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RIASSUNTO

Recentemente, é stato riportato che la riduzione dei livelli di proliferazione e di vitalita cellulare e la
promozione dell’apoptosi sia in vitro che in vivo nel liposarcoma mixoide ¢ il risultato dell’inibizione
farmacologica della PI3K/AKT pathway (Trautmann,2019). Tuttavia, i meccanismi molecolari
coinvolti non sono stati svelati fino ad oggi. Lo scopo di questo studio era di indagare su uno o piu dei
tanti meccanismi sottostanti. Per affrontare questa questione, abbiamo utilizzato la linea cellulare
umana stabilizzata di liposarcoma mixoide MLS1765-92 caratterizzata con la variante rara tipo 8
dell’oncogeno FUS-DDIT3, ampiamente utilizzata nel campo della ricerca sul liposarcoma
(Aman,1992). In seguito del blocco farmacologico della PI3K/AKT pathway trattando le cellule con il
farmaco LY294002, un inibitore selettivo di PI13K, abbiamo osservato che i livelli di espressione della
proteina Cav-1 erano sottoregolati, rivelandola come emergente downstream effettore modulando la
PI3K/AKT pathway.

Il nostro gruppo ha precedentemente dimostrato che la Cav-1 svolge un ruolo di oncosoppressore in
liposarcoma in condizioni indotte di differenziazione adipogenica in vitro, ma non abbiamo mai escluso
un possibile ruolo di oncopromozione in contesto cellulare e condizioni sperimentali diversi
(Codenotti,2016). Per approfondire la nostra comprensione dell’emergente PI3K/AKT/Cav-1 pathway
e oncopromozione, abbiamo ipotizzato che la stimolazione con insulina possa sopraregolare i livelli di
espressione della proteina Cav-1 e promuovere successivamente la proliferazione e la vitalita cellulare.
Infatti, la stimolazione con insulina ha sopraregolato i livelli di espressione della proteina Cav-1 e ha
aumentato la proliferazione e la vitalita cellulare, mentre I'esposizione al farmaco LY294002 ha abolito
in modo significativo gli effetti indotti dall'insulina. Presi insieme, questi dati suggeriscono chiaramente
I'esistenza di una collaborazione tra la PI3K/AKT pathway, la Cav-1 e la pathway dell'insulina e
presenta la Cav-1 come oncopromotore nelle cellule proliferanti MLS1765-92 in risposta allo stimolo

con insulina.

Nell’ottica del miglioramento della gestione del liposarcoma mixoide, abbiamo parallelamente
investigato se la Cav-1, riportata sopraregolata in diversi tumori sottoposti alle radiazioni ionizzanti
(Lin,2005), potrebbe essere coinvolta nella risposta biologica delle cellule MLS1765-92 alle radiazioni.
L'analisi di immunoblotting ha dimostrato che i livelli di espressione della proteina Cav-1 erano
sopraregolati in modo tempo-dipendente dopo aver somministrato una dose di 4Gy di radiazioni
ionizzanti nelle cellule MLS1765-92. Questa osservazione indica che la Cav-1 potrebbe svolgere un
ruolo protettivo in risposta agli attacchi ossidativi, come ad esempio le radiazioni ionizzanti tra altri
(Codenotti,2021; Faggi,2014). Pertanto, per migliorare la risposta biologica delle cellule MLS1765-92

alle radiazioni, abbiamo ipotizzato che la PI3K/AKT pathway, una pathway chiave nella
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radioprotezione in vari tumori maligni (Codenotti,2021), possa essere associata ai meccanismi di
radioresistenza nel liposarcoma mixoide. Questa ipotesi ¢ stata confermata come [’inibizione
farmacologica della pathway PI3K/AKT utilizzando il farmaco LY294002 ha incrementato
marcatamente la radiosensibilita delle cellule MLS1765-92. Questo risultato propone la PI3BK/AKT
pathway come un promettente bersaglio molecolare per aumentare la sensibilita del liposarcoma
mixoide alle radiazioni ionizzanti, anche se sia segnalato in letteratura come piu radiosensibile rispetto
ad altri sarcomi dei tessuti molli, esibisce un fenotipo radioresistente nel modello cellulare MLS1765-
92 (Rhomberg,2006).

In sintesi, i dati precedenti e attuali del nostro gruppo propongono la Cav-1 come un'arma a doppio
taglio, agendo sia come oncosoppressore sia come oncopromotore seguendo il contesto cellulare e le
impostazioni sperimentale ma anche come protettore contro le minacce dello stress ossidativo come ad
esempio quelle indotte dalle radiazioni ionizzanti attraverso la modulazione della PI3BK/AKT pathway
nel liposarcoma mixoide. Le indagini sono in corso per la dissezione dei meccanismi molecolari che
controllano 1’onco-promozione e la radioprotezione che conferisci la Cav-1 tramite il coordinamento

della PI3K/AKT pathway nel liposarcoma mixoide.



1. INTRODUCTION
1.1. Soft-tissue sarcomas

Soft-tissue sarcomas (STS) are rare and aggressive tumors arising from mesenchymal tissues, most
commonly from the connective, muscle, adipose, neural, vascular, and lymphatic tissues (Figure 1)
(Xia0,2013;Chen,2010), with a worldwide incidence of up to 3/100,000 new cases per Yyear
(Amadeo,2020). Frequent sites of occurrence include the trunk, the retroperitoneum, the head and neck,
and the extremities being the most common site (Cormier,2004). Extremity STS patients typically
present with a painless, enlarging mass. Core needle biopsy is the procedure of choice for establishing
the tissue diagnosis. The literature describes more than fifty various types of sarcoma, and the
terminology used for these rare tumors is varied and misleading. The most common STS include
malignant fibrous histiocytoma, liposarcoma, leiomyosarcoma, and synovial sarcoma. STS develop in
a centripetal fashion, around which a reactive pseudo-capsule is formed and consists of cellular debris,
inflammatory cells, and potentially viable tumor cells. Sarcomas tend to compress nearby soft tissues
and neurovascular structures as they enlarge, in contrast to carcinoma infiltrating the surrounding
structures (Ramu,2017). STS are commonly aggressive neoplasms as they systemically spread, and
recurrence can still occur after resection. Metastasis occurs mostly through an hematogenous
dissemination to the lungs (Fong,1993). Angiosarcoma, epithelioid sarcoma, clear-cell sarcoma,
synovial sarcoma, and rhabdomyosarcoma are the sarcoma subtypes most likely to spread
lymphatically, representing approximately 5% of cases (Dim,2007; de Visscher,2006; Spillane,2000;
Sharaglia,2021). The American Cancer Society has reported radiotherapy (RT) used to treat other
cancers, certain family cancer syndromes, damage/trauma of the lymphatic system, and exposure to
toxic chemicals, as being risk factors for STS arising; however, multiple cases where patients have no

apparent risk factors do exist.

Both inherited and acquired genetic aberrations affect the pathogenesis and the development of STS
(Sbaraglia,2021; Strahm,2006). Chromosomal translocations have been described for different STS
(Table 1) (Nakano,2018). These translocations are identified through cytogenetic analysis of the
pathology specimens and can assist in diagnosis and provides prognostic information (Cormier,2004;
Brennan,2018;Lazar,2006). Mutations in oncogenes and tumor suppressor genes also allow
uncontrolled cell growth and are involved in the pathogenesis of STS (Sbaraglia,2021;Lazar,2006). The
development of STS might occur when tumor suppressor genes Rb and p53 are mutated. Li-Fraumeni
syndrome, which is most often caused by inherited mutations of the p53 gene, is characterized by a
high incidence of STS and other malignancies (Sbaraglia,2021;Strahm,2006). Factors such as tumor

size, depth, grade, histologic subtype, and stage are indicators of patient outcome, as well as patient age
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and comorbidities informing the specific approach to management and patient outcome. Limb-sparing
surgical resection is the mainstay of treatment. Radiotherapy (RT) is used for unresectable STS tumors
and as a neoadjuvant or an adjuvant to surgery. The use of chemotherapy (CT) in STS is debated, and
no conventional regimen has been established. Treatment of STS is complex and requires surgery and
RT, with some patients demanding CT (Crago,2015;Dowli,2014).

Figure 1. Neoplastic transformation of osteoblasts, chondrocytes and adipocytes into osteosarcoma,
chondrosarcoma, and liposarcoma. A: alizarin red staining for osteoblast differentiation, B: toluidine
blue staining for chondrocyte differentiation, C: oil red staining for adipocyte differentiation. D:
osteosarcoma, E: chondrosarcoma, F: liposarcoma. (Adapted from Xiao,2013)

Soft-tissue Sarcoma Translocation Gene Product
Synovial sarcoma t(X;18) SYT-SSX
Myxoid liposarcoma t(12;16) TLS-CHOP
Ewing sarcoma/PNET t(11,22) EWS-FLII
Alveolar rhabdomyosarcoma t(2;13) PAX3-FKHR

Table 1. STS-associated chromosomal translocations. (Adapted from Nakano,2018)



1.2.Liposarcoma

Liposarcoma (LPS), is a rare adipocytic neoplasm that involves deep soft tissues, including the
esophagus, retroperitoneum, and popliteal fossa (Zafar,2020). LPS is the most common STS
worldwide, according to the American Cancer Society (Gamboa,2020). LPS relative frequency of
occurrence at different body regions depends on the LPS subtype. For instance, dedifferentiated
liposarcoma (DDLPS) is much more common in the retroperitoneal areas, while myxoid liposarcoma
(MLS) occurs in the lower extremities. LPS should be discriminated from benign lipoma. The cause of
LPS is still under investigation (Crago,2016). The median age at diagnosis is 50 years, although cases
of pediatric onset have been reported. There is no significant association with race or gender. A slight

male predominance has been reported in some studies (Vocks,2000).

LPS is a complex malignancy, and its pathophysiology can be best explained by subdividing it into
three subtypes (according to the World Health Organization classification of 2002). These include well-
differentiated and dedifferentiated liposarcoma (WDLPS/DDLPS), myxoid and round cell liposarcoma
(MLS and RCL), and pleomorphic liposarcoma (PLS) (Bill,2016). WDLPS/DDLPS are characterized
by distinctive ring or giant marker chromosomes, including MDM2 and CDK4 genes amplification,
leading to abnormal cell growth. For MCL and RCL, reciprocal translocation occurs between
chromosomes 12 and 16, leading to the fusion of DDIT3 (also referred as CHOP) and FUS genes that
subsequently repress downstream target genes such as PPAR-gamma2 and C/EBP-alpha, disrupting
adipogenesis and promoting cell proliferation (Conyers,2011). PLS is the most rare and complex LPS
subtype due to highly complex chromosome alterations. Tumor-suppressor genes such as p53, NF1,
RB1, when mutated, lead to many chromosome gains, and determine the aggressiveness of this tumor
(Table 2) (Keung,2019). Few studies were dedicated to PLS making it the least understood among the
three LPS subtypes (Wan,2021).

Most LPS patients are asymptomatic. Symptoms develop only when the tumor grows large enough to
exert a painful mass effect on surrounding structures. Other reported symptoms include paresthesia,
varicose veins, fatigue, weight loss, nausea, and vomiting (Dowli,2014;Garcia,2004). Computed
tomography scan and magnetic resonance imaging can assist in detecting lipomatous components. High
fat percentage is associated with benign lipoma, while lower fat percentage is consistent with atypical
lipoma or sarcoma. Special staining procedures are used to distinguish LPS from other STS. The
mainstay of treatment is surgical excision (Lin ZC,2015). Wide and deep resection, adjuvant
radiotherapy (RT), thought to decrease the rate of recurrence, and/or chemotherapy (CT) may be
necessary for high-grade lesions. However, the role of adjuvant CT and RT remains controversial, and

long-term follow-up is recommended due to the high rate of recurrence (Dowli,2014). Tumor site, size,
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depth, histologic subtype, grade, and resection margin status determine LPS prognosis that remains poor
even after complete removal of the LPS mass (Riva,2016). Low-grade WDLPS has a 5-year survival rate
of 83%, while it is estimated at 20% for the high-grade DDLPS variant (Fabre-Guillevin E,2006). To
date, the progress of LPS research is compromised by the scarcity of cancer models reproducing tumor
growth and metastasis (Codenotti,2019).

Liposarcoma subtype Genomic alterations Affected oncogenes | Grade

Well-differentiated 12q13-15 amplification | MDM?2, CDK4 low

12q13-15 amplification

Dedifferentiated 3pl14-211loss MDM2, CDK4 high
11923-24 loss
19q13 loss
FUS-DDIT3 Unknown low
Myxoid Translocation
Round FUS-DDIT3 Unknown high
translocation
Pleomorphic Rb/p53 loss Rb, p53 high

Table 2. Genetic alterations and correlated clinics in LPS. (Adapted from Keung,2019)

1.3.Biology and management of myxoid liposarcoma

Myxoid liposarcoma (MLS) is the second most frequent LPS subtype after WDLPS/DDLPS subtype,
approximately accounting for one third of all LPS, 5-10% of all adult STS, and around 20% of all
adipocytic neoplasms (Fletcher,2014). In most cases, MLS arises in younger adults below the age of
20 years. Morphologically, MLS shows a broad set of subtypes ranging from paucicellular myxoid
tumors to hypercellular, round-cell high-grade sarcomas associated with higher aggressiveness
(Antonescu,2001).
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Genetically, the majority of MLS are characterized by a t(12;16)(q13;p11) chromosomal translocation
that fuses the FUS gene to the entire coding sequence of DDIT3 gene. Twelve FUS-DDIT3 variants
have been reported in the literature as a result of different breakpoints. The exon structure of each of
the different FUS-DDIT3 fusions is shown in Figure 2 (Powers,2010). Exons that are only partially
retained are indicated by white areas in the rectangles. The most common variant (Type 2) occurs in
65% of cases, and fuses FUS exon 5 to DDIT3 exon 2 (5-2). The first three fusion types (Types 1, 2
and 3) together represent 96% of all reported cases in a meta-analysis (Powers,2010). The resulting
FUS-DDIT3 fusion protein, which acts as a transcriptional (dys-) regulator, has been shown to play an
essential role in MLS pathogenesis, but its mechanism of action is still ununderstood completely
(Kuroda,1997; Pérez-Losada,2000;Engstrém,2006;Riggi,2006).

