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Preface

I have done my Ph.D. studies in Medical Sciences and Biotechnology at Universita del Piemonte
Orientale (Laboratory of Molecular Pathology, Department of Health Sciences, Novara) under the
mentorship of Prof. Ciro Isidoro.

During my studies, I focused on the role of the lysosomal protease cathepsin D in neuroblastoma
growth and progression.

On this subject, I have first-authored two original articles in peer reviewed journals, one it is published
in International Journal of Molecular Sciences, and one is under revision in Cells Journal. These two
articles are included in this thesis. Also, I have first authored one review article that is under
submission to Cells Journal.

In addition, I participated to other ongoing lab projects dealing with relevance of autophagy in cancer
progression, and in osteogenic differentiation of human gingival mesenchymal stem cells. During a
visit to the laboratory of Tumeur/Ingénierie Cellulaire et Génique of Univ. Bourgogne Franche-
Comté, Besangon (France), I have studied the anti-fibrotic effects of Halofuginone in keloid
fibroblasts. Recently, I have been involved in the study of the role of autophagy in Lymphoma
response to chemo-immunotherapy (paper submitted to Cells journal). Altogether, during my PhD
internship I have co-authored seven papers published plus two more submitted/under submission.
One additional paper will arise from the work thesis (see chapter on Cathepsin D and Annexin2),
which will be soon submitted. The first pages of these papers are appended at the end of the thesis,

in the Appendix section.

Neuroblastoma (NB) is one of the most common extracranial solid tumors of childhood and it
accounts for 15% of cancer-related deaths. NB is an embryonal malignancy arising during fetal or
early postnatal life from neural crest-derived sympathetic cells. It is commonly found in the adrenal
medulla or along the sympathetic chain.

Neuroblastoma shows heterogeneous clinical phenotypes with different rate of aggressiveness and
responsiveness to therapies. The broad spectrum of clinical manifestations ranges from spontaneous
regression, maturation into a benign ganglioneuroma or, in the worst cases, into an aggressive and
metastatic disease. The International Neuroblastoma Risk Group (INRG) classification system,
developed in 2009, classifies NB patients in four risk groups (very low, low, intermediate, and high)
based on clinical criteria and expected-5-year event free survival (EFS) rates. The most frequent
genetic aberration found in metastatic high-risk NB is MYCN amplification, (25% of all cases),
predictor of poor prognosis. Approximately 50% of patients with NB have distant metastasis at the

time of diagnosis and the 5-year event-free survival rate of patients with high-risk NB is <50%.



Despite recent advances in chemotherapy and surgical care, high-risk NB remains difficult to treat.
MYCN drives oncogenic pathways and the inhibition of its transcription results in reduced cell
growth even in MYCN non-amplified NB cell lines (Kling et al., 2021). This protein stimulates the
extracellular release of procathepsin D (proCD), precursor of the lysosomal protease cathepsin D,

leading to doxorubicin resistance and increased survival in neuroblastoma cells.

Cathepsin D (CD) is a ubiquitous soluble aspartic endopeptidase found in acidic intracellular
compartments. CD accomplishes bulk protein degradation and mediates the activation of hormones
and their precursors, as well as the inactivation of mature growth factors through extensive lysosomal
degradation. These functions are associated with protein homeostasis and, consequently, cell growth
control. Cytoplasmic translocation of CD, under stressful conditions, can drive apoptosis; on the other
hand, overexpression of CTSD gene, along with defective segregation in the acidic compartments,

leads to abnormal secretion of the precursor proCD which elicits oncogenic activities.

In the first part of the work, we reviewed the “state of art” of the current knowledge regarding
cathepsin D in respect of the hallmarks of cancer. A better understanding of its multiple functions

might provide novel insights into the molecular mechanisms as possible targets for cancer treatment.

In the first original article, we investigated whether cathepsin D plays a role in EGFR-induced growth
and progression of neuroblastoma. We found that patients with high C7SD and EGFR transcript levels
showed a better prognosis and longer overall survival than those with high EGFR but low CTSD.
These preliminary data provided the rationale to speculate that CD could be involved in EGFR
signaling. We tested this hypothesis in engineered neuroblastoma cells in which cathepsin D was
overexpressed or knocked-down. We found that in the absence of cathepsin D, EGF increased SH-
SYSY cell growth, and conversely, cathepsin D overexpression decreased the proliferative potential.
Notably, EGF-mediated activation of ERK 1/2 was associated with a downregulation of endogenous
CD protein level. This is the first report showing such an effect of EGF on CD expression in cancer
cells.

Our findings enrich the knowledge about the molecular mechanisms downstream EGFR and may

help the identification of novel key targets and the development of effective therapeutics.

Multicellular spheroids better resemble the in vivo tumor condition and mimic the heterogeneity of
cancer clones which develop during tumor evolution. Thus, in the second part of the work, we studied
the effects of CD in a three-dimensional culture system, and we investigated whether and how this
lysosomal protease plays a role in the metastatic process. 3D cell aggregates mimic clusters of

circulating cancer cells forming secondary metastasis. We demonstrated a dual role of cathepsin D in
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2D and 3D growth of neuroblastoma cells in response to EGF. High cathepsin D expression promoted
the survival of NB cells cultivated in suspension as 3D spheroids, whereas it was detrimental for the
growth in adherent condition.

Overall, our findings described a novel anti-proliferative role of cathepsin D and may improve the
personalization of therapy for neuroblastoma patients using modulators of cathepsin D synthesis and
activity.

A third part of my work deals with the role of CD in the chaperone-mediated autophagy of annexin

A2, which results in attenuation of the NB cell malignant phenotype (paper in preparation).



Prefazione

Ho svolto I’internato di Ph.D. in Scienze e Biotecnologie Mediche presso 1’Universita del Piemonte
Orientale (Laboratorio di Patologia Molecolare, Dipartimento di Scienze della Salute, Novara) sotto
la guida del Professor Ciro Isidoro.

Durante 1 miei studi, ho analizzato il ruolo della proteasi lisosomiale catepsina D nella crescita e nella

progressione del neuroblastoma.

Sono primo autore di due original articles sottoposti a revisione paritaria, uno di questi ¢ pubblicato
sulla rivista scientifica International Journal of Molecular Sciences, il secondo ¢ in fase di revisione
sulla rivista Cells. Questi due articoli sono inclusi nella tesi. Inoltre, sono primo autore di una review,

in fase di revisione sulla rivista scientifica Cells.

Inoltre, ho partecipato ad altri progetti di laboratorio in corso sulla rilevanza dell'autofagia nella
progressione del cancro e nella differenziazione osteogenica delle cellule staminali mesenchimali
gengivali umane. Durante una visita al laboratorio di Tumeur/Ingénierie Cellulaire et Génique
dell'Univ. Bourgogne Franche-Comté, Besancon (Francia), ho studiato gli effetti antifibrotici
dell'alofuginone nei fibroblasti di cheloidi. Recentemente, sono stato coinvolto nello studio del ruolo
dell'autofagia nella risposta del linfoma alla chemio-immunoterapia (articolo presentato alla rivista
Cells). Complessivamente, durante il mio percorso di Dottorato, sono stato co-autore di sette articoli
pubblicati piu due sottomessi/in sottomissione. Inoltre, un nuovo articolo derivera dal lavoro
presentato in questa tesi (sezione Risultati, capitolo relativo a Catepsina D e Annessina A2) e sara
presto sottomesso alla rivista Oncogene. Le prime pagine di questi articoli sono mostrate alla fine

della tesi, sella sezione Appendice.

Il neuroblastoma (NB) ¢ uno dei tumori solidi extracranici pit comuni dell'infanzia ed ¢ responsabile
del 15% dei decessi per cancro nei bambini. NB ¢ una neoplasia embrionale che insorge durante la
vita fetale o postnatale precoce e origina nei neuroblasti derivanti dalla cresta neurale.
Frequentemente, (70% dei casi) si sviluppa nell'addome, in particolare nelle ghiandole surrenali, ma
puo localizzarsi anche a livello del torace (19% dei casi), sul collo o sulla colonna vertebrale. Le

persone piu colpite da neuroblastoma sono 1 bambini di eta inferiore a 5 anni.

Il neuroblastoma mostra condizioni cliniche eterogenee con diversa aggressivita e responsivita alle
terapie. L'ampio spettro delle manifestazioni cliniche include casi di regressione spontanea,
maturazione in un ganglioneuroma benigno o, nei casi peggiori, in una malattia aggressiva e
metastatica. Il sistema di classificazione dell' “International Neuroblastoma Risk Group (INRG)”,

sviluppato nel 2009, classifica i1 pazienti in quattro gruppi di rischio (molto basso, basso, intermedio
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e alto) in base a criteri clinici e tassi di sopravvivenza a 5 anni, senza ricadute. L'aberrazione genetica
piu frequente riscontrata in casi di NB metastatico ad alto rischio ¢ I'amplificazione del gene MYCN
(25% di tutti 1 casi), indice di prognosi sfavorevole. Circa il 50% dei pazienti presenta metastasi
secondarie al momento della diagnosi e il tasso di sopravvivenza per gli individui classificati ad alto

rischio € <50%.

Nonostante 1 recenti progressi nella chemioterapia e nella chirurgia, il neuroblastoma ad alto rischio
rimane difficile da curare. MYCN promuove e attiva diversi processi cellulari pro-oncogenici e
l'inibizione della sua trascrizione riduce la crescita e contrasta il fenotipo maligno di cellule tumorali.
Questa proteina stimola il rilascio nell’ambiente extracellulare del precursore di catepsina D (proCD),

evento associato a chemio resistenza e aumento della sopravvivenza dei cloni tumorali.

Catepsina D (CD) ¢ un'endopeptidasi aspartica solubile presente nei compartimenti intracellulari acidi
di tutte le cellule di mammifero. CD svolge un ruolo chiave nella degradazione di proteine intra- ed
extra-cellulari e di organelli, media l'attivazione di ormoni e dei loro precursori, nonché I'inattivazione
dei fattori di crescita maturi attraverso una degradazione lisosoma-mediata. Queste funzioni sono
associate al mantenimento dell'omeostasi e, di conseguenza, al controllo della crescita cellulare. La
traslocazione di catepsina D nel citoplasma, in condizioni di stress, pud indurre 1'apoptosi; al
contrario, I’overespressione del gene C7SD, insieme alla segregazione aberrante della proteina,

portano ad una secrezione extracellulare del precursore proCD che possiede attivita oncogeniche.

Nella prima parte del lavoro, abbiamo revisionato ed elaborato le attuali conoscenze in merito a
catepsina D e agli Hallmarks of cancer, attraverso la scrittura di una review article. Una migliore
comprensione delle sue molteplici funzioni potrebbe fornire nuove informazioni sui meccanismi

molecolari alla base del cancro.

Nel primo original article, abbiamo studiato il ruolo di catepsina D nella crescita e nella progressione
del neuroblastoma. Abbiamo scoperto che i pazienti con alti livelli di CTSD ed EGFR (mRNA) hanno
una prognosi migliore e una sopravvivenza piu lunga rispetto a quelli con EGFR alto e ridotto CTSD
mRNA. Questi dati preliminari hanno fornito il razionale adatto per ipotizzare che CD potrebbe essere
coinvolta nel signaling del recettore transmembrana EGFR. Abbiamo testato questa ipotesi in cellule
di neuroblastoma ingegnerizzate, nel nostro laboratorio, in cui catepsina D era overespressa o
silenziata mediante shRNA. Abbiamo dimostrato che in assenza di catepsina D, EGF aumentava la
crescita delle cellule SH-SYSY e, al contrario, la sua overespressione ne diminuiva il potenziale
proliferativo. In particolare, l'attivazione di ERK 1/2, mediata da EGF, era associata ad una

downregolazione di catepsina D endogena. Questa ¢ la prima dimostrazione scientifica che mostra un



tale effetto di EGF sull'espressione di CD nelle cellule tumorali. I nostri risultati arricchiscono le
conoscenze riguardanti 1 meccanismi molecolari downstream EGFR che controllano la crescita

cellulare.

Gli sferoidi multicellulari riproducono in maniera piu similare la condizione del tumore in vivo e
mimano l'eterogeneita dei cloni tumorali che si formano durante la cancerogenesi. Nella seconda parte
del lavoro, abbiamo studiato gli effetti derivanti dall’overespressione e dal silenziamento di catepsina
D in un modello cellulare tridimensionale di NB. Gli aggregati 3D mimano i clusters di cellule
circolanti che formano metastasi. Abbiamo dimostrato che CD esercita un duplice ruolo nel controllo
della crescita 2D e 3D di cellule di neuroblastoma, in risposta al fattore EGF. Elevati livelli di CD
favoriscono la sopravvivenza di cellule cresciute in sospensione, ma riducono drasticamente la loro
proliferazione in adesione. Questo indica che I’espressione di CD possa variare durante il processo di

formazione di metastasi.

Complessivamente, 1 nostri risultati evidenziano e descrivono un ruolo antiproliferativo della proteasi
lisosomiale e potrebbero portare ad un miglioramento della personalizzazione della terapia per i

pazienti con neuroblastoma, utilizzando stimolatori della sintesi e dell'attivita di catepsina D.

Una terza parte del mio lavoro si incentra sullo studio di catepsina D nell’autofagia chaperone-
mediata di annessina 2, meccanismo che provoca un’attenuazione del fenotipo maligno di cellule di

neuroblastoma umano (articolo in preparazione).
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Chapter 1
Introduction

Neuroblastoma: Epidemiology

Neuroblastoma (NB) is the most common early childhood cancer, representing 8%-10% of all tumors,
and the most frequent extracranial solid tumor. NB is an embryonal malignancy arising during fetal
or early postnatal life from neural crest-derived sympathetic cells and it is commonly found in the
adrenal medulla or along the sympathetic chain (Figure 1) (Davidoft, 2021). It affects children aged
0 to 4 years, the mean age at diagnosis is 18 months and 90% of cases are detected before the sixth
year of life. NB accounts for approximately 15% of all cancer-related deaths in the pediatric
population (Davidoff, 2021). Neuroblastoma’s incidence is higher in white infants and slightly more
common among male that females, while the overall incidence is 1 per 100,000 children in the United
States (Brodeur ef al., 2011). NB very rarely occurs in adolescence and adulthood. The disease shows
heterogeneous clinical phenotypes with different rate of aggressiveness and responsiveness to
adjuvant therapies. The broad spectrum of clinical manifestations ranges from spontaneous
regression, maturation into a benign ganglioneuroma or, in the worst cases, into an aggressive and
metastatic disease. The different disease evolution finds an important support in clinical observations
which date back to the 1960s. In 1963, Beckwith and Perrin described microscopic nodules, termed
in situ neuroblastoma, in autopsies of the adrenal glands of infants died of non-cancer-related death.
The presence of these lesions was more than 200-fold higher that the clinical incidence of NB,
indicating different plausible scenarios: nodules may spontaneously regress, may remain dormant or
transform in benign tumors, or could become clinically apparent and degenerate in malignant
conditions (Beckwith and Perrin, 1963). Spontaneous disease regression is frequently observed in
patients younger than 1 year of age. The molecular mechanisms involved are still unclear. However,
the host immunity seems to play a pivotal role, since the presence of anti-neuronal antibodies is
associated with a better prognosis (Raffaghello ef al., 2009). Furthermore, the withdrawal of
neurotrophic maintenance factors, such as nerve growth factor, may contribute to NB regression. It
is possible to group children diagnosed with NB as low-, intermediate- and high-risk, based on clinical
features. This classification system allows to establish the correct medical approach and to define the
patient’s outcome. Overall, the 5-year survival rate for NB-affecting children is approximately 75%,
instead the ones younger than 18 months at onset, exhibit a survival rate greater than 85% (Gigliotti
et al., 2009; Zhou et al., 2014). Despite recent advances in early diagnosis and multimodal therapeutic
approaches, current treatments remain elusive and ineffective for many patients with high-risk

disease, with a 5-year survival rate of less than 50% (Siegel et al., 2021). Therapies for these patients
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are often highly aggressive and provide minimal benefit in terms of survival rates. The different
clinical condition and outcome are influenced by biological factors, including the genetic background,

the age, the tumor stage and the site of the primary tumor.
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Figure 1. Cell types of neural crest origin (Kholodenko et al., 2018).

Neuroblastoma: Etiology

Approximately 1-2 % of NB cases have a hereditary component, such as the highly penetrant,
autosomal dominant germline mutations in PHOX2B (associated with neural crest disorders) and
alterations in ALK gene (Kamihara ef al., 2017; Ritenour et al., 2018). This inherited condition leads
to an earlier neuroblastoma onset compared to sporadic cases. Other familial syndromes predisposing
to cancer, such as Li-Fraumeni Syndrome (especially the R337H pathogenic variant of 7P353),
Beckwith Wiedemann Syndrome with a germline CDKNIC mutation, germline RAS pathway gene
mutations and Simpson-Golabi-Behmel Syndrome, have been reported to increase the probability of
NB development (Scollon et al., 2017). Besides the genetic background, the early stage at diagnosis
suggests that the prenatal exposure to chemicals or physical substances, for examples alcohol,
cigarette smoke, codeine, hydrocarbons, pesticides, could be risk factors for NB onset. Other genetic
abnormalities linked to NB are MYCN-amplification, present in 25% of tumors, index of aggressive
phenotype and predictor of poor prognosis (Look ef al., 1991); deletions of the short arm of
chromosome 1 and of the long arm of chromosome 11 (Brodeur, 2003); gain of the long arm of
chromosome 17 (Tomioka et al., 2008). In the last decades, advances in genetics and genomics
allowed to go more in depth relative to neuroblastoma biology and researchers have identified
germline variations predisposing children to familial and sporadic cases, summarized in the review

entitled “Genetic Predisposition to Neuroblastoma” (Barr and Applebaum, 2018) (Figure 2).
12



TF53 riak alloles Indtaation af the
identified via GWAS Genomic Data
163 Cemmans {GDC)

Evaluation af copy
number identifies
14211 variation in
NEPF23[110]

2101 pabient GWAS
sdentifies risk
variants in HACEL
arid LINZBE[101]

: e GWAS identifies
Promoting predsion | | ams in MMP20
oncalogy [L29] piene asociatid

-5 with with 119
proecisposition geres deletion [115]
fonand in nelapsed NEL
fusmaors HEAS, FTFNIT
and NF1 [51)

|Chatten and
Woorhees d
farmalial

meiroblaatoma 73]

2100 patient
| GWAS Ldentifies
{risk variants in

| MEFL [108]

T

First GWAS of
LO¥2 patients
identifies varianis
in 6p22 [CASC-15
and NHAT-1) [B4]

| 1,627 patient GWAS
identifies LAOT
risk locus [96]

EZH? discovered
in Weaver
syndrome [7Z]

1
| SOHE discovered in PR Ty CWAS ol 2101 patients
i 5 WES idaniilies Gabriella " 5

KIRB#sermline familial paragangficma) ey | g g idenifses variants in

mumi‘.ﬂrﬁ phoochrmacyioma [73) 53;}:;”&’{?% TR ry CHEKL, H'I:“ Kida : CFE MLFT, and

idenificd in Lt D iripai el W e COKN18 [108.L09]

Yo il risk loc in [MISPRE, | arsd FINKI [52] Act sigred

e g HELTHLE, DOX4 —_— —

neuroblastoma [54) GWAS nf 397 high-risk and IL3IRA [100] Firet GWAS focused on i —_1 -
neurchlasboma petients | 30 African American Ceermline varianls | Carenliss vasiany
identifies risk S3Ps in patients identifies novel idendified g APC | idertified in
BARD] [B8] varant in SPAGTE [127] and BRCA2 (111] | SMAREAS [112)

Figure 2. Identification of genetic variants predisposing to neuroblastoma (Barr and Applebaum,

2018).

Neuroblastoma is an embryonal tumor of the sympathetic nervous system arising during fetal or early
postnatal life from sympathetic cells (sympathogonia). The neuroectodermal cells originate from the
neural crest and during embryonic development they migrate from the dorsolateral side of the spinal
neural tube and differentiate into several lineages. Neural (N-) cadherin, member of the cadherin
superfamily of adhesion molecules, is crucial for the correct migration of the neural crest cells during
early embryonic development. Downregulation of N-cadherin on these cells is essential to allow
migration away from the neural tube and contributes to the formation of different tissues (Nieto,
2001). Neural crest cells are the progenitors for the peripheral and enteric nervous systems, the
adrenal medulla, melanocytes, smooth muscle, craniofacial cartilage, and bone (Crane and Trainor,
20006). In the last steps of differentiation, most of these progenitor cells undergo apoptosis, and only
a small portion of them survive and become fully differentiated with neuronal features and properties
(Figure 3). Neuroblastoma originates from stem cells of the sympathoadrenal lineage. Accumulating
evidence have highlighted transcription factors and regulators involved in the development of
sympathetic lineage as attributable oncogenic drivers, such as MYCN, MASH, ID2, DHAND, HIF,
PHOX2 AND TRKA, TRKB, TRKC receptors (Nakagawara et al., 2018). The latter are
transmembrane receptors for nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF)
and neurotrophin-3 (NT3), respectively. The activation of these pathways positively regulates cell
survival and/or differentiation, whereas the inhibition of TRKA activation leads to programmed cell
death. For this reason, the amount of free ligand (NGF) has a profound impact on neural crest cell
behavior and fate. Even epigenetic alterations and changes could contribute to NB tumorigenesis

(Brodeur, 2003).
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Figure 3. Neural crest cells and NB development (Nakagawara et al., 2018).

Neuroblastoma: Pathology and Clinical Manifestation

Most perinatal cases emerge during the third trimester of gestation and are detected by fetal ultrasound
imaging, during routine exams, as solid subdiaphragmatic masses, like cystic components (Nuchtern,
2006). Modern analysis tools, like fetal Magnetic Resonance Imagining (MRI), increase the incidence
of early neuroblastoma diagnosis.

Usually, NB arises in a paraspinal location in the abdomen or chest (Brodeur, 2003). Primary tumors
develop along the sympathetic nervous system, very frequently in the adrenal medulla and paraspinal
ganglia (Figure 4). The involvement of these tumor primary sites correlates with worse prognosis and
shorter overall survival, compared to that of primary lesions occurring in others body location (neck,
chest, or pelvis). Neuroblastomas typically spread to regional lymph nodes, bone marrow, bones,
liver, and skin. Unfortunately, more than 50% of patients are diagnosed with metastatic disease,
which leads to secondary syndromes caused by tumor invasion in neural tissues (Nakagawara et al.,
2018). The involvement of the central nervous system and lungs are rarely found. Frequent symptoms
associated with invasive and metastatic disease are pain, enlarging mass, lymphadenopathy,
respiratory distress, hepatomegaly, spinal cord compression, neurological deficits, weight loss, fever
and periorbital bruising, due to extravasation of blood into the subcutaneous tissue around the orbit.
The presence of tumor masses in the chest can cause dysphagia and dyspnea, due to organ
compression, while in the pelvis leads to constipation and difficulty urinating. The skin involvement
is detectable as blue subcutaneous nodules known as blueberry muffin syndrome (Colon and Chung,
2011). A small portion of NB patients (1-2%) develops a paraneoplastic syndrome, an indirect

consequence of the malignancy, due to the production of autoantibodies recognizing Purkinje cells in
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the cerebellum, organ controlling movement, motor coordination and balance. Other examples of
paraneoplastic syndromes are intractable diarrhea with electrolyte disturbances, due to release of
vasoactive intestinal peptide (VIP), encephalomyelitis, or sensory neuropathy (Colon and Chung,

2011).
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Figure 4. Neuroblastoma primary site and secondary metastasis (Maris, 2010).

Neuroblastoma: Diagnosis

Tumor stage and patient’s age at diagnosis are important clinical predictors of outcomes. Early
diagnosis associates with better prognosis and reduced mortality. One reason is that lower-stage
neuroblastomas are often encapsulated and can be easily removed with surgical interventions, while
higher-stage tumors at diagnosis, have already invaded local lymph nodes and distant organs,
resulting largely unresectable.

As mentioned before, it is possible to recognize the presence of abnormal masses, in particular adrenal
ones, during fetal development, through ultrasonography, a non-invasive technique. Ultrasound
imaging and MRI are performed also in postnatal period, to monitor the disease evolution or for a
differential diagnosis (Siegel et al., 2002). The diagnostic imaging is the gold standard, indeed a
computed tomography scan of the neck, chest, and/or abdomen can simultaneously detect the
presence of tumor mass, distant metastasis, and, indirectly, the degree of aggressiveness. Clinical data
coming from imaging tools must be accompanied and corroborated by serologic analysis, complete
blood count and liver function test. Blood tests include lactate dehydrogenase and ferritin

measurements, both with prognostic significance. High serum levels of LDH (>1500 U/ml), ferritin
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(>142 ng/ml) and neuron-specific enolase (>100 ng/ml) are associated with advanced tumor stage,
relapses, and poor prognosis. These parameters reflect the high proliferative capacity of tumor cells
and can be used for monitoring disease evolution and response to therapy (Kim and Chung, 2006).
An additional marker for NB diagnosis is the increased level of urine or serum catecholamines or
catecholamine metabolites (dopamine, vanillylmandelic acid, and homovanillic acid). These markers
are highly specific, given the unique capacity of neuroblastoma cells to secrete the cited products,
detected in more than 90% of patients (Kim and Chung, 2006).

To definitively confirm the diagnosis, it is necessary to analyze primary tumor/bone marrow-derived
specimens, obtained from the resection of the tumor mass or as an open biopsy for unresectable
disease. Once the diagnosis is established, a metaiodobenzylguanidine (MIBG) scintiscan is
performed to define tumor staging and monitor the follow-up after therapy administration.
Fluorescent in situ hybridization (FISH) and additional genetic tests, can be performed on tissue
samples to note ploidy, gene amplification and other chromosomal aberrations. Knowledge of the
genetic abnormalities and molecular alterations responsible for NB tumorigenesis is essential for
choosing the correct medical approach and therapeutic intervention. Based on tumor histology,
patients are stratified in different categories, according to the “International Neuroblastoma Pathology

Classification” (INPC).

Neuroblastoma: Staging and Classification

The International Neuroblastoma Staging System (INSS), first established in 1986 and revised in
1993, classifies NB patients into Stages 1, 2A/2B, 3, 4 and 4S according to the extent of surgical
tumor excision at time of diagnosis and the presence of metastasis (Brodeur et al., 1993). Generally,
infants younger than 1 year of age display a positive clinical outcome. Tumor bearers diagnosed in
advanced stage show a reduced overall survival. In 2009 the International Neuroblastoma Risk Group
(INRG) developed a new clinical staging system (INRGSS), for pretreatment risk classification,
based on clinical criteria and tumor imaging, rather than on the extent of surgical resection, like the
previous one (Monclair ef al., 2009). In the novel INRGSS, localized tumors are classified as Stage
L1 or L2 depending on the presence or absence of one or more of image-defined risk factors (IDRFs),
respectively. In the Stage M are included metastatic tumors, while in Stage MS tumors display
metastasis in skin, liver and/or bone marrow in children younger than 18 months of age (Monclair et

al., 2009).
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Table 1. The International Neuroblastoma Risk Group Staging System (Monclair et al., 2009).

INRG DESCRIPTION
STAGE

L1 Localized tumor, confined to one body compartment
(neck, chest, abdomen, pelvis); no involvement of vital

structures as defined by IDRFs.

L2 Locoregional tumor with one or more IDRFs.
M Distant metastatic disease.
MS Metastatic disease in children younger than 18 months

with metastasis confined to skin, liver, and/or bone

marrow.

The main genetic alterations, considered as risk factors, are MYCN status, DNA index (ploidy), the
allelic status at chromosome 1123 and histopathologic classification. Around 25% of affected infants
bear the amplification of MYCN oncogene, and this aberration is detected in up to 40% of patients
with advanced stage disease. Indeed, the hyperexpression of MYCN protein confers proliferative
advantage and a very aggressive phenotype (Brodeur ef al., 1984). To be noted, MYCN promotes the
transcription of CTSD gene and the extracellular secretion of the procathepsin D precursor, from
cancer cells, resulting in resistance to doxorubicin-induced apoptosis (Sagulenko et al., 2008).
Patients carrying near-triploid tumors manifest a longer overall survival and a better prognosis
compared to that of children with others genetic abnormalities, such as chromosome 1p deletion and
MYCN amplification. The latter anomaly is inversely related to chromosome 11q deletion, considered
a high-risk factor (Look et al., 1984; Attiyeh et al., 2005). Based on the genetic background and
presence/absence of numerous risk factors, patients are stratified in specific risk groups, depending

on the expected 5-year event-free survival (EFS) rate:

- Very low (> 85% EFS, 28,2% of patients)

- Low (>75% to <= 85% EFS, 26,8% of patients)

- Intermediate (> = 50% to 75% EFS, 9% of patients)
- High (< 50% EFS, 36,1% of patients)
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In general, the overall survival for each of this group is around 90% except for those patients in the
high-risk group, that is less than 50% (Siegel et al., 2021).

The guidelines provided by the INRGSS are useful to predict the clinical outcome of NB patients.
Besides the risk factors, neuroblastomas can be further divided based on the mitotic index of tumor
cells (low, intermediate, high) and the degree of neuroblastic differentiation (undifferentiated, poorly
differentiated and differentiated) (Goto et al., 2001).

In summary, we have understood that several factors, like the histopathology of the tumor, the age of
the patient and its intrinsic characteristics (genetics and epigenetics) play pivotal role in determining

the clinical approach and the prognosis.

Neuroblastoma: Treatments

The standard therapeutic interventions for NB patients essentially include chemotherapy, surgery
and/or radiotherapy. Children also need a special psychological support, a constant help concerning
physical and cognitive growth and nutritional status. Unfortunately, the medical needs, including
effective diagnosis, pharmacological treatments, and supportive care are not equally distributed and
accessible around the world. Often, more aggressive neuroblastomas have developed resistance to
standard chemotherapy, making this tumor difficult to treat. Multidrug resistant-associated protein 1
(MRP1), encoded by ABCCI gene, is an important cause of drug resistance of aggressive NB (Peaston
et al., 2001). The survival rate of non-high-risk neuroblastoma is generally high, and exposure to
chemotherapy or surgery may be not necessary for these patients. Extensive surgery is often
associated with intraoperative and postoperative complications (including bleeding, vascular injuries,
sepsis, diarrhea, and damage to organs) particularly in young infants (Azizkhan et al., 1985; Losty et
al., 1993). Thus, resection is limited for tumors characterized by a continued growth and aggressive
phenotype. Postoperative bowel obstructions occur in 1% to 5% of cases and the overall mortality for
young patients underwent to adrenal gland surgery is approximately 2% (Ikeda et al., 1998).

Despite recent advances in early diagnosis and multimodal therapeutic approaches, current treatments
remain elusive and ineffective for many patients with high-risk disease, with a 5-year survival rate
less than 50% (Siegel et al., 2021), ensuring that this cancer remains an important health problem to
manage.

Epidermal growth factor receptor (EGFR) was found overexpressed in neuroblastoma tumor
specimens (Tamura ef al., 2007), and its signaling was found dysregulated in multi-drug resistant NB
cell lines (Meyers et al., 1988). The high expression of EGFR/HER1 has been associated with
enhanced tumor growth, invasive potential and chemoresistance in a variety of solid tumors resulting

in a worse prognosis for patients (Wells, 1999; Tang and Lippman, 1998).
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An attractive approach for cancer treatment is the inhibition of growth factor receptors: the HER1-
specific tyrosine kinase inhibitor ZD1839 (Iressa, gefitinib) markedly reduces receptor activation and
PI3K/AKT signaling. One limitation of this drug is that it is not effective on MAPK in neuroblastoma
(Ho et al, 2005). In addition, alterations of EGFR itself (polymorphisms, variants) and
overexpression of HER family ligands (and of certain IncRNAs) are associated with monoclonal
antibody resistance and tumor relapse (Braig et al., 2017; Sok et al., 2006; Liao ef al., 2015; Li et al.,
2019). Getting insight into the molecular mechanism downstream growth factor receptors, may help

the identification of novel key targets and the development of personalized therapies.

Neuroblastoma represents a clinical emergency requiring urgent interventions and our work describes
for the first time a novel anti-proliferative role of cathepsin D that may be exploited to improve tumor

management and treatment.
Cathepsin D: Gene Transcription and Regulation

Human cathepsin D is a soluble aspartic endopeptidase normally resident within the acidic
endosomal-lysosomal compartments in all mammalian cells (Barrett, 1979). The protease is also
active in secretory inflammatory and lytic granules of mastocytes and lymphocytes, respectively
(Dragonetti et al., 2000; Burkhardt et al., 1990). A small amount of CD was found on the plasma-
membranes and in the extracellular environment, due to exocytosis (Diment ef al., 1988). Cathepsin
D is ubiquitously present in human tissues, but its expression differs among the various organs; in
particular neurons in the central nervous system (CNS) possess abundant levels of CD (Reid ef al,,
1986). Human cathepsin D is coded by the CTSD gene, located in the short (p) arm of chromosome
11, position (11p) 15.5. The characterization of CTSD gene revealed that its promoter presents a
mixed structure and features of both housekeeping and a regulated facultative gene (Cavailles et al.,
1993). More precisely, the promoter contains two types of transcription initiation sites: 1) TATA-
dependent transcription starting, located around 28 bp downstream from the TATA box; and 2) a
TATA-independent transcription initiation site, distant from TAT A box and controlled by GC boxes
and Spl factors. In normal tissues the expression of C7SD gene is constitutively controlled from
TATA-independent start sites. Overexpression of CTSD, along with defective segregation in the
acidic compartments, leads to abnormal secretion of the precursor proCD with oncogenic activities;
it was largely detected in the culture media and body fluids of tumor bearers (Vignon et al., 1986;

Isidoro et al., 1995a; Isidoro et al., 1995b; Reid et al., 1986).
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The correlation of CD expression with tumor stage and patient’s clinical outcome has been
investigated in several cancer types and the extracellular secretion of the precursor is accompanied
by the loss of intracellular functions.

The activity of cathepsin D in the wrong time and in the wrong place could be responsible for the

acquisition of malignant features driving cancer development and progression.
Biosynthesis of Cathepsin D and Cellular Functions

Human CD is synthesized as a di-glycosylated precursor of approximately 52 kDa in ribosomes
attached to the endoplasmic reticulum (ER), which then travers the Golgi complex and is finally
delivered by receptors to the endosomal-lysosomal compartment for the last stage of maturation. The
multistep processing of cathepsin D biogenesis is expoited a useful reporter to study protein
trafficking and maturation along the exocytic-endocytic pathways (Isidoro et al., 1996). The synthesis
of cathepsin D (Figure 5) begins into the rough endoplasmic reticulum (RER) and leads to the
formation of a pre-pro-enzyme (Faust ef al., 1985) composed of 412 amino acids. The short pre-
sequence of 20 residues, localized at the N-terminal, is removed while the translation is still ongoing,
precisely soon after the translocation across the RER membrane (Erickson and Blobel, 1979). The
resulting CD precursor, made up by 392 amino acids, is approximately 52 kDa, and it is still
enzymatically inactive. Subsequently, pro-cathepsin D is transported from Golgi complex to the late
endosome compartments mainly via mannose-6-phosphate (M6P) pathway (von Figura and Hasilik,
1986; Isidoro et al., 1991). CD mutants lacking one or both sugar chains seem to achieve the correct
folding and to maintain enzymatic activity, yet the glycosylation is necessary for their targeting into
the lysosome (Fortenberry et al., 1995). In addition, proCD could be delivered to acidic compartments
through M6P-independent pathways: one alternative mechanism includes the interaction of proCD
with prosaponin, which forms complexes that travel together via membrane association to the acidic
organelles (Gopalakrishnan et al., 2004). A second putative molecule responsible for cathepsin D
trafficking is sortilin, as substitute of M6P receptor (Canuel ef al., 2008). In physiological condition
part of the precursor protein can be secreted outside the cell and successively re-endocytosed by M6P-
receptors localized at the level of plasma membrane. The endocytosed precursor reaches the early
endosomal compartments where the pH allows the dissociation from the receptor. The early
endosomes fuse with late endosomes and the precursor can start its processing (Castino and Isidoro,
2008). Here, the acid pH (5-6) allows the limited proteolysis of proCD and the precursor loses its
inhibitory pro-peptide (44 amino acids), giving rise to the single chain cathepsin D, enzymatically
active. This molecular form, called intermediate, has a molecular weight of 48 kDa and consists of
348 amino acids. The last step of maturation occurs within the lysosome (pH 3.5 - 4.5), where the
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intermediate CD is discharged after fusion with the late endosome: here the intermediate CD is finally
processed into a double-chain active form, the final mature protein. This is composed of an N-terminal
light chain of 13 kDa and a C-terminal heavy chain of 31-33 kDa, bound together through
hydrophobic interactions (Baldwin et al,, 1993; Gieselmann et al., 1983; Rijnboutt et al., 1992;
Delbriick et al., 1994). Mutations occurring in the B-hairpin loop (proteolytic processing region) block
the conversion from the intermediate single-chain polypeptide into the mature double-chain form but
do not prevent the lysosomal targeting. Moreover, modifications in this amino acid sequence do not
affect CD stability or enzymatic activity (Follo et al., 2007).

Cathepsin D is an important endopeptidase and alterations in its synthesis, transport, processing
and/or enzymatic activity are correlated with several pathological conditions, (reviewed in Vidoni et
al., 2016), and phenotypic abnormalities during embryonic development, as demonstrated in in vivo
models. More in details, CD knockdown zebrafish larvae resulted in several morphological
alterations, including failure of yolk absorption, reduced growth of the whole body and of the
digestive tract, lack of the swim bladder and microphthalmia associated with defective pigmentation
of the retinal epithelium (Follo ef al., 2011). Additional evidence reported a crucial role of CD in
maintaining the proper development and function of skeletal muscles in zebrafish (Follo et al., 2013).
CD is also implicated in embryonic cell death thanks to its ability to trigger apoptosis in the
neuroepithelium and in the somitic mesoderm of chicken embryos (Zuzarte-Luis et al., 2007).
Cathepsin D orchestrates and directs the development of vital tissues and organs through different
mechanisms, mainly affecting the turnover of growth factors and the inactivation of their
precursors/inhibitors (Saftig et al., 1995). The extensive lysosomal degradation reduces the pool of
active signaling molecules (Berg ef al., 1995). On the opposite, the excess of free growth factors leads
to the hyperactivation of oncogenic pathways and enhances cell growth, typical features of
proliferative disorders such as cancer.

In addition to the proteolytic activity, cytosolic cathepsin D triggers apoptosis in response to
cytotoxic/stress agents, such as TNF-a (Démoz et al., 2002), IFN-gamma, Fas/CD95/APO-1 (Deiss
et al., 1996), etoposide, 5-fluorouracil, cisplatin (Emert-Sedlak et al., 2005; Castino et al., 2009), 2-
phenylethynesulfonamide (Granato et al., 2014), resveratrol (Trincheri et al., 2007), growth factor
deprivation (Shibata et al., 1998), oxidative stress (Castino et al., 2007; Roberg and Ollinger, 1998),
and sphingosine (Kégedal er al., 2001). The exposure to chemotherapeutic drugs, resveratrol, or
reactive oxygen species (ROS), causes the lysosomal leakage and the cytosolic relocation of cathepsin
D. In the cytoplasm, it activates pro-apoptotic proteins that increase the mitochondrial
permeabilization and the caspase-mediated apoptosis in ovarian cancer and neuroblastoma cells

(Castino et al., 2009; Castino et al., 2007). However, the pro-apoptotic or anti-apoptotic functions of
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cathepsin D strictly depend on its localization. Indeed, the extracellular precursor proCD increases
cell survival via PI3K-AKT signaling activation, and contributes to doxorubicin resistance in
neuroblastoma, avoiding apoptosis (Sagulenko et al., 2008). Since the 1980s, scientists described the
mitogenic activity of proCD in tumor cell lines, and over the years accumulating evidence highlighted
multiple oncogenic functions. In this respect, overexpression and hypersecretion of cathepsin D are
often associated with high incidence of metastasis in breast cancer (Masson et al., 2010) and with
increased tumor size, grade and chemoresistance in a variety of others solid malignancies (ovarian,
glioma, head and neck tumors, melanoma, bladder, prostate, lung, colorectal, liver, and gastric
cancers) (Cunat ef al., 2004; Leto ef al., 2004). Moreover, the extracellular proCD acts as an autocrine
and paracrine growth factor for an unknown receptor, triggering RAS/MAPK and PI3K/AKT
pathway activation in fibroblasts and in human endothelial cells (Laurent-Matha et al., 2005; Pranjol
et al., 2018). This is another example of how CD plays an oncogenic function since a well-organized
vascular network supports tumor growth. Therefore, it is fundamental that the protein is correctly
segregated to perform its activities in the endosomal-lysosomal compartments, to avoid its aberrant

function in the stroma microenvironment.
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Figure 5. Cathepsin D biosynthesis (Nicotra et al., 2010)

As previously mentioned, lysosomal CD, being a proteolytic enzyme, carries out post-translational
modifications on prohormones, growth factors and brain-specific antigens, thus it regulates their
turnover (Benes et al., 2008; Minarowska et al., 2007). In other words, cathepsin D indirectly controls

cell growth.
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The hyperactivation of oncogenic signaling pathways, such as epidermal growth factor
receptor/mitogen-activated protein kinase (EGFR/MAPK), as well as the overexpression of EGF
family ligands, drive malignant transformation and neuroblastoma progression (Wells, 1999; Tang
and Lippman, 1998; Sasaki et al., 2013). Current knowledge describes the involvement of cathepsin
S and B in the attenuation of EGFR signaling and in receptor degradation (Huang et al., 2016; Authier
et al., 1999). However, no information about the possible involvement of cathepsin D has never been
reported. Whether CD plays an active role in EGFR-induced growth and progression of
neuroblastoma remains to be elucidated.

In the first part of this thesis, I have reviewed the “state of art” of the current knowledge regarding
the role of cathepsin D in the development and progression of cancer, in respect of cell proliferation,
invasion and metastasis, angiogenesis, apoptosis, and inflammation, known as hallmarks of cancer
(Figure 6).

During the research work, first we interrogated datasets from the TCGA database to determine the
clinical relevance of CTSD status in pediatric neuroblastoma patients highly expressing EGFR. Then,
we validated in vitro the hypothesis that cathepsin D could be involved in EGFR signaling regulation.
Overall, our findings may have a translational relevance and we propose cathepsin D as a possible
biomarker for the stratification of neuroblastoma patients in a view of personalized medicine. The
identification of a novel prognostic marker may be helpful to improve tumor management and

treatments.
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Figure 6. Cathepsin D and Hallmarks of Cancer
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Chapter 2

Aims

The aims of the work performed during my Ph.D. study were:

1)

2)

3)

4)

S)

To review the literature on the role of lysosomal cathepsin D in cancer.

To assess whether cathepsin D plays a role in EGF-induced growth and progression of

neuroblastoma.

To investigate the biochemical pathways downstream EGFR activation in human SH-SY5Y

neuroblastoma cells, engineered for overexpressing or silencing CD expression.

To investigate whether and how cathepsin D differently affects the growth of NB cells in

suspension as 3D neurospheroids versus 2D adherent condition, in response to EGF.

To explore the significance of cathepsin D-annexin A2 interaction and to assess whether and
how the post-translational modification of annexin A2 affects the malignant phenotypes of

neuroblastoma cells.
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Chapter 3
Materials and Methods

Materials and Methods reported in this section refer to the manuscript to be submitted.

Here, I will describe more in detail the cellular model employed and the informatic tool used for the

quantitative analysis of image data in the measurement of fluorescence intensity.
Cell Culture and Treatments

Human neuroblastoma SH-SYSY cells were obtained from the American Type Culture Collection
(ATCC® CRL-2266™, Rockville, MD) and genetically manipulated in our laboratory under the
supervision of Professor Ciro Isidoro. Originally, SH-SYSY arise from SK-N-SH cells, isolated in
1970 from the biopsy of a four-year old female child affected by neuroblastoma. NB is a malignant
neuroendocrine tumor deriving from embryonic neural crest cells, from which physiologically
originate the adrenal medulla and ganglia of the sympathetic nervous system. Morphologically, SH-
SYSY cells assume a neuronal-like phenotype with a non-polarized body and short neurites. They
were maintained in standard conditions (37°C, 95 v/v% air: 5 v/v% CO2) in 50% Minimum Essential
Medium (MEM, cod. M2279, Sigma-Aldrich Corp., St Luis, MO, USA) and 50% Ham's F12 Nutrient
Mixture (HAM, cod. N4888, Sigma-Aldrich Corp.), containing 10% heated-inactivated Fetal Bovine
Serum (FBS, cod. ECS0180L; Euroclone S.p.A., Milan, Italy), supplemented with 1% Glutamine
(cod. G7513, Sigma-Aldrich Corp.) and 1% w/v of Penicillin/Streptomycin (cod. P0O781, Sigma-
Aldrich Corp.). For this study, we employed three engineered clones of SH-SY5Y neuroblastoma
cells (Sham, KD-CD and Over CD) (Figure 7). The clone generation procedure is described in
Secomandi, Salwa et al., 2022.

Alternatively, the cells were cultured in Earle’s Balanced Salt Solution (EBSS, cod. E2888, Sigma-
Aldrich Corp.), containing 1% glucose, without fetal bovine serum. Cultured cells were treated, where
specifically indicated, with 20 ng/ml Epidermal Growth Factor (EGF, cod. E5036; Sigma-Aldrich
Corp.), dissolved in 10 mM acetic acid, or Pepstatin A (PstA, cod. P4265; Sigma-Aldrich Corp.),

used at 100 uM as a final concentration.
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Over CD

Figure 7. Images of SH-SYSY transgenic clones.
Antibodies

The following primary antibodies (used in the last paper to be submitted) were employed for western
blotting: mouse anti-pB-tubulin (1:1000, cod. T5201; Sigma-Aldrich Corp.), mouse anti-f-actin
(1:2000, cod. A5441; Sigma-Aldrich Corp.), rabbit anti-annexin A2 full-length (1:1000, cod. PAS5-
88522; Invitrogen, Waltham, MA, USA), mouse anti-phospho (Tyr23) annexin A2 (1:250, cod. sc-
135753; Santa Cruz Biotechnology), mouse anti-annexin A2 (C-10) (1:500, cod. sc-28385; Santa
Cruz Biotechnology), mouse anti-cathepsin D (1:100, cod. IM03; Calbiochem), mouse anti-HSC70
(1:250, cod. sc-32239; Santa Cruz Biotechnology), mouse anti-STAT3 (1:500, cod. 9139; Cell
Signaling), rabbit anti-phospho (Tyr705) STAT3 (1:500, cod. 9145; Cell Signaling), rabbit anti-
cyclin D1 (1:500, cod. 2978; Cell Signaling). Secondary antibodies employed for immunoblotting
were purchased from the following sources: Horse Radish Peroxidase-conjugated goat anti-mouse
IgG (1:10,000, cod. 170-6516; Bio-Rad, Hercules, CA, USA), Horse Radish Peroxidase-conjugated
goat anti-rabbit IgG (1: 10,000, cod. 170-6515: Bio-Rad, Hercules, CA, USA). The following
primary antibodies were employed for immunofluorescence: rabbit anti-LAMP2 (1:100, cod.
PRS3627; Sigma-Aldrich Corp.), rabbit anti-phospho (Tyr705) STAT3 (1:100, cod. 9145; Cell
Signaling), mouse anti-phospho (Tyr23) annexin A2 (1:100, cod. sc-135753; Santa Cruz
Biotechnology), mouse anti-annexin A2 (C-10) (1:100, cod. sc-28385; Santa Cruz Biotechnology),
rabbit anti-annexin A2 full-length (1:50, cod. PA5-88522; Invitrogen), mouse anti-HSC70 (1:250,
cod. sc-32239; Santa Cruz Biotechnology), mouse anti-cathepsin D (1:100, cod. IM03; Calbiochem),
rabbit anti-TWIST1 (1:500, cod. 69366, Cell Signaling). Secondary antibodies used for
immunofluorescence were purchased from the following sources: goat-Anti Rabbit IgG Alexa
FluorTM Plus 488 (1:1000, cod. A32731; Invitrogen) and Goat-Anti Mouse IgG Alexa FluorTM Plus
555 (1:1000, cod. A32727; Invitrogen).
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Western blotting

SH-SY5Y Sham, KD-CD and Over CD clones were plated at a density of 50,000 cells/cm? on sterile
P35 Petri dishes and let adhere. Treatment with EGF, PstA or incubation with EBSS were performed
when the confluence reached approximately 80%. Cells were harvested in RIPA Buffer (0.5%
Deoxycholate, 1% NP-40, 0.1% Sodium Dodecyl Sulfate in PBS solution) supplemented with
protease inhibitor cocktail and phosphatase inhibitors (sodium fluoride and sodium orthovanadate)
and homogenized using an ultrasonic cell disruptor XL (Misonix, Farmingdale, NY, US). All reagents
were supplied by Sigma-Aldrich Corporation. Protein content concentration was determined with a
Bradford assay and samples were denaturized with 5X Leammli sample buffer at 95°C for 10 minutes.
Equal amounts of protein (30 pg of total cell homogenates) were separated by SDS-PAGE and
transferred onto PVDF membrane (cod.162-0177; BioRad, Hercules, CA, USA). Filters were blocked
with 5% not-fat dry milk (cod. sc-2325; Santa Cruz Biotechnology) solution containing 0.2% Tween-
20 for 1 hour at room temperature (RT). Subsequently, membranes were incubated with specific
primary antibodies overnight at 4°C, followed by incubation with secondary HRP-conjugated
antibodies (goat anti-mouse and goat anti-rabbit) for 1 hour at room temperature. The bands were
detected using Enhanced Chemiluminescence reagents (ECL, cod. NEL105001EA; Perkin Elmer,
Waltham, MA, USA) and developed with the ChemiDoc XRS instrument (BioRad, Hercules, CA,
USA). Intensity of the bands was estimated by densitometry using Quantity One Software (BioRad,
Hercules, CA, USA).

Immunofluorescence

SH-SY5Y clones were seeded separately onto sterile coverslips at the density of 30,000 cells/cm?, let
adhere and grow before treatment. KD-CD and Over CD were cocultured together at a density of
20,000 cells/cm? for each clone. The cell monolayers were scratched using a sterile pipette yellow tip
and then washed with 1X PBS to remove the cell debris. Treatment was performed as appropriately
indicated. At the end ofthe experiment, the coverslips were fixed in ice-cold methanol, permeabilized
with 0.2% Triton-PBS and then re-fixed with methanol. After washing with 1X PBS, coverslips were
incubated with specific primary antibodies, dissolved in 0.1% Triton PBS + 10% FBS, overnight at
4°C. The following day, the coverslips were washed with 0.1% Triton-PBS and incubated for 1 hour
at room temperature with Goat-Anti Rabbit IgG Alexa FluorTM Plus 488 or Goat-Anti Mouse IgG
Alexa FluorTM Plus 555 secondary antibodies, as appropriate. Nuclei were stained with the UV
fluorescent dye DAPI (4',6-diamidino-2-phenylindole). Secondary antibodies and DAPI were

dissolved in 0.1% Triton-PBS + 10% FBS. Thereafter, coverslips were mounted onto glasses using
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SlowFade antifade reagent (cod. S36936; Life Technologies, Paisley, UK) and data acquired by
fluorescence microscope (Leica DMI6000, Leica Microsystems, Wetzlar, Germany). For each
experimental condition, different microscopic fields were randomly selected. Scale bar = 20 um;

magnification = 63x.
Co-Immunoprecipitation Assay

SH-SY5Y cells were seeded onto sterile P60 Petri dishes at a density of 100,000 cells/cm? and let
adhere and grow before treatments. In each plate, 10 minutes before the end of the treatment, 0.5 M
3-3’-dithiodipropionic acid di-(N-hydroxysuccinimide ester), a chemical cross-linker, was added into
the medium. Then, the culture media were collected and centrifuged at 2000 rpm for 5 minutes. The
supernatant was aspirated, the pellet resuspended in 350 pL. of PBS 1X, again centrifuged and kept
on ice. Sample collection was performed by scraping the Petri dishes with 350 pl of RIPA Buffer
supplemented with protease inhibitor cocktail and phosphatase inhibitors (sodium fluoride and
sodium orthovanadate) and homogenized using an ultrasonic cell disruptor. The cell lysates were
stored at -20°C. Protein concentration was determined by BCA assay. The samples (500 ng) were
incubated with anti-CD primary antibody or anti-Annexin A2 full-length antibody for 2 hours at 4°C,
under rotation. The dilution factors are reported in the previous section (Antibodies). The
immunocomplexes were captured by adding 50 pl of Sepharose G beads (cod. P3296; Sigma-Aldrich
Corp.), under rotation at 4°C over-night. The bead-bound immunocomplexes were precipitated by
centrifugation (1000 g) and eluted with 80 pl of Leammli buffer 1X at 95°C for 10 minutes. Equal
volume of eluate was loaded onto SDS-containing polyacrylamide gels and immunoblotted with

specific antibodies to reveal the presence of immunoprecipitates.
In vitro Protease Assay

To further assess and demonstrate the CD-mediated proteolytic cleavage of annexin A2, an in vitro
protease assay was performed. SH-SYS5Y KD-CD cells were seeded in sterile P60 at a density of
100,000 cells/cm? and employed as substrate homogenates for the unaltered annexin A2 protein and
the lack of cathepsin D. Cells were collected with RIPA Buffer supplemented with phosphatase
inhibitors. Cathepsin D was immunoprecipitated from Over CD cell homogenates.
Immunocomplexes were eluted with Leammli buffer 1X in a final volume of 20 pl. 100 pg of samples
(SH-SYSY Sham incubated with Pepstatin A, SH-SY5Y KD-CD control condition, EBSS- and EGF-
treated cells), were incubated with equal amount (100 pg) of immunoprecipitated cathepsin D.
Protease reaction was carried out for 3 hours at 37°C. At the end, samples were boiled at 95°C in

Leammli buffer 5X and then separated by SDS-PAGE. As control, Leammli buffer 5X was added in
28



4 eppendorf containing 100 pg of Sham PstA, KD-CD Co, KD-CD EBSS, KD-CD EGF total lysates.
Immunoblots were developed using anti-annexin A2 full-length and anti-cathepsin D primary

antibodies.
siRNA Transfection and Clonogenic Assay

SH-SY5Y KD-CD cells were seeded into P35 Petri dishes at the density of 50,000 cells/cm? and let
adhere. When cells reached the 80% of confluence, transfection with 150 pmol/ul siRNA ANXA?2
and 150 pmol/pl siRNA Co-Duplex was performed using Lipofectamine™ 3000 Transfection
Reagent (cod. L3000-15, Invitrogen). The siRNA-Lipofectamine complexes were prepared in 125 pl
of OptiMEM I Reduced Serum Medium (cod. 11058021, Invitrogen) with 150 pmol/pl of siRNA and
7.5 pl of Lipofectamine™ 3000. After 6 h of incubation, the medium was replaced with a serum-
containing culture medium (10% FBS), and the cells were cultivated for further 21 hours to allow
protein silencing. Subsequently, KD-CD cells were collected, counted and then 2000 cells/P35 were
seeded for each experimental condition. The experiment was carried out for 10 days to allow colony
formation (Thongchot ef al., 2021). Treatment with 20 ng/ml EGF in fresh culture medium was
performed every 48 hours. A second transfection was executed on KD-CD cells after 5 days of
culture. At the end of the experiment, the medium was removed, cells were washed with 1 X PBS and
then fixed with methanol for 20 minutes at room temperature. Next, another wash with 1X PBS was
performed and subsequently colonies were stained with 0.5% crystal violet solution for 30 minutes.
Finally, P35 were washed with distilled water (until the background becomes clear) and dried at room
temperature. Each Petri dish was photographed, and the number of colonies formed was estimated by

photometric measurements and CellCounter software (v0.2.1.).
Wound-Healing Migration Assay

Cells were seeded in P35 Petri dishes at the density of 80,000 cells/cm? and cultured until confluence.
The cell monolayers were scratched with a sterile pipette yellow tip to produce a straight line, and the
debris washed out with culture medium (Morani ef al., 2014). Medium and substances for treatment

were renovated every 24 hours. The open gap was photographed with a camera at phase contrast
microscope (magnification 5x) at the indicated times. The rate of healing was estimated by ImageJ
software based on the area (in which the length is predetermined, and the wideness varies) free of
cells. Data are calculated for three different fields per each condition in three separate experiments.

SH-SYS5Y KD-CD cells were transfected with siRNA ANXA2 and Co-Duplex before the scratching,

as described in the previous paragraph.
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Transwell in Vitro Cell Migration Assay

Cells were plated in Petri dishes at a density of 25,000 cells/cm? and cultured until reaching 80%
confluence. Cell monolayers were cultured as appropriate, and treatments were renovated the
following day. After 48 hours of culture, cells were trypsinized, collected and counted. For each
experimental condition, 50,000 cells were resuspended in serum-free medium supplemented with the
corresponding treatment and loaded into individual uncoated inserts containing 8.0 uM pore-size
polycarbonate membrane (cod. 3422; Corning Incorporated Costar, New York, NY, USA). Each
insert was placed in a 24-well plate containing complete media (10% FBS) and the plate was placed
in the incubator. After 24 h (collectively 72 hours of treatment), cells that had migrated to the
underside of the inserts were washed in 1X PBS, fixed in methanol for 30 min, washed again with
1X PBS and then processed for immunofluorescence double staining CD / TWIST1. Incubation with
the secondary antibodies was performed the day after, for 1 hour, at room temperature. Inserts were
cut and mounted onto slides using SlowFade antifade reagent and photographed with fluorescence
microscope (Leica DMI6000, Leica Microsystems, Wetzlar, Germany). For each experimental
condition, different microscopic fields were randomly selected, and representative images were

shown. Scale bar = 20 um; magnification = 63x.

Bioinformatic Analysis

Kaplan—Meier curves, correlation studies and biological process were obtained by extracting clinical
data from the TCGA database (www.portal.gdc.cancer.gov/, last accessed on 29 April 2021). RNA-
seq and corresponding clinical data (including overall survival status, INSS stage and mRNA
expression of 21,578 group of genes) of Pediatric Neuroblastoma patients (TARGET 2018, that
comprised 248 patients after filtering out dataset without enough survival information) were
downloaded from the cBioportal.org. Patients were grouped based on the level of mRNA expression
1.e., low versus high groups were defined relative to the median expression level of overall patient
cohort. Pearson and Spearman’s correlation analysis were performed to identify the genes correlated
with ANXA2. TBtools (https://github.com/CJ-Chen/TBtools/) was used to identify the differentially
expressed genes (DEGs) in correlation with CTSD, represented as Volcano plot. To identify the
DEGs, cut-off criteria was set based on Spearman’s correlation value (i.e., correlation coefficient
value greater than + 0.25 (positively correlated) or lower than — 0.25 (negatively correlated) and p-
value < 0.00001 (-log10(p-value) threshold was fixed above 5.0). DAVID bioinformatics functional
annotation tool (https://david.ncifcrf.gov/summary.jsp) was used to analyze Gene Ontology (GO)
biological processes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were

obtained with the help of positively - differentially expressed genes. Data are presented in bar graphs
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displaying the number of transcripts belonging to negatively associated biological processes. Scatter
plots were employed to represent the correlation between the expression of relevant biomarkers in
the patient cohort. Pearson correlation analysis were performed to identify the correlation between
ANXA2 and STAT3 genes. Regression was estimated by calculating Pearson’s correlation coefficients
(r) and the relative p-values. ANXA2 and STAT3 were grouped based on the level of mRNA expression
in neuroblastoma patients. The correlation of ANXA2 and STAT3 was performed after sub-
classification of mRNA expression based on the level of Z-score values as high (upper 25% of z-
score values) and low (below 75% of z-score values), respectively. CTSD mRNA expression was
defined relative to the median expression level of all patients in the form of a box-plot and used to
investigate the relationship between dichotomized ANXA42 and STAT3 groups. To reduce the potential
bias from dichotomization, CTSD mRNA expression was measured in the ANXA2 and STAT3
different expression groups and were compared using t-test (Welch Two Sample t-test) by R. All cut-
off values were set before the analysis, and all the tests were two-tailed. All statistical analysis were
performed using R (3.6.1 version, The R Foundation for Statistical Computing, Vienna, Austria) and
SAS software (9.4. version, SAS Institute Inc., Cary, NC, USA). The log-rank test has been used to
determine the statistical significance. The p-value < 0.05 was considered as significant. Survival
analysis was performed using SAS for the ANXA2 and STAT3 mRNA expression level-based groups.
Survival curves of these three groups were estimated by the Kaplan—Meier plots and compared using
the Cox regression model assuming an ordered trend for the three groups as described previously.
The log-rank test has been used to determine the statistical significance. The p-value < 0.05 was

significant.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 6.0 software (San Diego, CA, USA).
Bonferroni’s multiple comparison test after one-way/two-way ANOVA analysis (unpaired, two-
tailed) was employed. Significance was considered as follow: **** p <(0.0001; *** p <0.001; ** p

<0.01; * p <0.05. Data are reported as average + S.D.
Image J Freeware Software

In this thesis, the ImagelJ freeware software was employed as a technique for quantitative analysis of
data in the measurement of Intensity Density (INT.DEN) of the fluorescence signal. Quantification
of fluorescence was performed on single channel in the case of the unique staining, or on the two-
channels merge in the case of double-staining to estimate the co-localization of two proteins. The
processing direction of using the software is briefly explained as below.
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First, start to open a*.TIF file in ImageJ and follow the next steps:

To analyze “one single channel”:

» Select the TIF file correspond your signal target (channel blue corresponds “image A”,
whereas channel red corresponds “image N217);

» Image Adjust Threshold (Thresholding method = Default; Threshold color = Red; Color
space = HSB) Click to “Select”

» Go to the Menu Analyze Measure

» Finally appear a table of Results The term “INT.DEN” is the value of the intensity of

fluorescence

To analyze “two-channels”:

» Select the TIF file correspond your signal target, in this specific case is the
“Overlay Maximum”;

» Image Adjust Threshold Color (Thresholding method = Default; Threshold color = White;
Color space = RGB; click off “pass” of the channel blue if you desire to quantify the yellow
signal obtained from the overlay between the channel red and green)

» Click to “Select”

Go to the Menu Analyze Measure

v

» Finally appear a table of Results The term “INT.DEN” is the value of the intensity of

fluorescence.
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Chapter 4
Results

High Expression of the Lysosomal Protease Cathepsin D Confers Better
Prognosis in Neuroblastoma Patients by Contrasting EGF-Induced

Neuroblastoma Cell Growth

Secomandi E, Salwa A, Vidoni C, Ferraresi A, Follo C, Isidoro C. High Expression of the Lysosomal
Protease Cathepsin D Confers Better Prognosis in Neuroblastoma Patients by Contrasting EGF-
Induced Neuroblastoma Cell Growth. Int J Mol Sci. 2022 Apr 26;23(9):4782. doi:
10.3390/ijms23094782. PMID: 35563171; PMCID: PMC9101173.

SYNOPSIS

Neuroblastoma is the most common early childhood cancer, representing 8%-10% of all tumors, and
the most frequent extracranial solid cancer. NB is an embryonal malignancy arising during fetal or
early postnatal life from neural crest-derived sympathetic cells and it is commonly found in the
adrenal medulla or along the sympathetic chain. NB accounts for approximately 15% of all cancer-
related deaths in the pediatric population. Despite the advances in early diagnosis and therapeutic
innovations, it remains difficult to treat and for high-risk disease the 5-year survival rate is less than
50%. The most frequent genetic aberration found in metastatic high-risk NB is MYCN amplification,
(25% of all cases), which correlates with undifferentiated, aggressive phenotype and poor prognosis.
Among various MYCN target genes, the lysosomal protease cathepsin D was also identified. In
addition to increased CTSD transcription, MYCN stimulates the secretion of a specific precursor

(proCD, 52 kDa) from neuroblastoma cells, with oncogenic activities.

Cathepsin D is a ubiquitous soluble aspartic endopeptidase normally found in acidic intracellular
compartments. Its protein synthesis begins in the rough endoplasmic reticulum as preprocathepsin D,
proceeds towards Golgi complex until late endosomes, mainly via mannose-6-phosphate pathway.
The last step of maturation occurs in lysosomes where the intermediate CD is processed into the
double-chain active form (31 kDa). Mature CD accomplishes protein degradation, promotes the
macromolecular turnover, and it sustains cell homeostasis. On the opposite, secreted extracellular

cathepsin D elicits oncogenic activities.
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The present study reported that NB patients bearing high level of CD benefit from a better prognosis.
In silico transcriptome analysis revealed that patients with high EGFR and high CTSD levels had a
better prognosis compared to patients bearing high EGFR and low CTSD. Accordingly, two-thirds of
patients at INSS Stage 4 had low CTSD, indicating that neuroblastomas with CD deficiency grow and
progress faster. Therefore, we argued that in neuroblastomas highly expressing CD, the protease is
retained intracellularly and can control protein homeostasis and, consequently, the cell cycle.
Consistent with this interpretation, overexpression of CTSD gene negatively correlated with a subset
of genes associated with cell cycle and proliferation, including CCNB2, CCNA2, CDK1, and CDKG6.
We validated in vitro our hypothesis, and we found that the addition of exogenous EGF strongly
enhanced the proliferation of CD knockdown cells. SH-SYSY overexpressing CD showed a higher
expression of p21 and were less responsive to EGF stimulation. Notably, EGF-mediated activation
of ERK 1/2 was associated with a downregulation of endogenous CD protein level.

This is the first report showing such an effect of EGF on CD expression in cancer cells. Stimulators
of cathepsin D synthesis and activity, such as the nutraceutical resveratrol, could be exploited as
adjuvant therapy for neuroblastomas low expressing cathepsin D and not responding to the EGFR

inhibitors.
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Figure 8. High expression of cathepsin D confers better prognosis in neuroblastoma patients by

contrasting EGF-induced neuroblastoma cell growth.
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Abstract: Neuroblastoma is a malignant extracranial solid tumor arising from the sympathoadrenal
lineage of the neural crest and is often associated with N-MYC amplification. Cathepsin D has
been associated with chemoresistance in N-MYC-overexpressing neuroblastomas. Increased EGFR
expression also has been associated with the aggressive behavior of neuroblastomas. This work
aimed to understand the mechanisms linking EGFR stimulation and cathepsin D expression with
neuroblastoma progression and prognosis. Gene correlation analysis in pediatric neuroblastoma
patients revealed that individuals bearing a high EGFR transcript level have a good prognosis only
when CTSD (the gene coding for the lysosomal protease Cathepsin D, CD) is highly expressed. Low
CTSD expression was associated with poor clinical outcome. CTSD expression was negatively corre-
lated with CCNB2, CCNA2, CDK1 and CDK®6 genes involved in cell cycle division. We investigated
the biochemical pathways downstream to EGFR stimulation in human SH-SY5Y neuroblastoma cells
engineered for overexpressing or silencing of CD expression. Cathepsin D overexpression decreased
the proliferative potential of neuroblastoma cells through downregulation of the pro-oncogenic
MAPK signaling pathway. EGFR stimulation downregulated cathepsin D expression, thus favoring
cell cycle division. Our data suggest that chemotherapeutics that inhibit the EGFR pathway, along
with stimulators of cathepsin D synthesis and activity, could benefit neuroblastoma prognosis.

Keywords: cancer; lysosomes; prognosis; cell cycle; EGF; growth factor

1. Introduction

Neuroblastoma (NB) is the most common extracranial solid tumor of childhood, ac-
counting for 15% of cancer-related deaths in children. NB is an embryonal malignancy
arising during fetal or early postnatal life from neural crest-derived sympathetic cells. It
is commonly found in the adrenal medulla or along the sympathetic chain [1]. The broad
spectrum of clinical manifestations ranges from spontaneous regression, maturation into a
benign ganglioneuroma or, in the worst cases, into an aggressive and metastatic disease [2].
Despite recent advances in early diagnosis and multimodal therapeutic approaches, current
treatments remain elusive and ineffective for many patients with high-risk disease, with
a 5-year survival rate of less than 50% [3]. A frequent genetic aberration, occurring in
25% of all NB cases and predicting poor outcome, is MYCN amplification [1]. MYCN
drives oncogenic pathways, and the inhibition of its transcription results in reduced NB
cell growth, even in non-MYCN-amplified NB cell lines [4]. Overexpression of N-MYC
protein stimulates the extracellular release of procathepsin D (proCD) precursor, leading
to doxorubicin resistance and increased cancer cell survival [5]. Cathepsin D is a ubiqui-
tous soluble aspartic endopeptidase found in acidic intracellular compartments [6]. CD
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accomplishes bulk protein degradation and mediates the activation of hormones and their
precursors as well as the inactivation of mature growth factors through extensive lysosomal
degradation [7]. Accordingly, CD-deficient mice and CD-knockdown zebrafish larvae show
severe congenital malformations and premature death [8,9]. The defective intracellular
sorting and the escape from lysosomal targeting led to aberrant secretion of cathepsin D pre-
cursor [10,11], an event associated with increased tumor size, grading and chemoresistance
in a variety of malignancies [12,13].

Epidermal growth factor receptor (EGFR) was found to be overexpressed in NB tumor
specimens [14], and its signaling was found to be dysregulated in multi-drug resistant NB
cell lines [15]. Current knowledge points to the involvement of cathepsin S and B in the
attenuation of EGFR signaling and in receptor degradation [16,17]. Whether cathepsin D
plays an active role in EGFR-linked growth and progression of neuroblastoma remains
to be elucidated. In the present study, we interrogated datasets from the TCGA database
to determine the clinical relevance of CTSD status in pediatric neuroblastoma patients
highly expressing EGFR. We found that patients with high CTSD and EGFR transcript
levels showed a better prognosis and longer overall survival than those with high EGFR
but low CTSD. These preliminary data provided the rationale to speculate that cathepsin D
could be involved in EGFR regulation of neuroblastoma growth. We tested this hypothesis
in engineered neuroblastoma cells in which cathepsin D was overexpressed or knocked
down. We found that in the absence of cathepsin D, EGF increased SH-SY5Y cell growth,
and conversely, cathepsin D overexpression attenuated EGF-promoted cell proliferation.
Notably, EGF-mediated activation of ERK 1/2 was associated with a downregulation of
endogenous CD protein level.

The present work demonstrates, for the first time, a novel antiproliferative role of
cathepsin D that may be exploited to improve neuroblastoma management and treatment.

2. Results
2.1. High CTSD Expression Correlates with Better Prognosis in Pediatric Neuroblastoma Patients

First, we focused on the prognostic value of CTSD in pediatric neuroblastoma patients,
and we found that the 75% of patients at INSS Stage 4 showing low CTSD expression
had the worst prognosis. A smaller cohort of individuals with high CTSD expression
manifested a better outcome (Figure 1A,B). The median overall survival for patients with
high CTSD expression was 67 months, while the median survival for patients with low
CTSD expression was 60 months (p value = 0.1166, not significantly different). At first
diagnosis, most patients present with neuroblastoma expressing low CTSD, which is
associated with metastatic tumors at Stage 4 (Figure 1C).

2.2. High CTSD Expression Increases the Overall Survival of Neuroblastoma Patients Highly
Expressing EGFR Transcript

EGFR/HERI, a receptor protein involved in cellular growth and invasiveness, is
found frequently overexpressed or aberrantly activated in human neuroblastoma cells,
and its inhibition or decreased phosphorylation causes tumor growth suppression and
apoptosis in neuroblastomas [14,18-20]. Therefore, we extended our studies of EGFR
expression to evaluate its relationship with CTSD. The mRNA expression of CTSD and
EGFR were positively correlated (Figure 2A). This finding was unexpected and somehow
counterintuitive, given the above data showing better a prognosis in patients bearing a
neuroblastoma expressing CTSD.
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Figure 1. Neuroblastoma patients bearing high CTSD transcript level show a better prognosis.
(A) Box-plot showing the distribution of CTSD expression. (B) Kaplan—-Meier plot representing the
overall survival of neuroblastoma patients according to CTSD expression levels (high and low).
(C) Low expression of CTSD correlates with INSS Stage 4 in neuroblastoma patients.

We grouped the cases with high and low expression, and we analyzed the prognostic
value in combinatorial groups of tumors based on the respective levels of mRNA expres-
sion of CTSD and EGFR, as follows: High/High, High/Low and Low/High (Figure 2B).
Kaplan—Meier overall survival curves indicated that patients with high CTSD mRNA ex-
pression, and with either high or low EGFR expression, had the better prognosis, while the
group bearing low CTSD mRNA expression and high EGFR exhibited the worst prognosis
(Figure 2C). These data suggest that in patients overexpressing EGER, the different clinical
outcome is strictly influenced by CTSD status.

2.3. CTSD Gene Expression Negatively Correlates with Genes Involved in Cell Division

To obtain an insight into the functional role of CTSD in pediatric neuroblastoma pa-
tients, we performed an in silico transcriptomic analysis of the genes correlated to it. We
retrieved the RNA-seq data (mRNA expression profile) from the TCGA database (TARGET,
2018) and performed a co-expression analysis to identify the most significant differentially
expressed genes (DEGs) that were positively (up-regulated genes in red dots) and neg-
atively (down-regulated genes in blue dots) correlated with CTSD in patients’ samples,
as represented in the Volcano plot (Figure 3A). We then focused on the genes inversely
correlated with high expression of CTSD. Notably, the main biological processes regulated
by the genes negatively correlated with CTSD included mitosis, cell cycle progression,
G1/S and G2/S cell cycle transition, nuclear division and DNA replication (Figure 3B). To
substantiate this finding, we determined the correlation between the expression of CTSD
and the genes involved in cell cycle progression. We found that the mRNA expression of
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CTSD was significantly negatively correlated with CCNB2 (G2 /mitotic-specific cyclin-B2),
CCNA2 (cyclin-A2), CDKI1 (cyclin-dependent kinase 1) and CDK6 (cyclin-dependent kinase
6) (Figure 3C-F).
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Figure 2. CTSD positively correlates with EGFR expression and patients exhibit a better prognosis.
(A) Scatter plot showing the positive correlation between CTSD and EGFR expression. (B) Box-
plot representing the distribution of CTSD mRNA expression level in different combinations of
CTSD and EGFR—high/high, high/low and low/high groups, respectively. (C) Kaplan—-Meier
plot representing the overall survival of neuroblastoma patients according to combination of CTSD
and EGFR—high/high, high/low, and low /high groups, respectively. Log-rank p value for each
combination is reported in the box.
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Figure 3. High CTSD expression inversely correlates with genes involved in cell cycle progression.
(A) Volcano plot displaying the differential expressed genes (DEGs). Red dots represent CTSD-
positively correlated genes, while blue dots represent CTSD-negatively correlated genes. (B) Graph
reporting the negatively correlated biological processes with CTSD. (C-F) Scatter plots showing the
negative correlation between CTSD and CCNB2, CCNA2, CDK1, CDK®6, respectively.
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2.4. Generation of Transgenic SH-SY5Y Clones Stably Over-Expressing or Silenced for Cathepsin D

To investigate the role of cathepsin D in determining neuroblastoma growth we sought
to genetically manipulate its expression. For this, we generated stable transfectants of hu-
man neuroblastoma SH-SY5Y cells in which CD was either overexpressed or silenced. We
generated several clones and used the ones with the best desired outcome. Sham-transfected
cells, which behaved as untransfected cells, served as controls. We employed the Tet-On
gene expression system, in which either the overexpression or the knockdown of CD was
switched on in the presence of tetracycline. The pcDNA™4/TO or pENTR™/H1/TO vec-
tors were used, in combination with pcDNA6/TRO plasmid, respectively, for generating
CD overexpressing- or downregulated- clones. SH-SY5Y were initially transfected with the
pcDNA6/TR®O vector. Following selection with 0.4 mg/mL blasticidin, cells stably express-
ing the Tet repressor were used as the host for the pcDNA™4/TO or pENTR™ /H1/TO
constructs described below. The vectors are shown in Figure 4. As an internal control for
endogenous CD level, the Sham clone was produced by transfecting SH-SY5Y cells with the
pENTR™/H1/TO empty vector. In double transfected cells, following tetracycline addition
to the culture media, the Tet repressor was switched off, and either the overexpression or
the knockdown of CD was enabled.

2.4.1. Construction of pENTR™ /H1/TO Plasmids for Cathepsin D Knockdown

For CD knockdown, we constructed three pENTR™ /H1/TO plasmids carrying three
different shRNA specific for human CD. Two double strand oligonucleotides, encoding for
two different sShRNA for human CD, were designed using the BLOCK-iT RNAi Designer
tool (https:/ /rnaidesigner.thermofisher.com/rnaiexpress/ (accessed on 15 January 2018):
shRNA486 (complementary to the bp 486-506 of cathepsin D mRNA) and shRNA879
(complementary to the bp 879-899 of cathepsin D mRNA). As a positive control, a double
strand oligonucleotide encoding for a previously validated shRNA (complementary to the
bp 1163-1182 of cathepsin D mRNA) [21] was also employed in our study. Stable double
transfectants clones (clone 5 pENTR/™H1/TO-shRNA486, clone 4 pENTR™ /H1/TO-
shRNA879 and clone 1 pENTR™ /H1/TO-shRNA Ohri) were then selected with 0.8 mg/mL
zeocin. Oligonucleotides sequences are shown in Table 1.

Oligonucleotides were cloned into the pENTR™ /H1/TO plasmid following the man-
ufacturer’s protocol (BLOCK-iT Inducible H1 RNAi Entry vector kit, Invitrogen, Waltham,
MA, USA). Briefly, DNA oligonucleotides were annealed to generate double strand oligonu-
cleotides and inserted into the pPENTR™ /H1/TO vector using T4 DNA ligase. The plasmids
obtained were subjected to DNA sequencing to check for correct insertion of the oligonu-
cleotides into the vector (shown in Figure S1). Next, the plasmids were transfected in
SH-SY5Y, and the efficiency of hCD downregulation by each shRNA was assessed by CD
immunoblotting (Figure 4B). The shRNA 486 was the most efficient shRNA in downregu-
lating the aspartic protease. For this reason, pPENTR™ /H1/TO 486 was employed for the
generation of tetracycline-inducible CD knockdown SH-SY5Y cells.
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Figure 4. Generation and validation of transgenic SH-SY5Y clones. pcDNA™4/TO (A) and
pENTR™/H1/TO (B) vectors used for cathepsin D overexpression and silencing, respectively. Below,
western blot analysis of CD expression is shown. (C) Western blot of cathepsin D in SH-SH5Y Sham,
486 (KD-CD) and Over CD clones. Densitometry of the bands is reported in the histogram.
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Table 1. Oligonucleotide sequences of both top and bottom strands of shRNA 879, 486 and Ohri
are shown. Nucleotides for the directional cloning of the double strand oligonucleotides into the
pENTR™/H1/TO vector are shown in italics.

shRNA Oligo Strand Sequence
Top 5-caccGCACAGACTCCAAGTATTACACGAATGTAATACTTGGAGTCTGTGC
579 Bottom 5-aaaaGCACAGACTCCAAGTATTACATTCGTGTAATACTTGGAGTCTGTGC
Top 5'-caccGGATCCACCACAAGTACAACACGAATGTTGTACTTGTGGTGGATCC
80 Bottom 5-a00aGGATCCACCACAAGTACAACATTCGTGTTGTACTTGTGGTGGATCC
) Top 5'-caccGGCAAAGGCTACAAGCTGTTTCAAGAGAACAGCTTGTAGCCTTTGCC
Ohri Bottom 5-000aGGCAAAGGCTACAAGCTGTTCTCTTGAAACAGCTTGTAGCCTTTGCC

2.4.2. Construction of pcDNA™4/TO Plasmid for Cathepsin D Overexpression

Human CD cDNA [11] was subcloned into the pcDNA4™ /TO vector. pcDNA 3.1
Zeo (-) carrying wild type cDNA of human CD was digested with EcoRI and the resulting
CD cDNA was inserted into pcDNA4™ /TO linearized with EcoRIL The plasmid was then
transfected in SH-SY5Y and the efficiency of hCD overexpression was determined by CD
immunoblotting (Figure 4A).

Finally, the selected clones used for the subsequent studies were assayed for their
level of CD expression. As shown in Figure 4C, the KD-CD and Over-CD clones expressed
approximately ten times less and ten times more, respectively, the level of mature (enzy-
matically active) CD than that expressed in the Sham clone. It should be noted that in the
SH-SY5Y knockdown clone, CD was barely detectable (Figure 4C).

2.5. Overexpression of Cathepsin D Reduces, While Downregulation of Cathepsin D Enhances, the
Proliferative Potential of Transgenic SH-SY5Y Clones

We assessed the proliferative potential of the transfectant clones using a colony-
forming assay (as detailed in Materials and Methods section). Cells were seeded at a
starting density of 2000 cells/well and allowed to grow for 10 days, with the culture
medium renewed every 48 h. Quantification of colony formation (Figure 5A) showed that
the clonogenic potential was markedly increased in KD-CD cells (2.3 times higher than
Sham and 4.0 times higher than Over CD), and markedly decreased in CD-overexpressing
cells (halved compared to Sham). Prompted by this finding, we assayed the cell cycle
distribution of the cells in the transfectant clones (Figure 5B). In the KD-CD cell population
an increased proportion of cells were found in S phase (7.3%), and even more in G2/M phase
(23.58%), compared to that observed in Over CD cell population (where the proportions
were 5.48% in S phase and 15.5% in G2/M phase). The latter showed a higher proportion
of cells arrested in GO/G1 phase (45.52% versus 36.68% in KD-CD cells and 40.72% in Sham
cells). Taken together, these data demonstrate that the level of CD expression impacts on
the proliferative ability of neuroblastoma cells, and validate the bioinformatic data showing
a strong inverse correlation between the expression of CTSD and genes involved in cell
cycle progression (Figure 3C-F).
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Figure 5. SH-SY5Y Sham, KD-CD and Over CD clones show different growth rates depending on CD
expression levels. (A) Clonogenic assay and representative graph of the new colonies formed during
10 days of culture. Cells were seeded in 6-well plates and stained with 0.5% crystal violet solution.
Images were acquired and colony counting was performed using CellCounter software. Cell growth
and number of colonies were estimated through photometric measurements using CellCounter
software and are shown in the graph. Data + S.D. are representative of three independent replicates.
Significance was considered as follows: **** p < 0.0001. (B) Cell cycle analysis performed at 72 h. The
percentage of cell populations in different cell cycle phases is reported. Quantification was performed
using Flowing software 2.0.

2.6. Epidermal Growth Factor Stimulates the Proliferation of KD-CD SH-SY5Y Transgenic Cells
While Overexpression of CD Contrasts Its Activity

Bioinformatic analysis showed that overall survival was far better in neuroblastoma
patients bearing a tumor expressing high level of CD, irrespective of the level of EGFR
expression (Figure 2). At this point, we used our CD transgenic clones to test the hypothesis
that CD could dampen the proliferative signal downstream to EGFR.

We analyzed the behavior of SH-SY5Y cells in response to EGF at a concentration of
20 ng/mL, which is in the range of cell growth stimulation with no toxic side effects in
neuroblastomas [22].

Cell growth assay demonstrated that EGF stimulated the growth of the Sham cultures,
and to a much greater extent, also that of the KD-CD clone, evident from 24 h incubation on-
ward, whereas the Over CD clone was relatively insensitive to EGF stimulation (Figure 6A).
These data were corroborated by immunofluorescence staining of Ki-67, a proliferative nu-
clear marker, and of p21 Waf/CiP1 3 cyclin-dependent kinase inhibitor that prevents entering
the cell cycle (Figure 6B). Consistent with the cell growth data, EGF induced the expression
of Ki-67 and decreased the expression of p21. Notably, p21 was basally expressed at a
higher level in Over CD cells compared to their Sham and KD-CD counterparts, suggesting
an arrest in G1/S transition, and consistent with decreased cell growth.
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Figure 6. SH-SY5Y KD-CD cells are more sensitive to EGF and show a faster growth compared to
CD-overexpressing cells. Assessment of cell proliferation following 20 ng/mL EGF treatment. (A) The
figure shows a graphical representation of cell count, performed in triplicate for each experimental
condition. The treatment was repeated every 24 h, until the end point of 72 h. Time zero is referring
to the first day of treatment. (B) Immunofluorescence double staining at 24, 48, 72 h. Cells were
stained for Ki-67 (green)/p21 (red). Scale bar = 20 um; magnification = 63X. Representative images
of different fields for each experimental condition are shown. (C) Cell cycle analysis performed on
SH-SY5Y clones after 72 h of EGE. The percentage of cell populations in different cell cycle phases is
reported. Quantification was performed by Flowing software 2.0.
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The cytofluorimetric analysis of the cell cycle was in accordance with above findings
(Figure 6C). EGF stimulation in KD-CD resulted in a substantial decrease in the percentage
of cells in the G0/G1 phase (—9%), with a corresponding increase in S (+3%) and G2/M
phases (+6%), compared to the control condition. The increment was higher in KD-CD
than in the other two clones. The fraction of cells in G2/M phase following treatment with
EGF was 24.56% in Sham, 27.66% in KD-CD and 23.78% in Over CD. Interestingly, in the
EGF-treated Sham culture, we observed that the fraction of cells in S phase (11.28%) was
closer to that of untreated KD-CD (11.94%).

2.7. EGF Reduces Cathepsin D Protein Level and Increases ERK 1/2 Phosphorylation in SH-SY5Y
Neuroblastoma Cells

The data above suggested that EGF can modulate cell proliferation in the Sham and
KD-CD clones, and to a much lesser extent, in the Over CD clone. We suspected that
such a differential effect was related to the ability of EGF to modulate endogenous CD,
whose expression was shown to correlate with cell cycle genes. Therefore, we determined
the duplication time of the Sham and KD-CD clones with or without EGF stimulation.
EGF reduced the doubling time of Sham cells by approximately 23% (from 39 h to 30 h),
and of KD-CD cells by approximately 30% (from 27 h to 19 h) (Table 2). Intriguingly,
supplementation of EGF to the Sham culture made these cells proliferate, with a doubling
time (29.9 & 1.9 h) close to that of untreated KD-CD cells (26.8 £ 1.2 h). This prompted
us to hypothesize that EGFR stimulation could result in CD downregulation. To test this
hypothesis, we measured the CD protein content in EGF-treated Sham at different time
points. The western blotting data demonstrate that CD was in fact downregulated in
neuroblastoma cells challenged with EGF (Figure 7A).

Table 2. Doubling time calculated for SH-SY5Y Sham and KD-CD clones.

Clone Doubling Time
Co Sham 38.6 £4.8
EGF Sham 299+1.9
Co KD-CD 26.8 £1.25
EGF KD-CD 19.05 £ 1.23

Finally, we assayed the activation of the cell proliferation signaling pathway down-
stream to EGFR. In particular, we focused on the ERK pathway as this is the main mitogenic
signaling triggered by EGF [23]. As confirmation, an increased phosphorylation of ERK
1/2 was observed in cells exposed to EGF (Figure 7B).
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Figure 7. EGF downregulates intracellular cathepsin D in SH-SY5Y Sham. SH-SY5Y cells were treated
for 24, 48, and 72 h. (A) Time course of cathepsin D expression analyzed through western blotting.
(B) Western blot of phospho-ERK 1/2 and total protein in Sham cell homogenates at different time
points (24, 48, and 72 h) in the presence/absence of EGFE. The filters were probed with -tubulin
and GAPDH as loading control. Significance was considered as follows: *** p < 0.001; ** p < 0.01;

*p <0.05.
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3. Discussion

CD is an aspartic protease resident in acidic compartments, where it accomplishes the
degradation of extracellular proteins internalized by endocytosis or phagocytosis, as well
as that of intracellular proteins delivered to lysosomes by autophagy [24]. This function is
associated with protein homeostasis and, consequently, cell growth control [10,25]. Under
cytotoxic and stressful conditions, cytoplasmic relocation of mature CD from the lysosomes
can drive apoptosis [26-32]. On the other hand, overexpression of the CTSD gene, along
with defective segregation in the acidic compartments, leads to abnormal secretion of
the precursor proCD, which can be found in the culture media and body fluid of tumor
bearers [13,33-36]. In contrast, hypersecretion of proCD elicits oncogenic activities. Extra-
cellular proCD acts as an autocrine and paracrine growth factor for an unknown receptor,
triggering RAS/MAPK and PI3K/AKT pathway activation in fibroblasts and human en-
dothelial cells [37,38]. A well-organized vascular network supports tumor growth and
favor metastasis. proCD may undergo autoactivation in the acidic tumor microenviron-
ment, thus favoring cancer cell invasion and neo-angiogenesis through the degradation of
the extracellular matrix (ECM), liberating growth factors [13,39]. In this context, secreted
CD exerts a pro-angiogenic activity by processing the precursors of VEGF-C and VEGF-
D, releasing active growth factors [40]. Therefore, it is fundamental that CD is correctly
segregated to perform its function in the endosomal-lysosomal compartments, to avoid
its aberrant secretion. In neuroblastoma cells, secreted proCD exerted an anti-apoptotic
activity, promoted cell survival and contributed to doxorubicin resistance [5]. Here, we
report that patients bearing a neuroblastoma that expresses a high level of the lysosomal
protease CD benefit from a better prognosis. Further, in silico transcriptome analysis re-
vealed that neuroblastoma patients with high EGFR and high CTSD levels had a better
prognosis compared to patients bearing high EGFR and low CTSD. Accordingly, two-thirds
of patients at INSS Stage 4 present with a low level of CTSD expression, indicating that
neuroblastomas with CD deficiency grow and progress faster than neuroblastomas that
express a high level of CD. Therefore, we argued that in neuroblastomas highly expressing
CD, the protease is retained intracellularly and can control protein homeostasis and, conse-
quently, the cell cycle. Consistent with this interpretation, overexpression of the CTSD gene
negatively correlated with a subset of genes associated with cell cycle and proliferation,
including CCNB2, CCNA2, CDK1, and CDK6.

We validated our hypothesis using transgenic human SH-SY5Y neuroblastoma cells in
which CD was either stably overexpressed (under the CMV promoter) or knocked down
(by specific short-hairpin RNA). The addition of exogenous EGF leads to receptor activation
and enhances NB cell proliferation [20]. SH-SY5Y overexpressing CD showed a higher
expression of p21 and were less responsive to EGF stimulation, whereas SH-SY5Y knocked
down for CD were basally more proliferative and more responsive to EGF stimulation.
Notably, Sham-transfected SH-SY5Y cells, which retain the ability to modify protein level,
responded to EGF challenge by increasing cell proliferation, along with downregulating
the level of endogenous CD. To our knowledge this is the first report showing such an
effect of EGF on CD expression in cancer cells.

The EGF family of growth factors are potent inducers of angiogenesis in vitro and
in vivo, and EGEFR ligands are frequently released in the tumor microenvironment from
cancer and non-cancer cells [41]. The existing crosstalk between these cells is crucial for
sustaining tumor growth and for promoting angiogenesis. In fact, the heparin-binding
EGF-like growth factor (HB-EGF), when released in the tumor microenvironment, induces
endothelial cell proliferation in solid cancers and in multiple myeloma [42—44]. The phar-
macological inhibition of HB-EGF-EGFR signaling with erlotinib results in anti-angiogenic
effects, inhibits cancer cell growth both in vitro and in vivo, and prevents multiple myeloma
progression [44].

The inhibition of growth factor receptors is an attractive approach for treating cancers.
However, while the HER1-specific tyrosine kinase inhibitor ZD1839 (Iressa, gefitinib)
markedly reduces receptor activation and PI3K/AKT signaling, it is not effective on MAPK
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in neuroblastoma [20]. In addition, alterations of EGFR itself (polymorphisms, variants),
overexpression of HER family ligands, and IncRNAs are associated with monoclonal
antibody resistance and tumor relapse [45-48]. Developing insight into the molecular
mechanisms of downstream growth factor receptors may help the identification of novel
key targets and the development of effective therapeutics.

In this context, it is of relevance that ERK 1/2 activation by EGFR was reduced in the
neuroblastoma cells overexpressing CD. Thus, our data may have translational application
for the personalization of therapy for neuroblastomas in patients stratified for the expression
of N-MYC, EGFR and CTSD. These patients could in fact benefit from a therapy combining
an inhibitor of the EGFR signal with a drug inducing the expression and/or stimulating
the activity of CD, such as, for instance, the nutraceutical resveratrol [29]. Worthy of note,
the latter modulates autophagy [49], interrupts the metabolic crosstalk between cancer
and stromal cells [50,51], and suppresses neo-angiogenesis [52,53]. Notably, the anticancer
effectiveness of RV, with no toxic side effects, has been reported in several ongoing clinical
trials (recorded on clinicaltrial.gov, accessed on 21 April 2022) [54].

Our findings encourage in vitro testing of the effects of resveratrol as adjuvant therapy
for neuroblastomas low-expressing cathepsin D and not responding to the EGFR inhibitor
gefitinib [55].

4. Materials and Methods
4.1. Cell Culture and Treatment

Human neuroblastoma SH-SY5Y cells were obtained from the American Type Culture
Collection (cod. CRL-2266, ATCC, Rockville, MD, USA). SH-SY5Y cells were maintained
under standard conditions (37 °C, 95 v/v% air: 5 v/v% CO,) in 50% Minimum Essential
Medium (MEM, cod. M2279, Sigma-Aldrich Corp., St. Louis, MO, USA) and 50% Ham's
F12 Nutrient Mixture (HAM, cod. N4888, Sigma-Aldrich Corp.), containing 10% heat-
inactivated Fetal Bovine Serum (FBS, cod. ECS0180L; Euroclone S.p.A., Milan, Italy),
supplemented with 1% Glutamine (cod. G7513, Sigma-Aldrich Corp.) and 1% w/v of
Penicillin/Streptomycin (cod. P0781, Sigma-Aldrich Corp.). Cultured cells were treated,
where specifically indicated, with 20 ng/mL Epidermal Growth Factor (EGF, cod. E5036;
Sigma-Aldrich Corp.) dissolved in 10 mM acetic acid. SH-SY5Y stable transfectant clones
(Sham, knockdown CD (KD-CD) and Over CD), representing different CD protein levels,
were engineered in our laboratory. Plasmids and reagents employed for clone generation
were purchased from Invitrogen, Waltham, MA, USA.

4.2. Cell Counting, Doubling Time and Cell Cycle Analysis

Cells were plated into 12-well plates (50,000 cells/ cm2), allowed to adhere for 24 h, and
then treated with 20 ng/mL EGF where appropriately indicated. At each time point, cells
were trypsinized, collected, and then the cell suspensions were diluted 1:1 with Trypan Blue
solution for counting. Time zero refers to the start of treatment, 24 h after plating. Medium
was refreshed every day. Cell counting was performed in triplicate for each experimental
condition. Doubling time (Dt) was calculated using the free software Doubling Time
Online Calculator (http://www.doubling-time.com/compute.php (accessed on 15 July
2021). Cells were fixed in 70% ice-cold ethanol and stored at —20 °C till the start of
cytofluorometric analysis. Cells were incubated with RNAse for 30 min at 37 °C, and
the DNA was subsequently stained with propidium iodide (PI, 50 pg/mL; cod. P4170,
Sigma Aldrich). The stained cells were then analyzed by using a FacScan flow cytometer
(FACSCalibur, Becton, Dickinson, Eysins, Switzerland). For each sample, a fraction of
5000 events was assessed. Cytofluorimetric data were elaborated through Flowing software
(v2.5.1).

4.3. Clonogenic Assay

For clonogenic assay, cells were seeded into 6-well (MW6) plates at a density of
2000 cells/well, and treated with 20 ng/mL EGF. The cells were cultivated for 10 days to
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allow colony formation [56]. At the end of the experiment, the medium was removed, cells
were washed with 1X PBS, and then fixed with methanol for 20 min at room temperature.
Next, another wash with 1X PBS was performed, and subsequently colonies were stained
with 0.5% crystal violet solution for 30 min. Finally, MW6 plates were washed with distilled
water (until the background became clear) and dried at room temperature. Each well
was photographed, and the number of colonies formed was estimated by photometric
measurements and CellCounter software (v0.2.1.).

4.4. Antibodies

The following primary antibodies were employed for western blotting: mouse anti-
B-tubulin (1:1000, cod. T5201; Sigma-Aldrich Corp.), mouse anti-B-actin (1:2000, cod.
Ab5441; Sigma-Aldrich Corp.), rabbit anti-GAPDH (1:1000, cod. G9545; Sigma-Aldrich
Corp.), mouse anti-cathepsin D (1:100, cod. IM03; Calbiochem, St. Louis, MO, USA), rabbit
anti phospho-ERK 1/2 (Thr202/Tyr204, Thr185/Tyr187) (1:500, cod. 05-797R; Millipore,
Burlington, MA, USA) and mouse anti-ERK1/2 (1:500, cod. 05-1152; Millipore). Sec-
ondary antibodies employed for immunoblotting were purchased as follows: Horse Radish
Peroxidase-conjugated goat anti-mouse IgG (1:10,000, cod. 170-6516; Bio-Rad, Hercules,
CA, USA) and Horse Radish Peroxidase-conjugated goat anti-rabbit IgG (1: 10,000, cod.
170-6515: Bio-Rad, Hercules, CA, USA). The following primary antibodies were employed
for immunofluorescence: mouse anti-p21 (1:100, cod. sc-817; Santa Cruz Biotechnology,
Dallas, TX, USA) and rabbit anti-Ki-67 (1:100, cod. HPA001164; Sigma-Aldrich). Secondary
antibodies used for immunofluorescence were purchased as follows: goat-Anti Rabbit IgG
Alexa FluorTM Plus 488 (1:1000, cod. A32731; Invitrogen) and Goat-Anti Mouse IgG Alexa
FluorTM Plus 555 (1:1000, cod. A32727; Invitrogen).

4.5. Western Blotting

SH-SY5Y Sham, KD-CD and Over CD clones were plated at a density of 50,000 cells/cm?
on sterile P35 Petri dishes and allowed to adhere. Cells were harvested in RIPA Buffer (0.5%
Deoxycholate, 1% NP-40, 0.1% Sodium Dodecyl Sulfate in PBS solution) supplemented
with protease inhibitor cocktail and phosphatase inhibitors (0.5 M sodium fluoride NaF and
0.2 M sodium orthovanadate Na3VOy), and homogenized using an ultrasonic cell disruptor
XL (Misonix, Farmingdale, NY, USA). All reagents were supplied by Sigma-Aldrich Corp.
Protein content concentration was determined using a Bradford assay and samples were
denatured with 5X Leammli sample buffer at 95 °C for 10 min. Equal amounts of protein
(30 g of total cell homogenates) were separated by SDS-PAGE and transferred onto a
PVDF membrane (cod.162-0177; BioRad, Hercules, CA, USA). Filters were blocked with
5% non-fat dry milk (cod. sc-2325; Santa Cruz Biotechnology) solution containing 0.2%
Tween-20 for 1 h at room temperature (RT). Subsequently, membranes were incubated with
specific primary antibodies overnight at 4 °C, followed by incubation with secondary HRP-
conjugated antibodies (goat anti-mouse (cod. 170-6516) and goat anti-rabbit (cod. 170-6515))
for 1 h at room temperature. The bands were detected using Enhanced Chemiluminescence
reagents (ECL, cod. NEL105001EA; Perkin Elmer, Waltham, MA, USA) and developed
with a ChemiDoc XRS instrument (BioRad, Hercules, CA, USA). Intensity of the bands was
estimated by densitometry using Quantity One Software (BioRad, Hercules, CA, USA).

4.6. Immunofluorescence

SH-SY5Y cell clones were seeded onto sterile coverslips at a density of 40,000 cells/cm?,
and allowed to adhere and grow before treatment. At the end of the experiment, the
coverslips were fixed in ice-cold methanol, permeabilized with 0.2% Triton-PBS, and then
re-fixed with methanol. After washing with 1X PBS, coverslips were incubated overnight at
4 °C with specific primary antibodies dissolved in 0.1% Triton PBS + 10% FBS. The following
day, the coverslips were washed three times with 0.1% Triton-PBS and incubated for 1 h at
room temperature with Goat-Anti Rabbit IgG Alexa FluorTM Plus 488 or Goat-Anti Mouse
IgG Alexa FluorTM Plus 555 secondary antibodies, as appropriate. Nuclei were stained with
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the UV fluorescent dye DAPI (4,6-diamidino-2-phenylindole). Secondary antibodies and
DAPI were dissolved in 0.1% Triton-PBS + 10% FBS. Thereafter, coverslips were mounted
onto glasses using SlowFade antifade reagent (cod. S36936; Life Technologies, Paisley,
UK) and data acquired by fluorescence microscopy (Leica DMI6000, Leica Microsystems,
Wetzlar, Germany). For each experimental condition, different microscopic fields were
randomly selected.

4.7. Bioinformatic Analysis

Kaplan—-Meier curves, correlation studies and biological processes were obtained
by extracting clinical data from the TCGA database (www.portal.gdc.cancer.gov/, last
accessed on 13 December 2021). RNA-seq and corresponding clinical data (including overall
survival status, INSS stage and mRNA expression of 20,040 group of genes) of pediatric
neuroblastoma patients (TARGET 2018, comprising 248 patients after filtering out datasets
with insufficient survival information) were downloaded from the cBioportal.org [57].
Patients were grouped based on the level of mRNA expression; low versus high groups
were defined relative to the median expression level of the overall patient cohort. The
correlation between the mRNA expression of the relevant biomarker CTSD, and the INSS
Stage is represented in histograms. Pearson’s and Spearman’s correlation analyses were
performed to identify the genes correlated with CTSD.

TBtools (https://github.com/CJ-Chen/TBtools/ (accessed on 4 December 2021)) was
used to identify differentially expressed genes (DEGs) in correlation with CTSD, represented
as a Volcano plot. To identify the DEGs, the cut-off criteria were set based on Spearman’s
correlation values (i.e., correlation coefficient value greater than +0.45 (positively correlated)
or lower than —0.45 (negatively correlated) and p-value < 0.0001 (—log10 (p-value) threshold
was fixed above 5.0)).

DAVID bioinformatics functional annotation tool (https:/ /david.ncifcrf.gov/summary.
jsp (accessed on 20 December 2021) was used to analyze Gene Ontology (GO) biological
processes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were ob-
tained with the help of negatively-differentially expressed genes. Data are presented
in bar graphs displaying the number of transcripts belonging to negatively associated
biological processes.

Scatter plots were employed to represent the correlation between the expression of
relevant biomarkers in the patient cohort. Pearson’s correlation analyses were performed
to identify the correlation between CTSD and CCNB2, CCNA2, CDK1 and CDK6 genes.
Regression was estimated by calculating Pearson’s correlation coefficients (r) and the
relative p-values.

CTSD and EGFR were grouped based on the level of mRNA expression in the neurob-
lastoma patients. The correlation of CTSD and EGFR was determined after sub-classification
of mRNA expression based on the level of Z-score values, as high (all positive z-score val-
ues) and low (all negative z-score values), respectively. Low versus high mRNA expression
was defined relative to the median expression level of all patients in the form of a box plot,
and used to investigate the relationship between dichotomized CTSD and EGFR expression.
To reduce potential bias from dichotomization, the mRNA expression of CTSD and EGFR
were compared using a t-test (Welch Two Sample t-test) by R. All cut-off values were set
before the analysis, and all the tests were two-tailed.

All statistical analyses were performed using R (3.6.1 version, The R Foundation for
Statistical Computing, Vienna, Austria) and SAS software (9.4. version, SAS Institute Inc.,
Cary, NC, USA). The log-rank test was used to determine statistical significance. p-value
< 0.05 was considered to be significant. Survival analysis was performed using SAS for
the following: CTSD expression and mRNA expression level-based groups of CTSD and
EGFR. Survival curves of these two groups were estimated using Kaplan-Meier plots and
compared using the Cox regression model, assuming an ordered trend for the three groups
as described previously. The log-rank test was used to determine the statistical significance.
p-value < 0.05 was considered significant.
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4.8. Statistical Analysis

Statistical analysis was performed with GraphPad Prism 6.0 software (San Diego, CA,
USA). Bonferroni’s multiple comparison test after one-way ANOVA analysis (unpaired,
two-tailed) was employed. Significance was considered as follows: **** p < 0.0001; *** p <
0.001; ** p < 0.01; * p < 0.05. Data are reported as average £ S.D. Unpaired f-test analysis
was also employed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23094782 /s1.
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SYNOPSIS

Neuroblastoma is the most common extracranial solid tumor of childhood, accounting for 15% of all
cancer-related deaths in the pediatric population. It shows a heterogeneous clinical behavior and often
adverse outcomes. The overall survival of children with high-risk disease is around 50%, despite the
aggressive treatment protocols consisting of intensive chemotherapy, surgery, radiation therapy and
EGFR inhibitors. The hyperactivation of oncogenic signaling pathways, such as epidermal growth
factor receptor/mitogen-activated protein kinase (EGFR/MAPK), as well as the overexpression of
EGF family ligands, exert an important role in NB growth and progression. In this respect, the
pharmacologic inhibition of EGFR is a widely used clinical approach, but often it remains ineffective
and gives rise to drug resistance. A better understanding of the regulatory mechanism downstream

growth factor receptors may help the identification of novel therapeutic targets.

Recently, we demonstrated that lysosomal cathepsin D contrasts neuroblastoma cell proliferation.
The high expression of CD reduced the sensitivity to EGF stimulation and diminished ERK 1/2
activation in a 2D cellular model. Our in vitro studies are in accordance with data retrieved from in
silico transcriptome analysis in which NB patients with high EGFR and high CTSD levels showed a

better prognosis and longer overall survival.

In this work we took a step forward and we asked whether and how the expression of CD differentially
affects the growth of NB cells in adherent condition and in suspension as 3D neurospheres. During
cancer progression, clonal evolution leads to a mixture of clones with different genetic background
and proteome; neurospheres may resemble clusters of metastatic cells which disseminate in secondary
sites. To mimic tumor heterogeneity, we cocultured in various proportion transgenic clones silenced
for, or overexpressing CD, in response to EGF. Intracellular cathepsin D was differentially modulated
in 2D and 3D models: high protein expression inhibited the growth of adherent NB cells, whereas it
conferred a survival and growth advantage to spheroids grown in suspension. The downregulation of
CD is necessary for allowing adherence and anchorage-dependent growth, in fact KD-CD cells were
highly proliferating and took the growth advantage over the other (Over CD clone) in 2D coculture

53



condition. Interestingly, when spheroids were switched to grow on solid substrate, mimicking the
adhesion in a metastatic site, KD-CD grew faster and acquired the proliferative advantage.
Noteworthy, in Sham-transfected cells, which retained the ability to modulate protein level,
intracellular CD increased when they were grown in suspension, and decreased when cultivated in

adherent condition.

Thus, we conclude that cathepsin D expression might be epigenetically modulated during the
metastatic process. To the best of our knowledge, this is the first report describing such a role of

cathepsin D in cancer.

Overall, our findings uncovered a novel function of CD and may have a translational impact for the

stratification of patients in a view of personalized therapy.
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Figure 9. Dual role of cathepsin D in 2D and 3D growth of neuroblastoma cells in response to EGF.
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Abstract: Neuroblastoma (NB) is an embryonal tumor arising from the sympathetic central nervous
system. The epidermal growth factor (EGF) plays a role in neuroblastoma growth and metastatic
behavior. Recently, we have demonstrated that cathepsin D (CD) contrasts EGF-induced neuroblas-
toma cell growth by downregulating EGFR/MAPK signaling. In the metastatic process adherent
cells detach to form clusters of suspended cells that once reached the metastatic site adhere and form
secondary colonies. Here, we asked whether CD differentially affects cell growth in suspension ver-
sus adherent condition. To mimic tumor heterogeneity, we co-cultured transgenic clones silenced
for or overexpressing CD. We compared the growth kinetics of such mixed clones in 2D and 3D
models in response to EGF, and we found that Over CD clone was advantaged for the growth in
suspension, while the CD knocked-down clone was favored for the adherent growth as 2D. The fact
that CD plays a dual role in cancer cell growth in 2D and 3D conditions indicates that during clonal
evolution subclones expressing different level of CD may arise, which confers survival and growth
advantages depending on the metastatic step. Epigenetic regulation of CD expression and activity
could be an additional strategy to cure this, and likely, other neoplasms.

Keywords: cancer; 3D neurosphere; lysosome; cell adhesion; clonal evolution, metastasis, tumor
heterogeneity.

1. Introduction

Neuroblastoma (NB) is one of the most common solid tumors affecting children, and it
accounts for 15% of cancer-related deaths [1]. It is an embryonal malignancy of the auto-
nomic nervous. NB may present with heterogeneous phenotype and clinical outcome
with some tumors exhibiting (relative) good prognosis even not requiring intervention
(as for neonatally diagnosed ones) and others exhibiting an early aggressive and meta-
static behavior with multiple organ dysfunction and high mortality [1]. In individuals
with high-risk disease the 5-year survival rate is less than 50%; even after radiation ther-
apy the loco-regional relapse is still high (50%) and these patients have a 5-year survival
of only 8% [2,3]. The hyperactivation of oncogenic signaling pathways, such as epidermal
growth factor receptor/mitogen-activated protein kinase (EGFR/MAPK), as well as the
overexpression of EGF family ligands, exert an important role in NB growth and progres-
sion [4-6]. Since the high expression of EGFR has been associated with enhanced tumor
growth and chemoresistance in neuroblastoma, the pharmacologic inhibition of EGFR is
a clinical approach widely used for cancer treatment. However, some tyrosine kinase in-
hibitors are not effective on MAPK pathway [7], leaving uncovered an important issue to
solve. Recently, we demonstrated that lysosomal cathepsin D (CD), a ubiquitous soluble
aspartic endopeptidase, contrasts neuroblastoma cell proliferation [8]. The high expres-
sion of CD reduced the sensitivity to EGF stimulation and diminished ERK 1/2 activation
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in human NB cells cultured in 2D condition. Accordingly, data retrieved from in silico
transcriptome analysis showed a better prognosis and longer overall survival in NB pa-
tients with high EGFR and high CTSD levels [8].

Cancer shows a wide genetic heterogeneity and during tumor evolution different clones
compete for survival and overtake each-other. Multicellular 3D models more accurately
resemble the in vivo tumor condition [9] and neurospheres may mimic clusters of meta-
static cells which disseminate in secondary sites.

Whether and how the expression of cathepsin D plays a role in the switch from adherent
to suspended growth of NB remains to be elucidated. We found different level of CD ex-
pression in 2D and 3D NB culture systems. We used engineered NB cells in which CD was
overexpressed (Over CD clone) or knocked-down (KD-CD clone) [8]. High expression of
CD suppressed the proliferation of adherent NB cells, yet it conferred a survival and
growth advantage to free-floating spheroids. Intriguingly, when these spheroids were
switched to grow on solid substrate, mimicking the adhesion in a metastatic site, the KD-
CD clone grew faster and acquired the proliferative advantage over the other. Thus, high
CD expression favors the survival of floating-spheroids, but it is detrimental for the
growth in adherent condition. This noteworthy, in Sham-transfected clone, which retains
the ability to modulate protein expression, the cellular level of CD increased when grown
in suspension and decreased when grown in adhesion.

These findings highlight a dual role of CD in NB cell growth and suggest that this lysoso-
mal protease is epigenetically regulated during the reversible transition for adherent-to-
suspended-to-adherent growth of metastatic clones. It follows that epigenetic modulation
of CD expression could be a valuable complementary strategy for preventing NB metas-
tasis.

2. Materials and Methods
Cell culture and treatments

Human neuroblastoma SH-SY5Y cells were obtained from the American Type Culture
Collection (cod. CRL-2266, ATCC, Rockville, MD). SH-SY5Y cells were maintained in
standard conditions as previously described [8]. Treatments included 20 ng/ml Epidermal
Growth Factor (EGF, cod. E5036; Sigma-Aldrich Corp. St. Louis, MO, USA), dissolved in
10 mM acetic acid, and 100 uM Pepstatin A, inhibitor of the aspartic protease CD (PstA,
cod. P4265; Sigma-Aldrich Corp.). SH-SY5Y stable transfectant clones (Sham, knockdown
CD (KD-CD), and overexpressing CD (Over CD) were generated in our laboratory [8] and
have been cultivated alone or in combination for coculture experiments both in 2D and
3D systems, in different proportions: 50% KD-CD + 50% Over CD cells (ratio 1:1), 25%
KD-CD +75% Over CD (ratio 1:3) and 75% KD-CD +25% Over CD cells (ratio 3:1). In two-
dimensional system (2D), cells were plated at a density of 40,000 cells/cm? in Petri P60,
whereas for 3D cultures 1,000,000 cells were seeded in non-adherent Petri dishes for each
experimental condition.

Cell counting and doubling time calculation

Cells were seeded in 12-well plates (20,000 — 50,000 cells/cm?), let adhere for 24 hours and
then treated with 20 ng/ml EGF. Medium was refreshed every day. At each time point,
cells were collected and counted in triplicate with Trypan Blue solution. Cell counting was
performed following the protocol previously described [8]. Doubling time (Dt) was calcu-
lated through the free software Doubling Time Online Calculator (http://www.doubling-
time.com/compute.php).
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Clonogenic assay 93

Cells were seeded in 6-well (MW6) plates at the density of 2000 cells/well, treated with 94
EGF and cultivated for 10 days to allow colony formation [10]. Newly colonies were 95
stained with 0.5% crystal violet solution as previously described [8]. Images of each ex- 9
perimental condition were acquired, and the number of colonies formed was estimated 97
by photometric measurements with CellCounter software (v0.2.1.). 98

Antibodies 99

The following primary antibodies were employed for western blotting: mouse anti-f3-tu- 100
bulin (1:1000, cod. T5201; Sigma-Aldrich Corp.), mouse anti-f3-actin (1:2000, cod. A5441; 101
Sigma-Aldrich Corp.), mouse anti-cathepsin D (1:100, cod. IM03; Calbiochem, St. Louis, 102
MO, USA), mouse anti-histone H3 (1:500, cod. 61475; Active Motif, Carlsbad, CA, USA). 103
Secondary antibodies used for western blot analysis were the following: Horse Radish 104
Peroxidase-conjugated goat anti-mouse IgG (1:10,000, cod. 170-6516; Bio-Rad, Hercules, 105
CA, USA), Horse Radish Peroxidase-conjugated goat anti-rabbit IgG (1: 10,000, cod. 170— 106
6515: Bio-Rad, Hercules, CA, USA). The primary antibodies employed for immunofluo- 107
rescence staining are listed below: mouse anti-CD (1:100, cod. IM03; Calbiochem), rabbit 108
anti-p27 (1:100, cod. 2552; Cell Signaling, Danvers, MA, USA), rabbit anti-Ki-67 (1:100, 109
cod. HPA001164; Sigma-Aldrich). The secondary antibodies were goat-Anti Rabbit IgG 110
Alexa FluorTM Plus 488 (1:1000, cod. A32731; Invitrogen, Waltham, MA, USA) and Goat- 111
Anti Mouse IgG Alexa FluorTM Plus 555 (1:1000, cod. A32727; Invitrogen). 112

Western blotting 113

SH-SY5Y Sham, KD-CD and Over CD transfectant clones were seeded at a density of 114
40,000 cells/cm? for coculture experiments on sterile P60 Petri dishes and let adhere. For 115
the experiment with SH-SY5Y Sham grown in two-dimensional condition, cells were 116
plated at a density of 4000 cells/Petri and cultivated for 7 days. At the end, cells were 117
collected in RIPA Buffer (0.5% Deoxycholate, 1% NP-40, 0.1% Sodium Dodecyl Sulfate in =~ 118
PBS solution) supplemented with protease inhibitor cocktail and phosphatase inhibitors 119
(0.5 M sodium fluoride NaF and 0.2 M sodium orthovanadate Na3VO4) and homoge- 120
nized, as previously reported [8]. Protein content concentration was determined by Brad- 121
ford assay and samples were denatured with 5X Leammli sample buffer at 95 °C for 10 122
minutes [8]. The bands were detected using Enhanced Chemiluminescence reagents (ECL, 123
cod. NEL105001EA; Perkin Elmer, Waltham, MA, USA) and developed with the Chemi- 124
Doc XRS instrument (BioRad, Hercules, CA, USA). Western blotting data were repro- 125
duced three times independently. Intensity of the bands was estimated by densitometry 126
using Quantity One Software (BioRad, Hercules, CA, USA). 127

Immunofluorescence 128

SH-SY5Y transfectants clones were plated on sterile coverslips at the density of 30,000 129
cells/cm?, let adhere and grow at least 24 hours before treatment. The coverslips were fixed 130
and processed for immunofluorescence staining as previously described [8]. After the in- 131
cubation with primary antibodies, the coverslips were washed three times with 0.1% Tri- 132
ton-PBS and incubated for 1 hour at room temperature with Goat-Anti Rabbit IgG Alexa 133
FluorTM Plus 488 or Goat-Anti Mouse IgG Alexa FluorTM Plus 555 secondary antibodies, 134
as appropriate. Nuclei were stained with the UV fluorescent dye DAPI (4',6-diamidino-2- 135
phenylindole). Secondary antibodies and DAPI were dissolved in 0.1% Triton-PBS +10% 136
FBS. Lastly, coverslips were mounted onto glasses using SlowFade antifade reagent (cod. 137
536936; Life Technologies, Paisley, UK) and data acquired by fluorescence microscopy 138
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(Leica DMI6000, Leica Microsystems, Wetzlar, Germany). Different microscopic fields 139
were randomly chosen, and representative pictures of selected fields were shown. 140

3D spheroid forming assay 141

3D multicellular spheroids were cultured based on our previous work [11]. Cells were 142
cultured in specific P35 Petri dishes coated with 120 mg/mL Poly 2-hydroxyethyl methac- 143
rylate (Poly-HEMA, cod. P3932; Sigma-Aldrich) to prevent cell adhesion. Poly-HEMA 144
was dissolved in 95% ethanol solution under rotation overnight at 50°C. The day after, the 145
stock solution was diluted in 95% ethanol. Petri dishes were coated with 1.3 ml of diluted 146
Poly-HEMA and left under the biological hood to completely dry. 1,000,000 cells/Petri 147
were seeded and maintained in culture for 7 days. Fresh medium was added every 48 148
hours and supplemented with 20 ng/ml EGF or 100 uM PstA, as indicated. Spheroid’s 149
growth was monitored by taking pictures at phase contrast microscope (magnification 150
20x, Zeiss AXIOVERT 40 CFL) at each time-point. The 3D culture quantification was per- 151
formed through Image] software, which calculates the area of spheroids, indicated as Ar- 152
bitrary Unit (A.U.). In a 3D-to-2D experiment, 500,000 cells were initially plated in Poly- 153
HEMA-coated Petri and let grow as neurospheres until the third day, and then 3D cell 154
aggregates were collected, centrifuged, and reseeded in adherent Petri dishes. The adhe- 155
sion and growth capacity of SH-SY5Y transfectant clones were monitored up to 72 hours 156
by imaging. Finally, after 72 hours of culture in adherent condition, cells were harvested 157
in RIPA Buffer and processed for western blot analysis. 158

Statistical analysis 159

Statistical analysis was performed with GraphPad Prism 6.0 software (San Diego, CA, 160

USA). Bonferroni’s multiple comparison test after one-way/two-way ANOVA analysis 161
A4KeA

(unpaired, two-tailed) was employed. Significance was considered as follow: p< 162
0.0001; *** p <0.001; ** p <0.01; * p < 0.05. Data are reported as average + S.D. 163
3. Results 164
3.1. Neuroblastoma cells grown as 2D or 3D express different level of cathepsin D 165

We checked whether CD expression is differently modulated in NB cells depending on 166
whether growing adherent in 2D or in suspension in 3D culture conditions. We employed 167
Pepstatin A (PstA) as a specific inhibitor of CD to determine its contribution to NB growth 168
in both anchorage-dependent and anchorage-independent conditions (Figure 1A). The 169
enzymatic inhibition of CD increased the growth of adherent cells compared to untreated 170
control, whereas it reduced the size of multicellular spheroids. In fact, their size was 4- 171
times smaller compared to that of untreated neurospheres with active CD (Figure 1B). 172
Thus, in the absence of adhesion signals CD confers survival and growth advantage, 173
which is nullified by PstA, indicating that this advantage is dependent on the proteolytic 174
activity of CD. By western blotting it was shown that CD protein content was upregulated 175
(almost five times) in NB spheroids compared to the cells grown as 2D (Figure 1C). Thus, 176
CD is differently modulated in NB cells cultured in anchorage-dependent and anchorage- 177
independent conditions and its activity is necessary for the growth in the latter condition. 178
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Figure 1. Cathepsin D expression differs in 2D and 3D NB cell cultures. SH-SY5Y cells were
seeded both in adherent and non-adherent Petri dishes, at 4000 cells/cm? and 1,000,000 cells/Petri,
respectively, and let grow for 48 hours. Medium was refreshed every 48 hours, supplemented with
100 uM PstA where indicated. A) Cell growth was monitored at the phase-contrast microscope and
images were acquired at the time point indicated (time 0 h, 2-,5- and 7-days). B) The quantification
of 3D spheroid’s size was performed with Image] software. The area is indicated as Arbitrary Unit
(A.U.). Data represented the average + S.D. calculated for at least 5 to 10 spheroids for each experi-
mental condition in three separate experiments. C) Western blotting analysis of CD expression in
2D and 3D cell homogenates. The membrane was probed with f-tubulin as loading control. The blot
is representative of three independent experiments. Densitometry of the bands is reported in the
histogram. Significance was considered as follows: *** p <(0.0001; ** p <0.01.

3.2. Cathepsin D expression differentially affects the 2D and 3D growth of neuroblastoma cells
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To better assess the role of CD in anchorage-dependent and anchorage-independent 194
growth of NB we took advantage of human neuroblastoma SH-SY5Y stable transfectant 195
clones engineered in our laboratory that are silenced for (knocked-down, KD-CD) or over- 19
express (over CD) this protease [8]. The effectiveness of such genetic manipulations is here 197
confirmed by the immunofluorescence staining of CD shown in Figure 2A. It appears ob- 198
vious that CD is highly expressed in Over CD clone while it is barely detectable in KD- 199
CD clone. Next, we examined their proliferative potential in 2D cultures. KD-CD clone 200
displayed the highest while Over CD clone displayed the lowest proliferation rate, com- 201
pared to Sham-transfected clone (Figure 2B). Accordingly, the doubling time (Dt) of Over 202
CD clone was approximately 50% increased (from 38 h to 56 h) while the Dt of KD-CD 203
was approximately 30% reduced (from 38 h to 29 h) compared to that reported for Sham- 204

transfected counterpart (Table 1). 205
Table 1. Doubling time calculated for SH-SY5Y Sham, KD-CD and Over CD clones. 206
Clone Doubling Time
Sham 37.6+17
KD-CD 293+1.2
Over CD 55.6+1.1
207

Then, we assayed the growth rate of these clones cultured as 3D spheroids for up to 7 208
days. CD-overexpressing cells showed a greater ability to survive and grow in suspension, 209
forming spheroids that are 12-times larger than those of KD-CD (Figure 2C). 210
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Figure 2. SH-SY5Y Sham, KD-CD and Over CD clones show different growth rates. A) Immuno-
fluorescence performed on SH-SY5Y clones. Cells were seeded on sterile coverslips and then fixed
and stained for CD (red); nuclei were marked with the UV fluorescent dye DAPI. Scale bar =20 um;
magnification = 63x. B) Graph representing cell count. Cell counting was performed in triplicate for
each experimental condition. C) 3D cultures of neuroblastoma clones. SH-SY5Y Sham, KD-CD and
Over CD cells were seeded on non-adherent Petri dishes and maintained in culture for 7 days. New
fresh medium was replaced every 48 hours. The 3D spheroid’s growth was monitored at the phase-
contrast microscope and pictures were acquired. The quantification of 3D spheroid’s size was per-
formed with Image]J software. The area was indicated as Arbitrary Unit (A.U.). Data represented the
average + S.D. calculated for at least 5 to 10 spheroids for each condition in three separate experi-
ments. Significance was considered as follow: **** p < 0.0001.

3.3. Cathepsin D overexpression contrasts while cathepsin D silencing enhances Epidermal growth
factor-induced cell growth
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Colony assay confirmed that transgenic SH-SY5Y cells KD for CD had higher while those 227
overexpressing CD had lower proliferation rate compared to Sham-transfected 228
counterpart (Figure 3 A-B). EGFR stimulation exacerbates the growth and the aggressive 229
behavior of NBs [7]. The administration of 20 ng/ml EGF, which is in the range of cell 230
growth stimulation [12], markedly increased the colony forming ability of CD knockdown 231
cells (Figure 3A). When stimulated with EGF, the colony formation increased differently = 232
in the three clones, with an increment of 3.4-fold, of 4.5-fold, and of 3-fold for Sham- 233
transfected, KD-CD, and Over CD, respectively (Figure 3A-B). Particularly, the number of 234
newly formed colonies in EGF-treated KD-CD clone was 3- and 8.8- times higher 235
compared to Sham and Over CD, respectively. These data definitively confirm that in 236
adherent 2D condition low or null expression of CD favors NB cell growth. 237

A) Sham Over CD

B)

g

@@ Sham
E3 KD-CD
Bl OverCD

N° of colonies
- -
g ¢

g

238

Figure 3. EGF stimulation of neuroblastoma growth depends on cellular level of cathepsin D. A) 239
Clonogenic assay performed on SH-SY5Y transgenic clones upon stimulation with 20 ng/ml EGF. 240
Colonies were stained as described in the Materials and Methods section. B) Cell growth and 241
number of colonies were estimated through photometric measurements and CellCounter Software 242
and are shown in the graph. Data + S.D. are representative of three independent replicates. 243
Significance was considered as follow: **** p <0.0001; ** p < 0.01; * p < 0.05. 244

3.4. Knocked-down CD clone overtakes Over CD clone in EGF-stimulated growth of mixed 245
cultures 246

Tumor evolution is characterized by the presence of multiple cancer clones with different 247
genetic background and these clones compete for survival and overtake each-other. We 248
hypothesized that during malignant progression NB could develop subclones expressing 249
different level of CD, which then would respond differently to EGF. To mimic such tumor 250
heterogeneity, we have mixed at different ratios clones overexpressing or silenced for CD 251
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and tested which one would take advantage to grow over the other in the absence or in 252
the presence of EGF stimulation. In pure cultures, EGF greatly stimulated the growth of 253
KD-CD and to a much lesser extent that of Over CD, as expected (Figure 4A). When the 254
clones were mixed in different proportion of KD-CD and of Over CD at 1:1 or 1:3 or 3:1 255
ratio, the cocultures stimulated with EGF showed a higher growth rate when the KD-CD 256
clone was highly represented (Figure 4A). Immunofluorescence staining of Ki-67, a 257
proliferative nuclear marker, and of p27Xirl, a cyclin-dependent kinase inhibitor that 258
prevents entering the cell cycle, corroborated these findings. To distinguish the two 259
populations of KD-CD and Over CD in the mixed cultures, we co-stained the cells with 260
an anti-CD antibody. In pure cultures, EGF strongly increased the expression of nuclear 261
Ki-67 and decreased the levels of p27 in KD-CD cells, and conversely high level of p27 262
and low level of Ki-67 were observed in Over CD cells (Figure 4B). In cocultures, especially 263
in 1:1 and 3:1 ratio of KD-CD vs Over CD, we observed high expression of Ki-67 in CD- 264
silenced cells that were the most represented ones, indicating that these cells took 265
advantage to grow over the others. 266
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Figure 4. CD knockdown clone expresses high level of nuclear Ki-67 proliferation marker and 268
reduced p27 cell cycle inhibitor. A) Cell counting of viable cells of KD-CD or Over CD or a mix of 269
both at the ratio indicated, in the absence or the presence of EGF. Medium was renewed and EGF 270
added every 24 h. The cells were cultivated for 24, 48 and 72 h. B-C) Immunofluorescence double 271
staining of CD and Ki-67 or p27 in SH-SY5Y KD-CD, Over CD and mixed cultures at different ratio: 272
50% KD-CD + 50% Over CD cells (1:1), 25% KD-CD + 75% Over CD (1:3) and 75% KD-CD + 25% 273
Over CD cells (3:1). Fresh medium was replaced every day and EGF was added as indicated. After 274
72h of treatment, cells were fixed and stained for Ki-67 (green) / CD (red) (B) and p27 (green) /CD 275
(red) (C). Scale bar = 20 um; magnification = 63x. Representative images of different fields for each 276
experimental condition are shown. 277

We further assessed the level of cellular CD expressed in the mixed clones (Figure 5). Over 278
CD clone expresses approximately 25-folds more CD than KD-CD clone, in which CD is 279
indeed barely expressed. In the absence of EGF stimulation, after 72 hours the mixed 280
culture of the two clones at (KD-CD vs Over CD) 1:1, 1:3 and 3:1 ratio demonstrated a 281
progressive reduction of the total content of CD. However, at 1:1 ratio the total content of 282
CD is reduced by some 30% and not by 50% as one would expect. Also, comparing the 283
two opposite proportion of the clones (1:3 versus 3:1) it appears that the reduction of CD 284
in the whole homogenate is not reflecting the proportion of the clones (Figure 5A). 285
Together with data in Figure 4 and in agreement with our previous findings [8], the 286
possible explanation is that in the mixed co-cultures Over CD cells are viable thoughina 287
resting phase while the KD-CD cells are proliferating. This supposes that with time the 288
latter clone would overtake the former. To accelerate this process, we exposed the clones 289
to EGF. We previously reported [8] that Over CD cells resist while KD-CD cells respond 290
to the growth promoting effect of EGF. In fact, EGF greatly stimulated the growth of KD- 291
CD clone which overtook that of CD-overexpressing cells in the cultures mixed at any 292
ratio (Figure 5B-C). It is worth nothing that this effect is now evident at the 1:1 ratio, and 293
even at the 1:3 ratio in which the number of Over CD seeded at time zero was 3-folds that 294
of KD-CD cells. 295
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Figure 5. Analysis of cathepsin D protein content in SH-SY5Y mixed clones. Western Blotting
showing the expression of cathepsin D in pure cultures (KD-CD and Over CD) and in mixed
cocultures: 50% KD-CD + 50% Over CD cells (1:1), 25% KD-CD + 75% Over CD (1:3) and 75% KD-
CD + 25% Over CD cells (3:1). A) Samples were collected at time Oh, before EGF treatment and
processed for western blot analysis of cathepsin D. B) and C) Cells were cultured for 72 hours and
medium was renewed and EGF re-added every day. Membranes were probed with B-tubulin and
B-actin as loading control. All blots are representative of three independent experiments.
Densitometry of the bands is reported in the histogram.

3.5. Cathepsin D overexpression increases the survival of NB spheroids cultivated in suspension

Neurospheres can be assumed as clusters of cells representing metastatic clones at the step
of detachment from the primary tumor and, possibly, circulating in body fluids. At this
point, it was necessary to determine the role of CD in the EGF-induced proliferation of the
two clones expressing CD at different levels cultivated in suspension. To mimic tumor
heterogeneity for CD expression, we co-cultured the two clones KD-CD and Over CD in
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different proportion as detailed above. Representative images and quantification of the
spheroid’s growth are shown in Figure 6. In pure cultures, EGF stimulated the growth of
Over CD neurospheres to a larger extent compared to the KD-CD neurospheres. This
effect was observed also in mixed clones at the ratio 1:1 and 1:3, but not at the ratio 3:1 in
which the Over CD clone is less represented. Particularly, EGF increased the dimension
of Over CD neurospheres by 2-folds compared to those formed by KD-CD. The growth
curves of each condition (shown in Figure 6C) suggest that as the Over CD cell population
overcomes the other, the spheroid’s size increases as well.
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Figure 6. Monitoring of spheroid formation in pure and mixed clones cocultured in the absence
or presence of EGF. SH-SY5Y KD-CD, Over CD and cocultures (50% KD-CD + 50% Over CD cells
(1:1), 25% KD-CD + 75% Over CD (1:3) and 75% KD-CD + 25% Over CD cells (3:1)) were plated on
non-adherent Petri dishes and let grow for 48 hours to allow spheroid formation. Cells were
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cultured for 7 days after the first treatment. At time Oh, cells were incubated with EGF and re-treated 325
in fresh medium at day 2 and 5. A) The 3D spheroid growth was monitored at the phase-contrast 326
microscope and images were acquired at different time points (time Oh, 2-, 5- and 7-days). B) 327
Quantification of spheroid’s size was obtained through Image] software. The area is indicated as 328
Arbitrary Unit (A.U.). Data represent the average + S.D. calculated for at least 5 to 10 spheroids for ~ 329
each condition in three separate experiments. C) Graphs representing the growth curves of 330
spheroids in control and EGF-treated conditions. 331

To have a more objective measure, we assayed the expression of histone H3 in a standard 332
volume of cell homogenate that was equal for each sample. The H3 protein is one of the 333
main histones composing chromatin structure and can be assumed as an indirect readout 334
of cell number. The western blotting (Figure 7A) shows high level of histone H3 in pure 335
Over CD culture and in the mixed culture at the ratio 1:1 and 1:3, both in EGF-treated and 336
untreated conditions. In EGF-treated pure cultures, the level of histone H3 in Over CD 337
was 3-folds that in KD-CD cells. As a definitive confirmation of which subpopulation 338
gained growth advantage in the mixed cultures we assayed the CD protein content in 339
spheroid’s homogenates (Figure 7B). In pure KD-CD culture as well as in mixed 3:1 340
culture (where the KD-CD clone is predominant), and to a lesser extent in the mixed 1:1 341
culture, it is not observed an increase of CD content upon stimulation with EGF, indicating 342
that the absence of CD makes the cells less able to grow in suspension and to respond to 343
EGF. By contrast, in the pure and in the 1:3 mixed culture (containing the Over CD in 344
higher proportion), it is appreciable the increase of CD content upon EGF stimulation, 345
indicating that this subclone took advantage for growth in suspension. 346
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Figure 7. SH-SY5Y Over CD shows a greater ability to grow in suspension compared to KD-CD
cells. SH-SY5Y 3D spheroids of pure clones or clones mixed at the indicated ratio were cultured for
7 days in the absence or presence of EGF. Homogenates were assayed by western blotting for the
protein histone H3 (panel A) and CD (panel B). Histone H3 was measured in an equal volume of
cell homogenate for each sample. The filters were stripped and re-probed for g-tubulin and p-actin
proteins, as loading control. Blots are representative of three independent experiments.
Densitometry of the bands is reported in the histograms.

3.6. Suspended SH-SY5Y clone knocked-down for cathepsin D rescues the ability to grow in
adherent condition

In vivo, small clusters of circulating tumor cells can reach distant organs where they have
to attach and grow for forming secondary metastasis. To mimic in vitro such situation, the
spheroids of suspended cells, from either pure or mixed clones, were placed in culture
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Petri dishes for attachment and let them grow for 72 hours. The cultures were imaged at 360
24, 48 and 72 h (Figure 8A-B). 361

It is apparent that KD-CD cells, either cultured as pure clone or mixed with Over CD cells 362
at any ratio displayed the greatest ability to adhere and grow onto a solid matrix, giving 363
rise to secondary colonies. By contrast, Over CD cells which were the most actively 364
proliferating in suspension were less prone to attach and rescue the growth as adherent 365
colonies. We measured the CD content in the attached colonies as an indirect marker of 366
the prominent subclone in the pure and mixed populations (Figure 8C). Whatever the 367
relative proportion in the starting co-culture of spheroids (i.e., at either 1:1, 1:3 and 3:1 368
ratio), the KD-CD clone became prevalent in the adherent colonies, as indicated by the 369
very low content of CD in the whole homogenates. This confirms that overexpression of 370
CD limits the anchorage-dependent growth of neuroblastoma cells, as also reported in [8]. 371
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Figure 8. CD knocked-down SH-SY5Y cells rescue the ability to grow in adherent condition. SH- 373
SY5Y Sham, KD-CD, Over CD and mixed cocultures, 50% KD-CD + 50% Over CD cells (1:1), 25% 374
KD-CD +75% Over CD (1:3) and 75% KD-CD +25% Over CD cells (3:1) were seeded in non-adherent 375
Petri dishes and let grow for 72 hours to allow spheroid formation (500,000 cells/Petri). The third 376
day, (indicated in Figure as Time Oh), neurospheres were collected, resuspended in fresh medium, 377
plated in adherent Petri dishes and maintained in culture for other 72 hours. New fresh medium 378
was replaced every day. Cell homogenates were processed for western blot analysis. A) and B) 379
Images were acquired at the phase-contrast microscope every day to monitor cell attachment and 380
growth. C) Western blotting analysis of CD in cell homogenates. The membrane was stripped and 381
re-probed for B-tubulin as loading control. The blot is representative of three independent 382
experiments. Densitometry of the bands is reported in the histogram. 383

4. Discussion 384

Neuroblastoma is the most common extracranial solid tumor of childhood responsible for 385
over 15% of cancer-related deaths [2,13]. Despite recent advances in multimodal thera- 386
peutic strategy, including EGFR targeting, NB continues to cause high mortality. NB tu- 387
morigenesis and progression are driven by the overexpression and hyperactivation of on- 388
cogenic signaling pathways that are not efficiently counteracted by inhibitory pathways. 389
A better understanding of the regulatory mechanisms downstream growth factor recep- 390
tors may help the development of novel targets and effective therapeutics. 391

The conventional 2D cellular model often does not adequately resemble the complexity of 392
the tumor mass. Neuroblastoma cells grown as 3D aggregates (multicellular spheroids) 393
much closer recapitulate the in vivo structure of cancers and possess features in common 394
with primary tumors, including cells in different proliferative and metabolic state, also 395
due to growth factor, nutrient, and oxygen availability [14,15]. Important phenotypicand 39
metabolic differences, including migration, proliferation, and response to toxic drugs, 397
have been reported when comparing the neuroblastoma cells cultured in adhesion as 2D 398
monolayer or in suspension as 3D spheroids [16-18]. The type of culture system influences 399
the proteome [17]. Changing in signaling cascades, like PI3K/AKT/mTOR and 400
EGFR/MAPK, two central regulators of cell growth, survival, and metabolism, have been 401
well documented [19-22]. We have previously demonstrated that high expression of the 402
lysosomal protease CD is a predictor of good prognosis in neuroblastoma patients bearing 403
high levels of EGFR [8]. In silico transcriptome analysis was corroborated by in vitro stud- 404
ies revealing that high intracellular CD reduces ERK 1/2 activation and inhibits EGF-in- 405
duced cell growth. Whether and how CD impacts differentially on the 2D or 3D growth 406
of neuroblastomas remains to be determined. In this work, we took advantage of trans- 407
genic neuroblastoma SH-SY5Y cells either knocked-down for (KD-CD) or overexpressing 408
CD (Over CD) available in our laboratory to address this issue. Strikingly, we found that 409
overexpression of CD while inhibiting NB growth in 2D cultures it was instead beneficial 410
for the growth in 3D. Accordingly, NB cells enhanced the expression of CD when the cul- 411
ture was switched from adherent to suspended condition. We exploited our CD-engi- 412
neered clones for understanding the role of CD in culture conditions that recapitulate in =~ 413
vitro the steps of metastatic spreading, that is the transition from adherent to suspended 414
to adherent growth. Additionally, to mimic the tumor heterogeneity arising from clonal 415
evolution that could lead to clones expressing CD at different levels, we tested the growth 416
ability under EGF stimulation of mixtures at different ratio of the two clones. Briefly, we 417
found that upregulation of CD expression is mandatory to guarantee the survival and 418
proliferation of the cells in suspension while it is mandatory to downregulate its expres- 419
sion for allowing adherence and anchorage-dependent growth of the tumor cells. Thus, 420
we may conclude that CD expression is epigenetically modulated during the metastatic 421
cascade. To our knowledge, this is the first evidence for such a role of CD in neuroblasto- 422
mas. We anticipate that the present findings likely hold also for other tumor models. 423

424
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Collectively, we have uncovered a novel function of CD in the metastatic spreading of
tumors. This finding may have a translational relevance, and we propose CD as a bi-
omarker for metastatic neuroblastomas and for the stratification of patients in a view of
personalized medicine. Further to be considered, epigenetic modulation of CD expression
could be a valuable complementary strategy for preventing NB metastasis.
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Research Article under drafting and to be submitted to the peer-reviewed Journal Oncogene
Lysosomal Cathepsin D Contrasts the Malignant Phenotype of Neuroblastoma
Cells through the Proteolytic Cleavage of Oncogenic Annexin A2: Role of
Chaperone-Mediated Autophagy

Introduction

Cathepsin D is a soluble aspartic endopeptidase localized in the endosomes and lysosomes of
mammalian cells (Barrett, 1979). It accomplishes the degradation of extracellular proteins
internalized by endocytosis or phagocytosis as well as of intracellular proteins delivered to lysosomes
by autophagy (Castino et al., 2003). Thanks to its intracellular functions, CD promotes protein
homeostasis and, consequently, regulates cell growth. CD plays multiple roles in tumorigenesis,
affecting cell proliferation, invasion, angiogenesis and apoptosis, known as hallmarks of cancer.
Overexpression of the C7SD gene along with defective segregation in the acidic compartments lead
to abnormal secretion of the precursor proCD, which can be found in the culture media and body
fluids of tumor bearers (Vignon et al., 1986; Isidoro et al., 1995a; Isidoro et al., 1995b; Reid et al.,
1986). The hypersecretion of proCD elicits the oncogenic activities. Cancer and stromal cells secrete
huge amount of the precursor through active exocytosis or following necrosis. In the tumor
microenvironment, the acid pH allows proCD to become the active “pseudo-CD” after a partial
proteolysis, thus favoring cancer cell invasion and neo-angiogenesis (Nicotra ef al., 2010; Benes et
al., 2008). Moreover, extracellular CD acts as an autocrine and paracrine growth factor for an
unknown receptor, triggering RAS/MAPK and PI3K/AKT pathway activation (Laurent-Matha et al.,
2005; Pranjol et al., 2018). In neuroblastoma cells, secreted proCD exerts an anti-apoptotic function,
promotes cell survival and contributes to doxorubicin resistance (Sagulenko ef al., 2008).

CD secretion increases the malignant behavior of cancer cells and simultaneously curbs intracellular
functions.

In our previous findings, we have described for the first time a novel anti-proliferative role of
cathepsin D in downregulating the pro-oncogenic MAPK signaling pathway in neuroblastoma cells.
CD contrasts EGF-induced cancer cell growth and confers better prognosis to neuroblastoma patients
(Secomandi, Salwa, et al., 2022).

Lysosomal cathepsin D accomplishes bulk protein degradation and mediates the activation of
hormones and their precursors as well as the inactivation of mature growth factors through extensive

lysosomal proteolysis (Berg et al., 1995). Besides protein degradation, CD exerts post-translational
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modifications on cytosolic substrates, such as Annexin Al (Sakaguchi et al., 2007), affecting in turn
cell proliferation.

The annexins belong to an evolutionary ancient and conserved family of Ca?*-regulated phospholipid-
binding proteins with up to 160 unique annexins in more than 65 different species (Moss and Morgan,
2004). Annexin A2 (ANXA2), a 36 kDa protein, contains a conserved segment of 70 amino acids
that binds negatively charged phospholipids in a Ca?*-dependent manner (Moss and Morgan, 2004).
Annexin A2 NH-terminal domain contains a binding site for SI00A10 (pl1) and for tissue
plasminogen activator (t-Pa); the C-terminal domain carries the binding site for F-actin (Filipenko
and Waisman, 2001), heparin (Kassam ef al., 1997) and plasminogen (Hajjar et al., 1994). The core
of the protein binds to calcium and to cell membranes. Annexin A2 is involved in different biological
processes including exocytosis, endocytosis, vesicle budding, lipid raft, calcium homeostasis,
cytoskeleton remodeling, signal transduction, protein assembly, transcription, and mRNA transport,
as well as DNA replication and repair (Gerke and Moss, 2002).

Annexin A2 was frequently overexpressed in several types of aggressive malignancies such as
colorectal cancer (Yang et al., 2013), breast cancer (Shetty ef al., 2012), lung cancer (Yao ef al,,
2009), gastric carcinoma (Zhang Q. et al, 2012), pancreatic cancer (Takano et al., 2008),
glioblastoma, and neuroblastoma (Wang et al., 2017). In pediatric NB, high annexin A2 is closely
related to increased chemotherapy cycles, drug resistance, tumor metastasis and poor overall survival.
Chemoresistance observed in neuroblastoma cell lines was associated to NF-kB activation and
nuclear translocation (Wang ef al., 2017).

The activation of growth factor receptors triggers post-translational modifications of annexin proteins
which alter their function and the binding with specific interactors. In respect of annexin A2, EGFR -
induced Tyr23-phosphorylation enhances the oncogenic potential of ANXA2. In fact, phosphorylated
annexin A2 interacts with STAT3 increasing its transcriptional activity (Yuan et al., 2017).
Consistently, the abrogation (knockdown/inhibition) of ANXA2 counteracts the malignant
phenotypes of cancer cells (Chen ef al., 2015; Chen ef al., 2019; Sharma, 2019; Zhang et al., 2015).
Therefore, annexin A2 could be considered as a second messenger for signal transduction.

Lot of evidence suggest that annexin A2 may be a promising therapeutic target for cancer treatment.
However, an effective and feasible approach aimed to abrogate its pro-tumorigenic activity has not
yet been developed. Hence, the identification of molecular mechanisms controlling annexin A2
activity should give the opportunity to target it downstream, preventing its oncogenic-induced effects.
Whether cathepsin D and annexin A2 are mechanistically linked and how this interaction may

impinge on EGF-mediated neuroblastoma growth remain to be elucidated.
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In the present work, we demonstrated that cathepsin D counteracts the malignant phenotypes of NB

cells through the proteolytic cleavage of oncogenic annexin A2.

Results
1. High CTSD expression confers better prognosis to neuroblastoma patients bearing high

ANXA2_STAT3 mRNA

We have interrogated datasets from the TCGA database to determine the clinical relevance of CTSD
status in pediatric neuroblastoma patients highly expressing ANXA2_STAT3 mRNA. First, we studied
the effects of ANXA2 in pediatric neuroblastoma patients and thereby its functional role was
determined by performing an in-silico transcriptomic analysis. Many studies reported that annexin
A2 was highly expressed in neuroblastoma and in others malignant tumors (Wang et al., 2017; Yang
et al., 2013; Shetty et al., 2012; Yao et al., 2009; Zhang X. et al., 2012; Takano et al., 2008). We
retrieved the RNA-seq data (mRNA expression profile) from TCGA database (TARGET, 2018) and
performed a co-expression analysis to identify the top significant differentially expressed genes
(DEGs) that were positively (up-regulated genes in red-dots) and negatively (down-regulated genes
in blue-dots) correlated with ANXA2 in patients’ samples, as represented in the Volcano plot (Figure
1A). Then, we focused on the genes that were positively correlated. Notably, these genes are involved
in various biological processes, such as wound healing, cell migration, cell motility, interleukin-
signaling, MAPK, JAK/STAT3, PI3K/AKT pathways, protein import into the nucleus (Figure 1B).
Then, we extended our studies towards STA73 expression to evaluate its relationship with ANXA2
(Figure 1B). In fact, based on Box-plot and Scatter plot we found that ANX4A2 mRNA expression is
positively correlated with S7473 mRNA expression (Figure 1C, D).

Our previous findings showed that patients with high expression of C7SD and of EGFR exhibit a
better prognosis (Secomandi, Salwa et al., 2022). Therefore, we expected that C7TSD acts as a positive
biomarker for neuroblastoma. Next, we correlated C7SD expression with ANXA2 and STAT3 to
analyze their prognostic values. We grouped the cases with high and low expression, and we analyzed
the prognostic value in combinatorial groups of tumors based on the respective level of mRNA
(Figure 1E). Kaplan-Meier overall survival curves indicated that patients with high C7SD, high
ANXA2 and STAT3 showed a better prognosis, while the groups either with low CTSD, low ANXA2
and high STAT3 or high ANXA2 and low STAT3 exhibited worse prognosis (Figure 1E, F). These data
suggested that ANXA2 and STAT3 overexpressing patients manifested a positive clinical outcome

only when C7SD was high.
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Figure 1. Neuroblastoma patients bearing high CTSD transcript level and high ANXA2_STAT3 show a better prognosis.

2. Cathepsin D overexpression reduces STAT3 phosphorylation, nuclear translocation, and

interaction with annexin A2

We found that patients with high C7SD and ANXA2_STAT3 transcript levels showed a better
prognosis and longer overall survival than those with high ANXA2_STAT3 but low CTSD. These

preliminary data provided the rationale to speculate that cathepsin D could be involved in annexin
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A2-induced cell proliferation. Therefore, we tested our hypothesis in engineered neuroblastoma cells
in which cathepsin D was overexpressed or knocked-down (Secomandi, Salwa et al., 2022). We
found that in the absence of cathepsin D, EGF increased the phosphorylation of the transcription
factor STAT3 after 24 hours of treatment, as shown in Figure 2A. As confirmation of enhanced
transcriptional activity, cyclin D1 a target gene of STAT3, was upregulated in CD-knockdown (KD-
CD) cells upon EGF exposure (Figure 2B). Noteworthy, the immunofluorescence double staining
highlighted an increased colocalization between annexin A2 (red) and phospho-STAT3 (green) and
high level of nuclear STAT3 (Figure 2C) in KD-CD cells. Conversely, in CD-overexpressing cells
we observed a reduction of STAT3 phosphorylation and nuclear translocation, even in the presence
of EGF. ANXA2-STAT3 axis drives malignant phenotypic changes and mesenchymal transition in a
variety of solid tumors (Matsumoto et al., 2020; Wang et al., 2015; Xiu et al., 2016). The differential
modulation among the clones let to hypothesize that cathepsin D may affect the overall amount of
annexin A2 and its interaction with STAT3. To test our hypothesis, we analyzed protein content in
SH-SYSY clones through western blotting. We found a markedly reduction of annexin A2 level in
Over CD, both in EGF-stimulated cells and untreated control, compared to that of KD-CD (Figure
2D). Cathepsin D overexpression not only downregulated the overall amount of annexin A2, but also
impaired its association with phospho-STATS3, as indicated by the co-immunoprecipitation (Figure

2E). This effect was markedly evident upon 24 hours of EGF treatment.
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Figure 2. Cathepsin D overexpression reduces STAT3 phosphorylation and the binding with annexin A2.

3. Cathepsin D overexpression contrasts EGF-induced NB cell migration and invasion

The annexin A2-STAT3 axis is well known to enhance the malignant features of cancer cells. Thus,
we analyzed the migratory and invasive potential of transfectant clones. We performed a scratch
wound healing assay and we monitored cell migration through the phase-contrast microscope (Figure
3A). Previous results showed a reduction of phosphorylated STAT3 and annexin A2, and of protein-

protein interaction in Over CD. Coherently, the migration rate of those cells after 96 hours was 3-
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times less compared to KD-CD (Figure 3B). The rate of healing was calculated based on the distance
between the two fronts of the wound using the Imagel software (Figure 3B). KD-CD were the fastest
to heal the wound, evident from 24 h incubation onward. In the presence of EGF almost 99% of the
wound was healed by 96 hours, whereas the Over CD clone was rather insensitive to EGF stimulation,
and the migration rate was approximately 37% in treated condition. Noteworthy, the absence of
cathepsin D strongly accelerated the healing process, conversely its overexpression slowed down cell
migration. Subsequently, KD-CD and Over CD clones were seeded in equal proportions (50% + 50%)
on sterile coverslips, let grow to nearly confluence and subjected to scratch-wounding (Figure 4A,
B). Cells were treated with EGF for 48 hours. Coverslips were fixed and processed for
immunofluorescence staining of CD (marker for Over CD population) and of TWIST1, a transcription
factor which promotes cell migration and acts as an oncogene in several cancers, including
neuroblastoma (Martin et al., 2005; Puisieux et al., 2006). The Figure 4A showed high levels of
TWIST1 in cells at the migration front upon EGF stimulation: these cells did not express cathepsin
D, indicator of the KD-CD population that are characterized by the greatest migratory ability.
Conversely, Over CD showed reduced motility, remained far from the wound, and expressed low
level of TWIST1 (Figure 4B).

The transwell migration assay (Figure 4C) essentially confirmed the above observations, supporting
the fact that EGF much more stimulated the motility of CD knockdown cells, (that are more sensitive

to EGF stimulus), compared to that of Over CD when the two populations are co-cultured.
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Over CD.
4. HSC70 competes with STAT3 for the binding with annexin A2

The Heat Shock Cognate protein 70 (HSC70) is the most abundant molecular chaperone activated by
various cellular stresses, including starvation (Morimoto, 1998). Furthermore, HSC70 actively
controls cell growth and survival by regulating the protein turnover and the catalytic activity of
binding proteins (Frydman, 2001; Hartl and Hayer-Hartl, 2002). The HSC70-mediated recognition
of cytosolic substrates occurs via the pentapeptide KFERQ that conduces proteins to the lysosomal
membrane surface (Chiang et al., 1989). The core domain of annexin A2 contains a KFERQ motif.
It is well known that annexin A2 acts as a scaffold for signaling proteins, such as STAT3, and controls

cell proliferation, epithelial-to-mesenchymal transition (EMT), invasion and migration (Wang et al.,
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2015; Matsumoto et al., 2020; Wang et al., 2015; Xiu et al., 2016). Increased HSC70 levels impaired
the binding of annexin A2 with SHP2, a phosphatase that plays a pivotal role in the biological
responses to growth factors, inhibiting EGF-induced cell proliferation (Yoo and Hayman, 2007).
Since HSC70 acts as a molecular competitor with signaling proteins, we hypothesized that the
chaperone may challenge annexin A2-STAT3 interaction, competing with STAT3 for annexin
binding. Thus, we performed an immunofluorescence double staining for annexin A2 (marked in
green) and HSC70 (in red) on SH-SYS5Y clones seeded on sterile coverslips (Figure 5A). The short-
term stimulation with EGF (45 minutes) enhanced their colocalization, as indicated by the increased
yellow signal compared to untreated control, in all the clones. Annexin A2 and HSC70 interacted
each other, regardless the presence of cathepsin D. The absence of nutrients (EBSS condition) was
also capable of inducing HSC70/annexin A2 binding, yet to a lesser extent. The hypothesis that
HSC70 may compete with STAT3 for binding was tested through the co-immunoprecipitation assay
(Figure 5B). As confirmation, annexin A2 (extracted from cell homogenates with a specific primary
antibody) interacted both with phosphorylated STAT3 and HSC70, in all the three clones. In control
condition, any differences were detected between CD knockdown or CD overexpressing cells. The
short-term stimulation with EGF slightly increased annexin A2/phospho-STAT3 interaction in KD-
CD compared to that of Over CD. Next, me measured the protein content through western blotting
and we found an increased HSC70 expression after EBSS-treatment (Figure 5C). EGF triggered
tyrosine-23 (Tyr23) phosphorylation of annexin A2 in Sham, KD-CD and Over CD clones. In EBSS
condition we detected two distinct bands of ANXA2 only in CD-expressing cells. Intriguingly, in

KD-CD clone no fragments were observed.
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5. EGF triggers the lysosomal internalization of annexin A2 through chaperone-mediated

autophagy

We know from the literature that HSC70 regulates the degradation of intracellular proteins and
regulates cell homeostasis (Agarraberes et al., 1997; Yoo and Hayman, 2006; Yoo and Hayman,
2007). Upon selective recognition, HSC70 drives substrates to the lysosomal membrane surface and
the Lysosome-Associated Membrane Protein type 2A (LAMP2A) mediates their internalization. This
type of selective lysosomal degradation is called chaperone-mediated autophagy (Mizushima and
Komatsu, 2011). After inducing ANXA2 phosphorylation and interaction with HSC70, EGF
triggered its translocation into the lysosomes, as indicated by the increased colocalization between
LAMP2 and phospho-annexin A2 (Figure 6A). Therefore, we wondered whether annexin A2 and
cathepsin D may interact within the lysosomes. To test this hypothesis, we performed an
immunofluorescence for cathepsin D (red channel) and annexin A2 (green channel) on fixed Sham
cells. The short-term stimulation with EGF (45 minutes) markedly increased their colocalization,
which was barely detectable in EBSS condition (Figure 6B). The co-immunoprecipitation (Figure
6C) confirmed the above findings and demonstrated that annexin A2 is a substrate of lysosomal
cathepsin D. To be noted, the western blot previously performed highlighted the presence ofa smaller
fragment of annexin A2 in CD-expressing cells (Figure 5C). At this point, our aims were to explore
in detail the significance of cathepsin D-annexin A2 interaction and to assess whether a post-

translational modification could affect any cellular phenotypes.
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6. Cathepsin D mediates proteolytic cleavages of annexin A2 generating smaller peptides

We sought to reproduce in vitro CD/ANXA2 binding and to test the effects deriving from this
interaction. Firstly, we measured CD protein content in Sham treated with Pepstatin A and in KD-
CD incubated with EGF and EBSS. As expected, in knockdown cells CD was barely detectable
(Figure 7A). In the same experimental conditions, we detected the full-length form of annexin A2
(Figure 7B). Then, we performed the in vitro protease assay (Figure 7C, D), in which
immunoprecipitated cathepsin D (extracted from Over CD homogenates) was added to Sham and
KD-CD-derived samples. An incubation of 3 hours at 37 °C was carried out and then samples were
processed for western blot analysis. In the panel 7C, we showed the addition of exogenous cathepsin
D in Sham and KD-CD. Interestingly, in these conditions, different smaller peptides besides the full-
length form of annexin A2 were clearly detectable, below 36 kDa (Figure 7D). The fragments were
generated by the proteolytic activity of cathepsin D. Membranes were further incubated with an anti-
annexin antibody recognizing the first 49 amino acids at the N-terminal of the sequence and the same
bands were detected.

Data previously reported have identified a reduction of nuclear phospho-STAT3 (Figure 2A, B) and
a limited binding affinity for annexin A2 in Over CD cells (Figure 2D). These results let us to
hypothesize that the proteolytic cleavage may generate peptides unable to bind STAT3 and to drive
its nuclear translocation.

Our results identified for the first time a post-translational modification of annexin A2 as a direct
substrate of lysosomal cathepsin D. The proteolytic cleavage of ANXA2 may hamper its oncogenic

activities and counteract the malignant phenotypes of neuroblastoma cells.
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7. siRNA-mediated silencing of ANXA?2 inhibits the migration and proliferation of CD-

knockdown cells

To prove that the proteolytic cleavage of annexin A2 hampers its oncogenic activities, and consistent
with this interpretation Over CD cells showed in fact reduced cell proliferation, migration and
invasion, we expect to observe the same behavior in KD-CD cells silenced for ANXA2. Thus, we
proceeded by transfecting the CD knocked-down clone with siANXA2. As confirmation, the siRNA
transfection strongly reduced NB cell migration and this effect was evident from 24 hours onward
(Figure 8A). siANXA2 silencing greatly slowed down the healing of the wound even in the presence
of EGF, in fact the 80% of the heal was still open at 96 hours. In control condition (Co-Duplex), the
migration rate was approximately 80% upon 96 h of EGF stimulation. The efficiency of siRNA
transfection was shown in Figure 8B. Knockdown of ANXA?2 significantly suppressed the colony-
forming ability of KD-CD cells, a reduction of 2.1 times was observed in EGF-treated condition
(Figure 8C). Conversely, the normal expression of endogenous annexin A2 (which remained

unprocessed because of the absence of CD) enhanced cell proliferation and colony formation.

Our previous findings demonstrated that high cathepsin D inhibits MAPK signaling activation and
contrasts EGF-induced neuroblastoma cell growth (Secomandi, Salwa et al., 2022). Here, we

described a molecular mechanism through which CD exerts an anti-proliferative activity.
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Discussion

Annexin A2 is a calcium-dependent phospholipid-binding protein involved in various cellular
processes, including cell proliferation, adhesion, migration, invasion, and angiogenesis (Gerke and
Moss, 2002). Overexpression of ANXA2 was observed in many tumor types and it was correlated to
cancer progression and poor prognosis for patients (Zhang X. et al., 2012; Lokman et al., 2011). In
pathological conditions the molecular mechanisms controlling its functions and localization could be
dysregulated.

In the present study, we described for the first time a post-translational modification of annexin A2
which inhibited its oncogenic activities. The lysosomal enzyme cathepsin D exerted proteolytic
cleavages within ANXA2 amino acid sequence, releasing peptides with reduced binding affinity for
STATS3.

Cathepsin D is a soluble aspartic endopeptidase resident within the acidic endosomal-lysosomal
compartments of mammalian cells. CD mediates the degradation of extracellular proteins as well as
intracellular molecules delivered to lysosomes by autophagy (Castino ef al., 2003). This function is
associated to the maintenance of cellular homeostasis and, consequently, cell growth control
(Lockwood and Shier, 1977;). CD overexpression along with defective segregation in the acidic
compartments induce an aberrant secretion of the precursor proCD (Isidoro et al., 1995¢), event
associated to increased tumor size, grading and chemoresistance in a variety of malignancies (Cunat
et al., 2004; Leto et al., 2004). The extracellular secretion of proCD elicits oncogenic activities
missing the intracellular functions. Our previous findings demonstrated that high cathepsin D exerts
anti-proliferative effects on neuroblastoma cells, inhibiting the activation of MAPK signaling in
response to EGF (Secomandi, Salwa, ef al., 2022). Here, we described how CD hampers the
oncogenic activity of annexin A2, contrasting the malignant behavior of NB cells. The HSC70-
mediated lysosomal internalization of full-length annexin, through chaperone-mediated autophagy,
reduced the pool of free protein able to interact with STAT3 and drive its nuclear translocation.
Hence, the importance of the proteolytic cleavage, which altered annexin’s structure hampering its
oncogenic potential. In fact, Over CD showed reduced growth, migratory and invasive potential
compared to CD-knockdown clone. The present study described a novel tumor-suppressive role of
lysosomal cathepsin D. Getting insight into the molecular mechanisms regulating cell growth will be
helpful to identify new targets and to stratify patients based on CD expression. The employment of

stimulators of cathepsin D synthesis and activity could benefit neuroblastoma prognosis.
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Chapter 5

Discussion and Conclusions

Cathepsin D is a soluble aspartic endopeptidase resident in acidic cellular compartments, where it
accomplishes the degradation of extra- and intra-cellular proteins, delivered to lysosome by
autophagy, as well as the proteolytic modification of substrates (Castino ef al., 2003). These functions
are associated with protein homeostasis and affect cellular processes, including cell growth (Isidoro
et al., 1995¢; Lockwood and Shier et al., 1977). The defective maturation, localization and function
of cathepsin D influence its activities and cell behavior. It is well established that the abnormal
secretion of the precursor proCD, that can be found in culture media and body fluids of tumor bearers,
elicits oncogenic activities (Nicotra et al., 2010; Laurent-Matha et al., 2005; Pranjol et al., 2018;
Benes et al., 2008; Jha et al., 2019; Sagulenko et al., 2008). proCD may undergo autoactivation in
the acidic tumor microenvironment where it degrades the extracellular matrix, releasing active growth
factors and promoting cell growth and angiogenesis (Nicotra et al., 2010; Jha et al., 2019). Therefore,

it is crucial that cathepsin D is correctly segregated to perform its proper functions.

First, we reported that patients bearing a neuroblastoma that expresses high level of CD benefit from
a better prognosis and longer overall survival. On the opposite, individuals with high EGFR and
CTSD manifested the worst clinical outcome. Accordingly, two-thirds of patients at INSS Stage 4
present with a low level of C7TSD expression. This indicates that neuroblastomas with CD deficiency

grow and progress faster than neuroblastomas highly expressing CD (Secomandi, