells staining with Hoechst 33342 and Propidium lodide. Comparison among
groups was made by using analysis of variance (one-way ANOVA), followed by Bonferroni’s post-
test. (C-D) Western blotting analysis on proteins involved in cell cycle regulation and senescence
induction. Data were representative of two independent experiments. (E) Representative images
of H28 cells, treated as described above, stained with CYTO-IDR Autophagy detection Kit 2.0 (b).
**p<0.01 vs. abe+cis+pem.
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4.3 Effects of dual inhibition of CDK4/6 and CDK9 in MPM cell
lines

VS2-370 is a new molecule developed to simultaneously inhibit CDK4/6 and
CDKO. This is the first in vitro study that aimed to investigate the antitumor effects
of VS2-370 in MPM cell lines.

As shown in table 2, all the MPM cell lines analyzed showed a greater sensitivity

to VS2-370 than the other CDK4/6 inhibitors.

Cell line VS2-370 Abemaciclib Palbociclib
MSTO-211H 0.05 uM 0.5 uM 0.3 uM
H2452 0.13 uM 1.5 uM 0.7 uM
H28 0.11 uyM 1.2 uM 0.3 uM
H2052 0.18 uM 0.5 uM 1.2 uM

Table 2. CDK4/6 inhibitors and VS2-370 sensitivity in MPM cell lines. After 24 h from seeding,
MPM cell lines were treated with increased concentrations of VS2-370, abemaciclib and
palbociclib for 72 h. Cells proliferation was assessed by MTT assay and data, expressed as a
percentage of inhibition versus control, were representative of three independent experiments.
ICs0 values were calculated using GraphPad Prism 8.00 software.

Then, the antiproliferative effects of VS2-370 were investigated by Western
blotting in both MSTO-211H and H28 cell lines (Fig.13). In fact, the expression
levels of different proteins involved in the regulation of the cell cycle were
evaluated on both MPM cell lines, treated with increased concentrations of VS2-
370. The expression of pRb and c-myc decreased in a dose-dependent manner
in MSTO-211H cells. The highest concentration of VS2-370 downregulated Rb
protein expression in MSTO-211H cells. Furthermore, the two higher doses of
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VS2-370 caused a drastic reduction of the expression of pMAPK and, similarly
MAPK expression was reduced in a dose-dependent manner. A reduction in
pMAPK expression was also observed with the two highest concentrations of
VS2-370 in H28 cells. Treatment with VS2-370 down-regulated p-AKT (ser) in a
dose—dependent manner in both MPM cell lines, whereas a reduction in p-AKT
(thr) expression was observed only in MSTO-211H cells. The impairment in the
AKT/mTOR pathway was demonstrated in both MPM cell lines by the reduced

activation of p-4EBP1, a downstream effector of mTOR.
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Figure 13. Western blotting analysis of the effects of VS2-370 on proteins involved in the
regulation of cell cycle and in signal transduction pathways. MSTO-211H and H28 cells were
treated with increasing concentration of VS2-370 (0.1, 0.5 and 1 uM) for 24 h. Data were
representative of two independent experiments.
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Subsequently, the effects of VS2-370 on cell death were investigated in both
MSTO-211H and H28 cells, treated with increased concentrations of the drug for
72 hours (Fig.14). Signs of death were detected in both MPM cell lines, in a dose-
dependent manner. As shown in figure 3A, MSTO-211H cells were more
sensitive towards VS2-370 than H28 cells. In fact, the percentage of cell death in
MSTO-211H cells reached about 50% at the intermediate concentration of the
drug and reached 100% at the highest concentration. Instead, H28 cells showed
a death rate of just over 50% at the highest concentration of VS2-370. These data
suggested that VS2-370 induced cytotoxic effects in MPM cell lines. By contrast,
CDK4/6 inhibitors palbociclib and abemaciclib showed cytostatic effects on
MSTO-211H cells. In fact, as previously demonstrated, palbociclib induced a rate
of cell death below 10% in MSTO-211H cells (Bonelli M. A. et al., Neoplasia,
2017) and a similar rate of cell death was also observed in both MSTO-211H and
H28 cells treated with abemaciclib. Then, the expression level of different proteins
involved in cell death signaling was evaluated on both MPM cell lines (Fig.14C-
D). The expression of MCL1, a target of CDK9, decreased at the highest
concentration of VS2-370 in MSTO-211H (Fig.14C), whereas in H28 cells MCL1
expression was reduced in a dose-dependent manner (Fig.14D). An increased
expression of p53 and p21 was observed in a dose-dependent manner in MSTO-
211H cells (Fig.14C). All drug concentrations induced an increase in p21
expression in H28 cells (Fig.14D). Caspase 3 activation was observed at the two
highest doses of VS2-370 in both MPM cell lines (Fig.14C-D), indicating apoptotic

cell death.
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Figure 14. Effects of VS2-370 on cell death in MSTO-211H and H28 cells. Cells were treated
with increasing concentration of VS2-370 (0.1, 0.5 and 1 uM) for 72 h. (A) Histograms represented
the percentage of dead cells staining with Hoechst 33342 and Propidium lodide. Comparison
among groups was made by using analysis of variance (one-way ANOVA), followed by
Bonferroni’s post-test. (B) Representative images of MSTO-211H and H28, treated as described
above, stained with Hoechst 33342 and Propidium lodide. (C) Western blotting analysis of the
effects of VS2-370 on proteins involved in cell death pathways. Data were representative of two
independent experiments.
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5. Discussion

MPM is a malignant tumor of the pleura, predominantly asbestos related and
supported by a chronic inflammatory process. This rare and aggressive
malignancy is characterized by poor prognosis, due to limited therapeutic options.
In 2003, the association of cisplatin and pemetrexed was approved as first-line
therapy for the treatment of MPM (Vogelzang N. J. et al., 2003). Very recently,
nivolumab combined with ipilimumab has been approved by US FDA as first line
treatment in untreated patients with unresectable MPM (Baas P. et al., 2021).
Currently, there is no approved second-line treatment option, although many pre-
clinical and clinical studies have investigated new anticancer strategies for MPM.
MPM is currently considered a heterogeneous tumor with a variety of genomic
and molecular alterations including the loss of tumor suppressor genes such as,
CDKN2A/ARF, BAP1 and NF2, single nucleotide polymorphisms (SNPs) in genes
involved in DNA repair mechanisms (Panou V. et al., 2020) and epigenetic and
non-coding RNAs mutations (Hmeljak J. et al., 2018; Cakiroglu E.et al., 2020).
Investigating the genomic background of MPM aims to search for a molecular
target to find a therapeutic approach in the context of precision medicine.

Based on these considerations, this in vitro study aims to investigate new
anticancer strategies for the treatment of MPM.

The lack of the CDKN2A/ARF gene in most forms of MPM may justify the use of
CDK4/6 inhibitors, in order to inhibit the Rb/E2F/myc axis. The combination with
PI3K inhibitors results from the fact that the downregulation of Rb causes
activation of PISBK/AKT/mTOR pathway (Zhang et al., 2016). As previously
demonstrated by our research group, palbociclib combined with PI3K inhibitors

BEZ235 or BYL719 synergistically inhibited proliferation in MPM cell lines (Bonelli

96



M. A. et al., Neoplasia, 2017). In the context of cancer, both Rb/E2F/myc and
PIBK/AKT/mTOR pathways have a crucial role also in reprogramming of the
cellular metabolism. The Warburg effect is considered a characteristic of
malignant tumors, including MPM. In fact, MPM is characterized by the activation
of PIBK/AKT/mTOR axis, caused by high levels of ROS in the tumor
microenvironment (Urso L. et al.,, 2020). ROS can directly promote the
inactivation of phosphatase and tensin homolog (PTEN), which acts as a negative
regulator of PIBK/AKT/mTOR pathway (Urso L. et al., 2020). In fact, a recent
study shows that PTEN is lost in most sarcomatoid histotype MPM (Marques M.
et al., 2020). Moreover, MPM patients frequently show mutation of PI3K,
associated with a poor prognosis (Lo lacono M. et al., 2015; Hylebos M. et al.,
2016). Tumors characterized by the loss of the NF2 gene show hyperactivation
of mMTOR (Cooper J. et al.,, 2017). NF2 gene is mutated in H2052 cell line,
highlighting the possibility that hyperactivation of PI3K/AKT/mTOR pathway may
promote the Warburg effect (Sekido Y. et al., 1995).

Based on this background, we investigated the effects of both inhibition of
Rb/E2F/myc and PI3K/AKT/mTOR pathways on energy metabolism to find a new
therapeutic strategy for the treatment of MPM.

This study showed that MSTO-211H, H2052, H2452 and H28 cells had a different
metabolic profile. It is worth of note that H2052 cells were characterized by a
greater metabolic plasticity than other MPM cell lines, despite having the lowest
energy phenotype. In fact, these cells adapted to metabolic stress conditions,
including the absence of glucose and hypoxia, by reprogramming their energy
metabolism. Palbociclib combined with BEZ235 or BYL719 had a greater impact

on glucose metabolism than the same drugs used alone. In fact, MSTO-211H
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and H2052 cells were characterized by a significant reduction of the parameters
of glycolysis, glycolytic capacity and glycolytic reserve, obtained from ECAR
measurements. These data suggested that MPM cell lines treated with
palbociclib in association with PI3K inhibitors failed to increase energy
metabolism under metabolic stress conditions, avoiding metabolic adaptation.
The effects of palbociclib combined with PI3K inhibitors on glucose metabolism
in MSTO-211H and H2052 cells were confirmed by a significant decrease of both
glucose consumption and glucose uptake, even in hypoxia. It is worth of note that
MSTO-211H cells, despite having the highest energy phenotype, were unable to
proliferate in the absence of glucose, highlighting their inability to adapt to
conditions of strong metabolic stress.

In the context of molecular mechanisms, palbociclib affected glycolysis by
downregulation of Rb/E2F/myc pathway in both MSTO-211H and H2052 cell
lines. It is worth of note that palbociclib decreased the expression of HIF-1a in
both normoxia and hypoxia. The downregulation of HIF-1a by palbociclib was
also detected in colon cancer cells (Zhang J. et al., 2017). The expression of HIF-
1a was also strongly inhibited by PI3K inhibitors in both MSTO-211H and H2052
cell lines. In fact, the PISBK/AKT/mTOR pathway had a crucial role also in the
regulation of HIF-1a (Bakker W. J. et al., 2007). Both c-myc and HIF-1a regulate
the transcription of several genes involved in the glycolytic process, such as
pyruvate dehydrogenase 1 and hexokinase 2 (Kim J. V. et al., 2007), and in
glucose uptake, such as glucose transporter protein 1 (GLUT-1) (Gordan J. D. et
al., 2007). Our results demonstrated that the inhibition of both these transcription
factors, observed after the treatment with palbociclib combined with PI3K

inhibitors, significantly reduced the glycolytic activity of MPM cells, affecting
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glucose uptake and glucose consumption. A previous study showed that
inhibition of mMTORC1/C2 and HIF-1a caused a decrease in 18F-FDG uptake in
MPM cells, highlighting a new target for the treatment of this malignancy (Kaira
K. etal., 2012).

The association of palbociclib with PI3K inhibitors had also an inhibitory effect on
mitochondrial oxidative metabolism. In fact, the parameters of basal respiration,
spare respiratory capacity and ATP production, obtained from OCR
measurements, decreased due to the combined treatment in both MPM cell lines.
This inhibitory effect could be explained by the inhibition of both Rb/E2F/myc and
PIBK/AKT/mTOR pathways. In fact, c-myc was involved in the expression of
many mitochondrial genes including cytochrome c, having a key role in the
mitochondrial respiration (Morrish F. et al., 2014). mTORC1 also regulates
mitochondrial genes that code for Transcription Factor A Mitochondrial (TFAM)
and for proteins having a role in the electron transport chain (Morita M. et al.,
2015).

Taken together these data suggested that the combined inhibition of Rb/E2F/myc
and PI3K/AKT/mTOR pathways impaired both glucose and mitochondrial
metabolism in MPM cell lines, showing the antitumor efficacy of this therapeutic
strategy. The association of palbociclib with PI3K inhibitors could represents a

new therapeutic approach for the treatment of MPM.

Chemotherapy, based on the combination of cisplatin with pemetrexed, still
remains the standard first line treatment approach for MPM patients. Recently,
both in vitro and in vivo studies have demonstrated the antitumor efficacy of

CDKA4/6 inhibitors for the treatment of MPM (Bonelli M. A. et al., Neoplasia, 2017;
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Aliagas E. et al., 2021). Based on these considerations, this part of the study
aimed to investigate the antitumor efficacy of a treatment schedule based on the
association of abemaciclib with cisplatin and pemetrexed in MPM cell lines.
Cytotoxic chemotherapeutic drugs usually act on cells in the S phase of the cell
cycle. On the other hand, the CDK4/6 inhibitors exhibit their anticancer effect by
causing cell cycle arrest. Based on these considerations, the combination of
these two types of drugs for the treatment of tumors would seem to have no
rationale. Despite this expected antagonistic effect, in recent years preclinical
(Cretella D. et al., 2019; Salvador-Barbero B. et al., 2020) and clinical (Clark A.
S. etal., 2019) studies have shown that the combination of CDK4/6 inhibitors and
chemotherapy drugs was a safe and feasible therapeutic approach for the
treatment of different types of cancer.

Abemaciclib is the only CDK4/6 inhibitor used as a monotherapy for the treatment
of breast cancer (Dickler M. N. et al., 2017). In fact, abemaciclib differs from the
other two CDK4/6 inhibitors for some characteristics: a different molecular
structure, the highest affinity towards its targets (Hafner M. et al., 2019) and a low
myelotoxicity (Vidula N. et al., 2016). In addition, abemaciclib is administered with
a continuous therapeutic approach while palbociclib and ribociclib need a period
of interruption (Patnaik A. et al., 2016). Currently, many clinical trials are
evaluating the effects of abemaciclib in different types of cancers, including MPM
(Chong Q. Y. et al., 2020). An ongoing phase Il clinical trial aims to investigate
the antitumor effects of various types of drugs, including abemaciclib, on MPM
patients (NCT03654833).

In this study, abemaciclib was effective in three commercial MPM cell lines and

in a primary cell line derived from the pleural fluid of a MPM patient. The sensitivity
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of MPM cell lines to cisplatin and pemetrexed was also evaluated. In this case,
MSTO-211H cells were the most sensitive to both cisplatin and pemetrexed. By
contrast, ZS-LP cells and H2452 cells were the most resistant to cisplatin and
pemetrexed respectively. Subsequently, the type of association of abemaciclib
with cisplatin and pemetrexed (simultaneous or sequential treatment) was
investigated in MSTO-211H, H28 and ZS-LP cells. Simultaneous treatment,
based on the association of abemaciclib with cisplatin and pemetrexed, showed
the greatest inhibition of cell growth in both MSTO-211H and H28 cells. In fact,
synergistic/additive inhibitory effects on cell proliferation were observed in MSTO-
211H, H28 and ZS-LP cell lines treated with abemaciclib combined with cisplatin
and pemetrexed.

In the context of cell cycle progression, abemaciclib alone or in combination with
cisplatin, pemetrexed or the association of cisplatin and pemetrexed induced a
downregulation of pRb and c-myc in both MSTO-211H and H28 cells, confirming
its inhibitory effect on the Rb/E2F/myc pathway. H28 cellls treated with
abemaciclib alone and in combination with cisplatin, pemetrexed or the
association of cisplatin and pemetrexed showed a stronger downregulation of p-
AKT (thr) expression than MSTO-211H cells.

Since it is well established that CDK4/6 inhibitors predominantly have a cytostatic
effect, we evaluated whether the association with chemotherapy might induce
cell death. This study showed that the rate of cell death caused by the
simultaneous treatment of abemaciclib combined with cisplatin and pemetrexed
is lower in MSTO-211H cells than in H28 cells. As previously demonstrated by
an in vitro study, the CDK4/6 inhibitor palbociclib also induces less than 10% cell

death in MSTO-211H cells (Bonelli M. A. et al., Neoplasia, 2017). These findings
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suggested that both abemaciclib and palbociclib promoted senescence in MSTO-
211H cells, showing a cytostatic effect. By contrast, the percentage of cell death
reached about 30 % in H28 cells treated with the simultaneous treatment of
abemaciclib combined with cisplatin and pemetrexed. Exposure to abemaciclib
caused senescence in MSTO-211H cells but not in H28 cells, showing a different
impact according to the histological subtype or the molecular features of the cell
lines. In MSTO-211H cells, the simultaneous treatment of abemaciclib combined
with cisplatin and pemetrexed caused the higher percentage of senescent cells
than abemaciclib alone and abemaciclib in association with cisplatin or
pemetrexed. By contrast, in a previous in vitro study, palbociclib induced
senescence in MSTO-211H, H28, and ZS-LP cells (Bonelli M. A. et al., Neoplasia,
2017). These findings suggested that abemaciclib and palbociclib had a different
effect on the induction of senescence in MPM cell lines. In fact, abemaciclib
caused the upregulation of the p53/p21 pathway, inducing senescence in MSTO-
211H cells. The p53 transcription factor is involved in the regulation of many
target genes playing a crucial role in cell cycle arrest, DNA repair mechanisms,
senescence and apoptosis (Fischer M., 2017). p21, one of the many targets of
p53, induces senescence by inhibiting many caspases involved in apoptosis (Mijit
M. et al., 2020). In addition, abemaciclib alone and in combination with cisplatin,
pemetrexed or the association of cisplatin and pemetrexed induced an
accumulation of cyclin D1 in MSTO-211H cells. The increased expression of
cyclin D1 indicated the arrest of the cell cycle in the GO phase and could be
considered a marker of induction of cellular senescence (Leontieva O. V. et al.,
2013). In this study, abemaciclib, alone and in combination with cisplatin,

pemetrexed or the association of cisplatin and pemetrexed induced large
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cytoplasmic vacuoles in H28 cells. The activation of LC3B in H28 cells suggested
that cell death could be autophagic, showing a cytotoxic effect of abemaciclib in
this MPM cell line. Taken together these data suggested a different effect of
abemaciclib according to the MPM histological subtype. Recently, in vitro and in
vivo studies showed that abemaciclib induced a cytotoxic effect, associated with
a multivacuolar phenotype, in Rb negative breast cancer cell lines, showing an
off-target effect (Knudsen E. S. et al., 2017). Subsequently, another in vitro study
showed that abemaciclib could act on V-ATPase, a proton pump that causes
acidification of the intralysosomal compartment, resulting in a new possible
molecular mechanism of cell death due to lysosome defects (Hino H. et al., 2020).
Finally, we demonstrated that the inhibition of cell proliferation observed in MPM
cells treated with the combined treatment was irreversible and was maintained
even after drugs withdrawal. Differently, cells treated with chemotherapy alone

reacquired proliferative capability after drugs removal.

Our findings demonstrated that CDK4/6 inhibitors might represent an attractive
therapeutic approach for the treatment of MPM, however, since these drugs have
mainly a cytostatic effect, the association with other drugs (target agents as
PI3K/mTOR inhibitors or chemotherapy) seems critical to enhance their efficacy.
In the last part of this research, we evaluated the efficacy of a dual target drug
against both CDK4/6 and CDK9. CDK®9 is considered a transcription regulator. In
fact, P-TEFb, formed by the binding of CDK9 with Cyclin T1, interacts with RNA
Polymerase Il (RNAP II), regulating the expression of many genes (Zhou Q. et
al., 2012; Bowman E. A. et al., 2014). VS2-370 has been recently developed by

an ltalian company and it is a small molecule that simultaneously inhibits CDK4/6
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and CDK9. All the MPM cell lines analyzed were more sensitive to VS2-370 than
to palbociclb and abemaciclib treatment, with about a tenfold decrease in 1Cso0
values. The inhibition of cell proliferation was due to a strong downregulation of
both the MAPK pathway (that was unaffected by CDK4/6 inhibitors treatment)
and PIBK/AKT/mTOR pathway, in association with a decreased expression of
proteins involved in the cell cycle regulation such as p-CDKG6, pRb, and c-myc.
The considerable inhibition on cell proliferation observed after VS2-370 treatment
was associate with the induction of cell death, related to the downregulation of
MCL-1 and the activation of caspase 3, in both MPM cell lines at the highest
concentrations of VS2-370.

It is worth of note that the anti-apoptotic protein MCL-1, a member of the Bcl-2
family, is a target of CDK9 (Mandal R et al., 2021). An in vivo study showed that
CDKO9 inhibition caused a decrease of MCL-1 expression, highlighting antitumor
activity in acute myeloid leukemia (Scholz A. et al., 2016). P-TEFb is also involved
in the development of diffuse large B-cell lymphoma, whose most aggressive
forms are characterized by overexpression of c-MYC (Rahl P. B. et al., 2010). In
fact, many in vitro studies have shown that CDK9 inhibitors induced a decrease
of MCL-1 and c-myc expression and promoted apoptosis in diffuse large B-cell
lymphoma (Rowland T. et al., 2016; Hashiguchi T. et al., 2019). An ongoing study
aimed to evaluate the safety and feasibility of a highly selective CDK9 inhibitor,
called AZD4573, in patients with hematological malignancies (NCT03263637).
Recently, some in vitro and in vivo studies have shown antitumor efficacy of
CDKQ9 inhibitors for the treatment of colorectal cancer (Rahaman M. H. et al.,

2019) and hepatocarcinoma (Borowczak J. et al., 2020).
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The treatment of breast cancer with CDK4/6 inhibitors has highlighted the onset
of resistance to this class of compounds and the need to find an alternative
therapeutic approach. Recently, an in vitro study showed that MSTO-211H cells
could develop resistance to palbociclib and that the combination of palbociclib
with PI3K inhibitors was able to overcome this resistance, showing cytotoxic
effects (Digiacomo G. et al., 2018).

Taken together, these data showed that VS2-370 exhibited antiproliferative
effects in MPM cell lines. Moreover, as this molecule simultaneously inhibits
CDK4/6 and CDK®9, it might represent a possible therapeutic approach to

overcome resistance to CDK4/6 inhibitors, due to its cytotoxic effects.
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