Clinically, MLS are highly recurrent and metastases develop at 40% of patients (Dei Tos,2014).
Extrapulmonary metastases, including the trunk and extremities, have a high incidence rate of 87%
(Haniball,2011). The prognostic factors related to MLS metastasis are still unclear. Clearing a treatment
approach for metastatic MLS has yet to be established (Spillane,2000). Long-term survival in MLS
patients may be achieved through radical surgery and adjuvant radiotherapy (RT) and/or conventional
chemotherapy (CT) based on anthracyclines and ifosfamide, recently supplemented by agents such as
trabectedin or eribulin. Although MLS exhibits a higher sensitivity to cytotoxic agents than other LPS
subtypes, patients with metastatic disease are usually incurable and CT is generally administered with
palliative intent, highlighting the pressing need for identifying novel molecular targets and developing
new treatment strategies (Grosso F,2007;Ratan,2016;Schoffski,2016; Jones RL,2005).
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Figure 2. Fusion variants of FUS-DDIT3 fusion gene product. (Adapted from Powers,2010)

1.4. PI3K/AKT signaling pathway in myxoid liposarcoma

Insulin and growth factors are extracellular stimuli that bind to the extracellular region of corresponding
tyrosine kinase receptors (RTKSs) inducing their phosphorylation. Once activated, RTKSs trigger the
activation of key molecular proteins that end up building highly interconnected and complex pathways
networks, such as the PI3SK/AKT signaling pathway, controlling various cell processes
(Schlessinger,2014).

Phosphoinositide 3-kinase (P13K) protein is recruited to the plasma membrane upon phosphorylation
of RTKSs triggered by insulin and many other growth factors. Under PTEN (phosphatase and tensin
homologue deleted on chromosome 10), a negative control of PI3K, PI3K activates AKT protein, that
then triggers a cascade of responses, such as survival, growth and proliferation of cancer cells by a
direct phosphorylation of many intracellular proteins such as the mammalian target of rapamycin
(mTOR), a downstream effector of AKT (Figure 3). For these reasons, pharmacological targeting of

upstream or downstream of the PISK/AKT signaling axis constitute an anticancer therapeutic strategy
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since in many cancer cells, the PI3K/AKT signaling network happens to get aberrantly disrupted, going
out of control and giving rise to many cancers, including several soft-tissue-sarcomas subtypes
(Demicco,2012). Aberrant AKT activation led to well-differentiated liposarcoma development in a
zebrafish model (Gutierrez,2011). In a set of murine liposarcoma xenografts, exposure to either
rapamycin, a mTOR inhibitor, or in combination with sorafenib, a multi-kinase inhibitor, correlated
with increased lipid component and a more differentiated phenotype (Smith,2013).

Myxoid liposarcoma (MLS), an adipocytic neoplasm characterized by the fusion oncogene FUS-
DDIT3, was reported to be presenting additional genetic abnormalities such as mutations in PI3KCA,
AKT1, loss of PTEN, an overactivation of the insulin-like growth factor | receptor (IGF1R) and SRC
signaling, that were associated with poor clinical outcomes (Trautmann,2019;Sievers,2015). Besides
the fusion oncogene FUS-DDIT3 characterizing MLS specimens and cell lines, activated PI3K/AKT
signaling pathway was reported to be essential to MLS tumorigenesis. Compounds inhibiting one or
more PI3K/AKT signaling pathway components decreased cell proliferation and cell viability and

increased cell apoptosis both in vitro and in vivo (Trautmann,2019).
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Figure 3. PI3K/AKT pathway. (Adapted from Demicco,2012)
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1.5. Caveolae, caveolins, and cavins
1.5.1. Caveolae

Caveolae are one of the most abundant and fascinating structures of the plasma membrane (PM) of
many mammalian cells. These single 50-100 nm flask-shaped invaginations of the PM, identifiable
only by electron microscopy, were first visualized by G.E. Palade in 1953, then described and
entitled “Caveola intracellularis” by E.Yamada in 1955. However, it took almost 40 years to
identify caveolins, the main proteins conferring this singularized PM domains. In many tissues such
as liver, neurons, and the kidney proximal tubule, caveolae are almost detectable while being
remarkably dense in other tissues such as adipocytes and skeletal muscle, covering up to 50% of
the total cell surface area. The membrane of caveolae are cholesterol-enriched with certain
sphingolipids. Caveolae present also under complex structures reuniting a fistful of caveolae
baptized as rosette-like structures (Figure 4) (Filippini,2020;Parton,2018).

!
W}
o)

. < »
Q0 s . & 90 °

Figure 4. Transmission electron micrographs of caveolae architecture in murine 3T3-L1 adipocytes.
Single pits caveolae (blue-highlighted). Rosette-like caveolae (red-highlighted). (Adapted from
Parton,2018)

1.5.2. Caveolins and cavins

There are three mammalian caveolin genes: caveolin-1, caveolin-2 and caveolin-3. Smooth muscle
expresses all three isoforms, whereas skeletal and cardiac muscle tissues express only the caveolin-
3 isoform. Caveolin-1 (Cav-1) and caveolin-2 (Cav-2) isoforms are also expressed by non-muscle

cells. Caveolae formation is strictly dependent on caveolin-1 or caveolin-3 (Cav-3), depending on
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the tissue. Cav-2 appears to contribute to caveolae formation in some cell lines but is expendable
in vivo (Figure 5) (Parton,2018). Some of the functions assigned to caveolin may not be related to
caveolae that directly regulate numerous signaling pathways as caveolins also localize outside of
caveolae (Williams,2004). Although the ability of caveolae to endocytose is still debated, numerous
studies clearly show translocation of Cav-1 from the PM to internal compartments. The literature
also suggests that cell detachment or harsh treatments, such as phosphatase inhibition, induce
caveolae to translocate towards the endomembrane system, mainly in the form of clusters or
rosettes (Figure 4) (Parton,2018). A second family of proteins, the cavins (a family of four
proteins), has recently been shown to be important in caveolae formation (Figure 5). Reduction in
the levels of Cavin-1 (also known as PTRF), Cavin-2 (SDPR) or Cavin-3 (SRBC) correlates with
reduced caveolae density. Cavin-4 (MURC) is expressed predominantly in muscle and is probably
a caveolae component, but its role is yet to be clarified. Although few studies have examined the
role of cavins, direct or indirect interaction between cavins and caveolins appears to be important

for caveolae formation, stability and possibly trafficking (Parton,2018).

CAV1 [ V14 CSD| M (Palm | Ubiquitous

Mainly cardiac and
CAV3 (D M [P gyeletal muscle

1]} [Qe—— ) S — )

CAVINT HR1  PIP2 U HR2 Ubiquitous
Rl ——————  DR2 DR3

CAVIN2 HR1 HR2 Ubiquitous
DRl ——— DR - DR3

CAVIN3 ] HR2 | Ubigitous
OB it D Cardiac and

CAVIN I: L it :I skeletal muscle

Figure 5. Domains and expression tissue of caveolins and cavins. CSD, caveolin scaffolding domain; IM,
intramembrane domain; DR, disordered region; HR, helical region; Palm, palmitoylation sites; PIP2,
Ptdins(4,5)P2 binding site; UC1, undecad repeat domain. (Adapted from Parton,2018)
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1.5.3. Caveolins and cavins in liposarcoma

Previously, extensive microarray data and immunohistochemistry analyses of our group revealed a
possible tumor-suppressor function of Cav-1 along with Cav-2, Cavin-1, and Cavin-2 in LPS as the
expression levels of these proteins tend to be upregulated in differentiated states compared to
proliferating ones. The four proteins co-express in all LPS subtypes, the highest expression being
recorded in well-differentiated liposarcoma (WDLPS), the least aggressive LPS variant (Figure 6).
Immunoblotting and immunoprecipitation analyses data were in line with previous findings; using
the two literature widely used MLS cell lines MLS1765-92 and MLS402-91 as in vitro LPS cell
models, we demonstrated that Cav-1, Cav-2, Cavin-1, and Cavin-2 are barely expressed during
proliferation while being markedly incremented during induced adipogenic differentiation (Figure
7). Positive adipogenic differentiation was witnessed by murine pre-adipocytes 3T3-L1 maturation
into adipocytes, highlighted by pronounced lipid droplets accumulation following oil red O staining
procedure (Figure 8). Furthermore, immunofluorescence analysis revealed that Cav-1, Cav-2,
Cavin-1 and Cavin-2, co-agglomerating at the PM (Figure 9,Figure 10), are reliable markers for
differential LPS

diagnostic  of differentiated

(Codenotti,2016;Codenotti,2017).
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Figure 6. Immunohistochemical analysis of human LPS malignancies. The four LPS variants were
compared to benign lipoma. (Adapted from Codenotti,2016)
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Figure 7. Immunoblotting and immunoprecipitation analyses of human myxoid liposarcoma MLS1765-
92 and MLS402-91 cell lines and murine 3T3-L1 fibroblasts. (Adapted from Codenotti,2016)
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Figure 8. Oil red O staining of human myxoid liposarcoma MLS1765-92 and MLS402-91 cell lines and
murine 3T3-L1 fibroblasts. (Adapted from Codenotti,2016)
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Figure 9. Immunofluorescence analysis of human myxoid liposarcoma MLS1765-92 and MLS402-
91 cell lines and murine 3T3-L1 fibroblasts. (Adapted from Codenotti,2016)
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Figure 10. Immunofluorescence analysis of Cavin-2 protein in human myxoid liposarcoma
MLS1765-92 and MLS402-91 cell lines and murine 3T3-L1 fibroblasts. (Adapted from
Codenotti,2017)
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1.6. Caveolin-1 in cancer Caveolin-1

Cav-1 gene is located on chromosome 7 (locus 7g31.1) and includes 3 exons: 30 bp, 165 bp and
342 bp, respectively, and two introns of 1.5 kb and 32 kb (Figure 11.A). This palmitoylated 22-
kDa membrane-associated protein in caveolae has two isoforms, a full-length alpha-isoform
composed of 178 amino acids, and the beta-isoform truncated by 32 amino acids at the N-terminus.
These isoforms derive from two divergent translation initiation sites of the same mRNA. Suggested
structure of caveolin-1 protein consists of hydrophobic amino acids stretch forming membrane
spanning hairpin loop structure (amino acids 102-134), whereas both C- and N-termini are facing
the cytosol. Additional structural domains are an oligomerization domain (amino acids 61 — 101)
and the scaffolding domain (amino acids 82 — 101). C- and N-terminal membrane attachment
domains and three palmitoyl groups at the C-terminus together with the transmembrane domain
mediate attachment of Cav-1 to the PM. Phosphorylation on serine-80 residue turns caveolin-1 into
the secreted protein. Tyrosine-14 is a major phosphorylation site of a-caveolin-1 upon oxidative
stress and growth factor stimulation. The point mutation in the membrane-spanning domain,
converting proline-132 to leucine, leads to mis-localization and intracellular retention of

endogenous Cav-1 and behaves in a dominant-negative fashion (Figure 11.B) (Razani,2002).
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Figure 11. Representation of Caveolin-1 gene (A) and protein (B). (Razani,2002)
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1.6.1. Caveolin-1, a double-edged sword in cancer

Cav-1 has been described as a two-sided protein functioning both as a tumor-suppressor and as a
tumor-promoter depending on differentiation state and cancer stage (Williams,2004). Poorly
differentiated grade malignancies and advanced tumors record Cav-1 expression levels as being
higher compared to benign tissue and well-differentiated grade tumors linked to poor prognosis.
Increasing evidences suggests that the higher Cav-1 levels are, the more aggressive the phenotype
gets (Razani,2001).

In numerous cancers, Cav-1 is positively correlated to metastatic potential. In breast cancer, Cav-1
was reported as a tumor suppressor as its downregulation promoted cell proliferation by enhancing
Ca®*-activated potassium channel whose encoding gene is involved in malignancy, therefore
accelerating tumorigenesis in MCF-7 cells (Du,2014), whereas parenchymal Cav-1 was shown to
be acting as a tumor promoter by promoting EGFR binding to the kinase region of caveolin-binding
motif, thus activating EGFR-mediated mitosis (Liang,2018). Previous work from our lab has
demonstrated that embryonal rhabdomyosarcoma (ERMS) RD cells overexpressing Cav-1
acquired a higher metastatic potential. We therefore concluded that Cav-1, tightly coordinating with

ERK pathway, promotes metastasis of ERMS both in vitro and in vivo (Codenotti,2019).

Beside its role as tumor promoter, Cav-1 also fills a tumor suppressor position. The genes encoding
for Cav-1 are located on a putative tumor suppressor locus. Indeed, loss of Cav-1 in several tumor
cells seems to induce a hyper-proliferative state, promoting cell proliferation, angiogenesis, and
tumor metastatic progression, indicating that dysregulated Cav-1 is what confers the transformed
phenotype. Indeed, Cav-1 levels are downregulated in many primary human cancers and cancer
cell lines and in cells transformed by oncogenes such as Ber-Abl and Myc. Under in vitro adipogenic
differentiation conditions, our group has previously established a tumor-suppressor role of Cav-1

in liposarcoma (Codenotti,2016).

In summary, Cav-1 may act as a tumor suppressor protein at early stages of the malignant
transformation process (Razani,2001) while in later tumor stages, a re-expression or rather
upregulation and phosphorylation of Cav-1 seems to support invasion and the survival of therapy-
resistant transformed tumor cells (Codenotti,2021;Codenotti,2016;Faggi,2014).
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1.6.2. Caveolin-1, a therapy-resistant target in cancer

Cav-1 expression is modulated in cancer cells following exposure to cytotoxic drugs and ionizing
radiation (Lin M,2005). In a previous report, we demonstrated that Cav-1 overexpression
contributes to chemoresistance, whereas Cav-1 pool depletion sensitizes rhabdomyosarcoma
(RMS) cells to chemotherapy drug-induced apoptosis (Faggi,2014).

Cav-1 expression was induced in human pancreatic carcinoma cell lines PATU8902, MiaPaCa2
and Pancl following 24 hours exposure to ionizing radiation. The three cell lines were significantly
sensitized to radiation after Cav-1 was knocked-down (Cordes,2007). In agreement with several
reports suggesting Cav-1 as a radiotherapy-resistant target, we recently demonstrated that Cav-1
promotes radioresistance in RMS. This conclusion was made after phosphorylated levels of Cav-1
(pCav-1) on tyrosine kinase 14 were shown to be markedly increased in our embryonal
rhabdomyosarcoma (ERMS) metastatic RD and alveolar rhabdomyosarcoma (ARMS) RH30 cell
lines models overexpressing Cav-1 and exposed to ionizing radiation, and in RD and RH30 in vitro
established radioresistant (RR) cell lines. Cav-1 was shown to be counteracting radiation-induced
cell cycle arrest in the G2/M phase and protecting against cell senescence and apoptosis. Cav-1 was
also demonstrated to be enhancing survival of post-irradiated cells by increasing DNA double
strand breaks (DSB) repair. Increased levels of pCav-1 were correlated with incremented levels of
phospho-AKT and antioxidant enzymes glutathione (GSH) activity and catalase expression in both
RD and RH30 cells overexpressing Cav-1 and in RD-RR and RH30-RR cell lines. Src-kinase and
AKT inhibition using PP2 and LY294002, respectively, sensitized RD and RH30 cell lines
overexpressing Cav-1 and RD-RR and RH30-RR to ionizing radiation. That being said, Cav-1
levels upregulation might occur as an early event in cellular stress response and is consistent with
its proposed cell protective function in terms of the acquisition and/or maintenance of the radiation-
resistant phenotype under stressful conditions (Codenotti,2021). Supporting in vitro observations,

Cav-1 null mice demonstrated increased sensitivity to whole body gamma-radiation (Li,2005).

1.6.3. Caveolin-1 in cancer metabolism
1.6.3.1. Caveolin-1/insulin signaling axis and glucose uptake in cancer

Benign cells switch into malignant phenotype through a highly complex process, including
initiation, promotion, and progression. Cancer is initiated when DNA of cells is damaged

following exposure to carcinogens, then initiated cells undergo growth stimulation before
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acquiring aggressiveness and metastatic potential fed by angiogenesis (Pitot,1993). Metabolic
altered states such as obesity and diabetes type 2, when combined with unhealthy diet and
physical inactivity, appear to worsen cancer development (Giovanucci,2010).

Glucose is the preferred source of energy of mammalian cells and maintenance of optimal
glucose levels by insulin is critical for survival under normal conditions (Kim,2018). Glucose
uptake into skeletal muscle and adipose tissue requires the trafficking of vesicles transporting
glucose transporter-4 (GLUT4) from the intracellular pool compartments to the plasma
membrane (PM). Trafficking of vesicles transporting GLUT4 is initiated via the canonical
insulin signaling cascade in skeletal muscle and adipocytes, as well as via exercise-induced
contraction in myocytes (Tunduguru,2017). The insulin receptor, present on the PM of cells, is
a tyrosine kinase that is activated upon insulin binding, leading to the tyrosine phosphorylation
of a specific set of substrate proteins. In many cell types, insulin acts as a stimulus like other
growth factors and thus shares several signaling pathways with these growth factors. In
adipocytes, insulin increases glucose internalization and metabolism to hundreds of folds,
whereas growth factors stimuli such as epidermal growth factor (EGF) and platelet derived
growth factor alpha (PDGF1) remain ineffective on these processes (Mastick,1997). Insulin
signaling plays a leading role in patients with diabetes and cancer. Increased cancer mortality
was associated with diabetes (Giovanucci,2010). Antidiabetic drugs such as metformin were
shown to be protective against certain cancers and possesses anti-cancer properties
(Beck,2010). Previous reports showed that insulin signaling was associated with cancer cell
survival and mitosis through triggering insulin receptor substrate 1 (IRS-1) that activates in
turn PI3K/AKT signaling and extracellular-signal regulated kinase (ERK) signaling pathways
(Lau,2012;Saltiel,2002).

Cancer cells usually grow quickly, multiplying at a fast rate, which consumes a lot of energy,
meaning that their craving not only for glucose but also for other nutrients such as amino acids
and fatty acids is drastically increased compared to relatively normal cells (Zhu,2019). To self-
provide energy, cancer cells undergo preferably aerobic glycolysis that consists of catabolizing
high levels of glucose and secreting lactate in the presence of oxygen, known as the “Warburg

effect” (Potter,2016).

Glucose/insulin signaling is a complex and highly regulated cellular process that involves
collaboration of many key effectors (Boucher,2014). Among these, Caveolin-1 (Cav-1)
reported as a modulator of glycolytic processes (Nwosu,2016). Cav-1, the main structural and

functional protein component of caveolae, mediates the insulin signaling pathway by directly
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interacting with the B-subunit of the insulin receptor (IR) and increasing insulin-mediated
phosphorylation of IR substrate 1 (IRS-1). Cav-1 knockout mice display insulin resistance and
defective expression of IR protein in adipose tissue (Mastick,1997). Cav-1 has also been
suggested to be mediating GLUT4 insertion within the PM. Cav-1 has also been linked to
GLUT4 endocytosis, via two pathways, one clathrin-dependent and one dependent on
cholesterol-enriched domains in adipocytes (Shigematsu,2003). Mastick et al. demonstrated
that insulin specifically stimulates the phosphorylation of Cav-1 on tyrosine 14 in murine 3T 3-
L1 adipocytes. This phosphorylation involves the activation of a tyrosine kinase downstream
of the IR. Even though both preadipocytes and adipocytes are expressing Cav-1 and active IR,
the tyrosine phosphorylation of Cav-1 was differentiation-dependent as it was detected only in
fully differentiated adipocytes (Mastick,1997).

In advanced colon cancer, high Cav-1 expression increased glucose uptake and ATP production
by activating glucose transporter-3 (GLUT3) transcription, whereas loss of Cav-1 reduced
cellular glucose uptake and lactate output (indicative of abolished Warburg effect), reduced
intracellular ATP, and triggered autophagy through AMPK-p53 signaling activation
(Nwosu,2016). In breast cancer-associated fibroblasts, caveolin-1 knockdown leads to

oxidative stress activating HIF-1 and inducing glycolysis (Pavlides,2010).

1.6.3.2. Caveolin-1 and fatty acids uptake in cancer

When glucose levels drop low, fatty acids (FA) are utilized as an alternative source of energy
by cells (Kim,2018). For instance, Cav-1 was reported, among many other effectors, as a key
modulator tightly controlling the metabolism of fatty acids in both normal and cancer cells.
Fatty acid synthase (FASN) is a crucial enzyme in FA biosynthesis catalyzing the formation of
palmitate from acetyl-Coenzyme A. When dysregulated, FASN is correlated to tumorigenesis
in diverse malignancies and then represent an attractive drug target in cancer. In melanoma and
prostate cancers, Cav-1 and FASN are co-regulated, therefore their concomitant expression
may pronounce tumorigenesis. One possible explanation could be palmitoylation, a post-
translational event, in which long chain FA, mainly palmitate, bind to cysteine fragments in
proteins via a thio-ester bond. Cav-1 endures palmitoylation of cysteine residues which
influence the control of membrane interaction, stability, spatial configuration, and intracellular
traffic. It is likely that Cav-1 and FASN co-expression reports a cooperation mechanism by

which FASN provides FA availability required to palmitoylation process, while Cav-1 requires
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palmitoylation of its cysteine residues to maintain membrane integrity of cancer cells. Cav-1
depletion was reported to compromise fatty acid-binding protein 7 (FABP7) that binds and
facilitates long-chain FA uptake (Di vizio,2008).
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2. THESIS STATEMENT

Our group has previously demonstrated a tumor suppressor function of Cav-1 in liposarcoma (LPS)
(Codenotti,2016). We further characterized a likely role of Cav-1 in promoting myxoid liposarcoma
(MLS) employing MLS1765-92 cell line, a human MLS established cell line extensively investigated
in LPS research (Aman,1992). Indeed, Cav-1 appeared to be promoting MLS1765-92 cell proliferation
and cell viability in response to insulin triggering as Cav-1 protein expression levels, cell proliferation
and cell viability were significantly induced while pharmacological inhibition of the PI3K/AKT
signaling pathway using LY294002 compound, a selective PI3K inhibitor, significantly impaired the
insulin-triggered effects. This finding could stand as one of possibly other underlying mechanisms
behind reduced cell proliferation and cell viability and induced apoptosis evidenced upon MLS
exposure to PI3K/AKT signaling pathway inhibitors both in vitro and in vivo (Trautmann,2019). To
improve MLS management, we studied the sensitivity of MLS1765-92 cells to ionizing radiation (IR).
A radioprotective role of Cav-1 was postulated, as Cav-1 levels were markedly incremented in response
to IR. Targeting PI3K/AKT signaling pathway, a crucial radioprotective pathway in several cancers
including STS (Codenotti,2021) using LY294002 compound, significantly increased the sensitivity of
MLS1765-92 cells to IR. Taken together, those findings suggest emerging PISK/AKT/Cav-1 signaling

pathway as a promising molecular target to overcome MLS tumors promotion and radioprotection.
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3. MATERIALS AND METHODS

Unless otherwise specified, all reagents were purchased from Sigma-Aldrich (Milan, Italy). All
absorbance measurements were performed using a Multiskan reader (Thermofischer Scientific, USA).
Shown data represent results of at least three independent experiments.

3.1. Chemical compounds

Insulin was dissolved in 1% Glacial acetic acid in H20. LY294002 compound, the specific PI3K
inhibitor, was dissolved in DMSO. The doses of insulin used in this study were 100 nM and 500 nM,
while for LY294002, 10 uM and 15 pM were used.

3.2.Cell line and cell culture

The “MLS1765-92” MLS cell line, kindly provided by Prof. Pierre Aman (University of Gothenburg,
Sweden), is a patient-derived cell line that was established and immortalized by stable transfection
with SV40 large T-antigen encoding sequences (Aman,1992) that expresses the rare type 8 FUS-
DDIT3 variant (fusing FUS exon 13 to DDIT3 exon 2). Cells were cultured in RPMI-1640 medium,
with sodium bicarbonate and without L-glutamine supplemented with 10% FBS, 1% L-Glutamine
(2mM), 100 1U/mL penicillin, and 100 ug/mL streptomycin. Cells were grown in a 37°C humidified
incubator supplied with 5% CO,. All experiments have been conducted between passage 10 and 20.

Cells were confirmed mycoplasma-free using Hoechst DNA staining method.
3.3.Crystal violet cell proliferation assay

To assess cell proliferation, MLS1765-92 cells were seeded into a 24-well plate at a density of 1-1.5 x
10* cells/well. At the indicated time-points, the medium was aspirated followed by one 1X Phosphate-
buffered saline (PBS) wash, then cells were fixed with 3% Paraformaldehyde (PFA) in 1X PBS (20
min, 4°C) and stained with crystal violet (0.2% crystal violet/20% methanol in 1X PBS). Cells were
washed with deionized water and resuspended in 1% sodium dodecyl sulfate (SDS) in 1X PBS. Plates
were shaken until reaching complete dissolution. Absorbance was measured by reading the plate at a

wavelength of 570 nm.
3.4.Neutral red cell viability assay

Cell viability was assessed by quantitatively estimating the uptake and binding of the supravital dye
neutral red (NR) by viable cells. Cells were seeded in 96-well plates at a density of 2.5 x 10° cells/well.
At the indicated time-points, medium was aspirated and cells were incubated with pre-warmed NR

medium (4 mg/mL dissolved in in RPMI-1640 medium, with sodium bicarbonate and without L-
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glutamine supplemented with 5% FBS, 1% L-Glutamine (2mM), 100 IU/mL penicillin, and 100 ug/mL
streptomycin) in a 37 °C humidified incubator supplied with 5% CO2 for 2h, then NR dye uptake by
viable cells was assessed using a phase contrast microscope. Cells were then rinsed once with 1X PBS
and the dye was dissolved by NR Desorb solution (50% Ethanol, 1% Glacial acetic acid, 49% deionized
water) with shaking. Absorbance was measured by reading the plate at a 540 nm wavelength.

3.5. Immunoblotting

MLS1765-92 cells were harvested in cold RIPA lysis buffer (20 mM Tris—HCI (pH 7.6), 1% Non-idet
P40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM NaCl), and a cocktail of protease inhibitors
(Roche, Milan, Italy) plus phosphatase inhibitors (1 mM Na3VO4 and 4 mM NaF). Total homogenates
were then centrifuged at 12,000g and 4°C for 10 min. Protein concentrations were measured using the
Bradford protein assay. Samples resuspended in 4X Laemmli sample buffer were then boiled for 5 min
at 99°C, proteins were separated by SDS-PAGE, and the proteins were transferred to polyvinylidine
fluoride (PVDF) membranes (0.2 m pore size) for 1 h at 80 mA, followed by 2 h at 350 mA in 20%
methanol, 192 mM glycine, 25 mM Tris, and 0.005% SDS. The membranes were blocked by incubation
for 15 min in TBST (20mM Tris, pH 7.6, 150 mM NaCl, 0.05% Tween 20, 0.01% NP-40). The
membranes were incubated on an orbital shaker overnight at 4°C with rabbit anti-total Cav-1 primary
antibody (1:1000 dilution, code: sc-894, BD Biosciences, Buccinasco, Italy) and mouse anti-beta-
Tubulin primary antibody (1:16000 dilution, code: MA5-16308, Thermo Scientific, Rockford, USA)
both diluted in 3% BSA/0.01% Sodium azide in TBST. After three washes in TBST for 10 min each,
the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies anti-
rabbit (code sc-2357) and anti-mouse (code sc-516102) (1:5000 dilution) both diluted in fresh TBST
for 1 h at room temperature (RT) with gentle shaking, then other three washes in TBST of 10 min each
were performed, and the labeled proteins were visualized using enhanced chemiluminescence reagent
(GeneSpin, Milan, Italy). Band densities were measured using the Gel Pro Analyzer 4 Software
(MediaCybernetics Inc., Rockville, MD, USA).

3.6. Radiation treatment and clonogenic survival assay

MLS1765-92 cells were grown to 80% confluence in 60 mm petri dishes. Dishes were placed on top
of 1.5-cm-high Perspex blocks in a 20x20 cm field at 100 cm source-to-surface distance at gantry angle
of 180°, then irradiated using a linear X-ray accelerator (at an average dose rate of 2 Gy/min) (in
collaboration with Dr. Luca Triggiani, Radiation Oncology Department, ASST Spedali Civili di
Brescia, University of Brescia, Brescia, Italy). Four hours after treatment, cells were seeded out into

6-well plates in triplicate (at a density of 3000 cells/well) to assess clonogenic survival. After 11 days,

27



colonies were fixed with 3% PFA in 1X PBS (20 min, 4°C) and stained with 0.2% crystal violet/20%
methanol in 1X PBS for 10 min at RT. Colonies were rinsed with deionized water then photographed.
The crystal violet dye was solubilized in 1% SDS in 1X PBS. Plates were shaken until reaching
complete dissolution, and absorbance was measured at a wavelength of 570 nm.

3.7. Statistical analysis

The differences between the groups were analyzed by unpaired Student’s t-tests and One-Way
ANOVA test (with Dunnet’s post-test), using Prism 4 software for Windows (GraphPad Software,
SanDiego, CA, USA). Statements of significance were based on a p-value of less than 0.05.
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4. RESULTS

4.1.Pharmacologically targeting PI3BK/AKT signaling pathway leads to Cav-1 protein expression
levels downregulation in MLS1765-92 human myxoid liposarcoma cell line

Pharmacological targeting of the PI3K/AKT signaling pathway has been demonstrated to decrease
cell proliferation and cell viability and to pronounce apoptosis (Trautmann,2019) in myxoid
liposarcoma (MLS). To our best knowledge, no reports of the possible underlying mechanisms
were made available to date. We previously demonstrated that Cav-1 acts as a tumor suppressor
in liposarcoma (LPS) under in vitro adipogenesis. We wondered, therefore, whether Cav-1 acting
both as tumor suppressor and tumor promoter in multiple cancers (Williams,2004), might be
playing a role in MLS promotion as well. To address this question, we started by examining
whether Cav-1 protein expression levels could be modulated by pharmacologically targeting the
PI3K/AKT signaling pathway in proliferating MLS1765-92 cells. Interestingly, as shown in Figure
12, Cav-1 protein expression levels, analyzed by immunoblotting, were significantly
downregulated in MLS1765-92 cells after exposure to 10 uM of LY294002 compound, a selective
PI3K inhibitor, for 24, 48, and 72 hours. LY294002 compound did not exhibit any cytotoxic

effects. This finding postulates Cav-1 as a rising downstream effector of the PISBK/AKT signaling

pathway.
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Figure 12. Cav-1 expression levels upon PISK/AKT inhibition. MLS1765-92 cells were seeded in 60
mm dishes then treated after 24h either with DMSO (vehicle) or LY294002 10 uM. Cells were harvested
in RIPA lysis buffer after 24h, 48h, and 72h; total protein extracts were analyzed by immunoblotting for
Cav-1 and tubulin (used as loading control).
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4.2.1nsulin triggering upregulates Cav-1 protein expression levels and promotes cell
proliferation and cell viability in proliferating MLS1765-92 cells via the PI3K/AKT signaling
pathway

To further characterize Cav-1, we hypothesized that triggering MLS1765-92 cells with insulin
upregulates Cav-1 protein expression levels and enhance cell proliferation and cell viability. To
verify our hypothesis, we treated MLS1765-92 cells with insulin 200 nM or 500 nM for 48h. Under
these experimental settings, Cav-1 protein expression levels, assessed by immunoblotting analysis,
were upregulated after 48h (Figure 13). Moreover, MLS1765-92 cells exposure to insulin
promoted cell proliferation and cell viability in a dose-dependent manner after 48h (Figure 14).
Pharmacological blockade of PI3K/AKT signaling using 10 uM of LY294002 compound for 40
minutes prior to insulin triggering significantly impaired insulin-induced Cav-1 upregulation
(Figure 13), cell proliferation and cell viability (Figure 14). Taken, together, these findings clearly
suggest a possible association between insulin-triggered Cav-1 levels upregulation, cell
proliferation and cell viability and PI3K/Akt signaling pathway and a possible tumor promoting
role of Cav-1 in proliferating MLS1765-92 cells.
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Figure 13. Cav-1 expression levels upon insulin stimulation and PI3K/AKT inhibition. MLS1765-92
cells were seeded in 60 mm dishes. After 24 hours, cells were either pre-treated with LY294002 10 uM for
40 minutes, then stimulated with insulin 200 nM and 500 nM, or treated only with insulin for 24h and 48h.
Cells treated only with vehicle were harvested after 48h to better evaluate its effect compared to insulin.
Cells were harvested in RIPA lysis buffer after 24h, and 48h; total protein extracts were analyzed by
immunoblotting for Cav-1 and tubulin (used as loading control).
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Figure 14. Effect of insulin on PISK/AKT signaling in proliferating MLS1765-92 cell line. MLS1765-
92 cells were seeded in 24 multi-well plates and 96 multi-well plates for proliferation and viability assays,
respectively, then treated after 24h either with vehicle, or with insulin 100 nM and 500 nM, or pre-treated
with LY294002 10uM for 40 minutes then exposed to insulin 100 nM and 500 nM. Medium was aspirated
and cells were fixed with PFA after 48h from insulin exposure. Cell proliferation was measured using
crystal violet assay and cell viability was quantified using neutral red cell viability assay.
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4.3. lonizing radiation upregulates Cav-1 protein expression levels in MLS1765-92 cells

Expression of Cav-1 was reported to be upregulated in many cancers exposed to ionizing radiation
(Lin,2005). Immunoblotting analysis showed that an irradiation dose of 4 Gy markedly
upregulated Cav-1 protein expression levels after 24 hours compared to earlier time-points in
MLS1765-92 cells. This finding proposes a potential cell-protective role of Cav-1 triggered by
oxidative stress induced by ionizing radiation in MLS1765-92 cells (Figure 15).

4 Gy
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Figure 15. Cav-1 expression levels upon exposure to ionizing radiation. MLS1765-92 cells were seeded
in 60 mm dishes and after 24h exposed to a dose of 4 Gy of ionizing radiation. Cells were harvested in
RIPA lysis buffer at indicated time-points; total protein extracts were analyzed by immunablotting for Cav-
1 and tubulin (used as loading control).

4.4. Pharmacological blockade of PISBK/AKT signaling pathway sensitizes MLS1765-92 cells to

ionizing radiation

To explore the involvement of PI3K/AKT signaling pathway in radiation response, MLS1765-92
cells were pre-treated with 15 uM of LY294002 compound for 4 hours prior to exposure to a dose
of 4 Gy of ionizing radiation. LY294002 compound in combination with irradiation synergistically
reduced the survival fraction of MLS1765-92 cells. Figure 16 shows the cell survival response of
MLS1765-92 cells treated with LY294002 compound and ionizing radiation versus respective
controls represented by absorbance. This result indicates that targeting the PISK/AKT pathway

significantly enhance the radiation response of MLS1765-92 cells.
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Figure 16. Pharmacological inhibition of PISBK/AKT signaling pathway enhance radiation response
of MLS1765-92 cells. Cells were seeded in 60 mm dishes and after 24h were pre-treated either with DMSO
or LY294002 15uM for 4 hours prior to exposure to a dose of 4Gy of ionizing radiation. After 11 days,
crystal violet assay was used to quantify colonies formation.
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4.5.Preliminary proposed mechanism of PI3K/AKT/Cav-1 signaling axis modulating
proliferating MLS 1765-92 cell responses to insulin stimulus
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Figure 17. Preliminary proposed mechanism of PI3K/AKT/Cav-1 signaling axis modulating
proliferating MLS 1765-92 cell responses to insulin stimulus. Likely, Cav-1 migrates from cell
membrane and undergo a specific intracellular trafficking in response to specific extracellular triggers
such as insulin and probably other growth factors. Insulin triggers a specific glucose transporter (GLUT
protein) at cell membrane through which glucose enters the cell. At nuclear levels, Cav-1 might be
mediating transcription of metabolic enzymes such as glycolytic and fatty acids synthesis enzymes

which translates into pronounced glucose and fatty acids uptake enhancing tumor promotion in
proliferating MLS1765-92 cells. IR: insulin receptor, IRS-1: insulin receptor 1.
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4.6. Preliminary proposed mechanism of PI3K/AKT/Cav-1 signaling axis modulating MLS 1765-

92 cell responses to oxidative stress induced by ionizing radiation
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Figure 18. Preliminary proposed mechanism of PI3K/AKT/Cav-1 signaling axis modulating
MLS 1765-92 cell responses to oxidative stress induced by ionizing radiation. Cav-1 is drawn
to be likely migrating from cell membrane to intracellular sites interacting with PISK/AKT
signaling pathway activated effectors in response to oxidative stress induced by ionizing radiation.
Cav-1 might also be acting as a mediator of radioprotective DNA repair mechanisms. RTK:
receptor tyrosine kinase.
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5. DISCUSSION

Myxoid liposarcoma (MLS) is a life-threatening, adipocytic cancer affecting adolescents and in some
case reports, children as well (Gambora,2020;Zafar,2020). Besides characterizing FUS-DDIT3 fusion
gene, PI3K/AKT signaling pathway was reported to be playing an essential role in MLS tumorigenesis
as its pharmacological targeting reduced cell proliferation and cell viability and promoted apoptosis in
MLS both in vitro and in vivo (Trautmann,2019). To our best knowledge, the involved molecular
mechanisms have not been unveiled to date. The aim of this study was to investigate one or more of
the many underlying mechanisms. To address this question, we used MLS1765-92 cell line, a human
MLS cell model widely used in liposarcoma (LPS) research, characterized by the rare type 8 variant
of the FUS-DDIT3 oncogene (Aman,1992).

Caveolin-1 (Cav-1) represents the major structural and functional protein component of caveolae,
plasma membrane invaginations sites controlling many vital cellular processes, such as endocytosis
and signal transduction (Parton,2018). Cav-1 was reported to be functioning either as a tumor promoter
or as a tumor suppressor in several cancers (Williams,2004). Under in vitro induced adipogenic
differentiation conditions, our group has previously demonstrated that Cav-1 plays a tumor suppressor
role in LPS, yet we have never excluded a possible involvement in tumor promotion under different
cell context and experimental settings (Codenotti,2016). Interestingly, we found that Cav-1 protein
expression levels were downregulated following pharmacological blockade of the PISK/AKT
signaling pathway using the LY294002 compound, a selective PI3K inhibitor, revealing it as an

emergent downstream effector of the PI3K/AKT signaling pathway.

To deepen our understanding of the PISBK/AKT/Cav-1 emerging signaling axis and tumor promotion,
we hypothesized that insulin triggering might induce Cav-1 protein expression levels and promote cell
proliferation and cell viability. Indeed, insulin stimulation upregulated Cav-1 protein expression levels,
and increased cell proliferation and viability, while exposure to LY294002 compound significantly
abrogated the insulin-triggered effects. Taken together, these data clearly suggest the existence of
interconnectedness between the PIBK/AKT pathway, Cav-1 and insulin signaling and shape a tumor
promoting profile of Cav-1 in MLS1765-92 proliferating cells via PI3K/AKT signaling pathway
modulation. As preliminarily proposed in Figure 17, based on data collected so far and literature, Cav-
1 might be translocating from cell membrane undergoing a specific intracellular and nuclear trafficking
in response to specific extracellular triggers such as insulin and likely other growth factors. Glucose

diffuse inside the cell through a specific glucose transporter that commit to cell membrane in response
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to insulin stimulus (Tunduguru,2017). Cav-1 might also enhance glucose uptake and fatty acids uptake
by mediating transcription of metabolic enzymes such as glycolysis and fatty acids enzymes
(Tunduguru,2017;Di vizio,2008).

For the sake of improving MLS management, we parallelly investigated whether Cav-1, found to be
upregulated in multiple cancers following ionizing radiation (IR) (Lin,2005), might be involved in
MLS1765-92 cell responses to IR. Immunoblotting analysis showed that Cav-1 protein expression
levels were upregulated in a time-dependent fashion following exposure to a dose of 4 Gy of IR. This
finding indicates that Cav-1 might be playing a protective role in response to oxidative stress triggers,
such as IR. Therefore, to enhance radiation responsiveness of MLS1765-92 cells, we hypothesized that
PI3K/AKT signaling pathway, a crucial radioprotective pathway in multiple malignancies, including
STS, may be associated as well to MLS radioresistance (Codenotti,2021). This hypothesis was
confirmed as pharmacological inhibition of the PI3BK/AKT signaling pathway using the LY294002
compound significantly radiosensitized MLS1765-92 cells. This finding proposes the PI3K/AKT
signaling pathway as a promising molecular target to sensitize MLS malignancies to IR, although
reported to be more radiosensitive compared to other STS, yet still exhibit a radioresistant phenotype
(Rhomberg,2006). Based on data obtained and literature, we drew an initial network in which we
sketched the possible traffic that Cav-1 might be traversing, consisting of its relocation from cell
membrane to intracellular compartments cooperating with effectors of the PI3K/AKT signaling
pathway. Cav-1 might also be present at nuclear levels in which it can be mediating radioprotective
mechanisms such as DNA double strand breaks (DSB) repair, leading to the MLS1765-92 cells
observed radioresistant phenotype (Figure 18) (Codenotti,2021).

In summary, previous and present data of our group propose Cav-1 as a double-edged sword, behaving
both as a tumor suppressor and as a tumor promoter depending on cellular context and experimental
settings in response to extracellular stimuli such as insulin but also as a cell-protector against threats
such as oxidative stress induced by ionizing radiation through PI3K/AKT signaling pathway
modulation in MLS. The investigations are ongoing to dissect Cav-1 tumor promotion and

radioprotection mechanisms via PISBK/AKT signaling axis coordination in MLS.
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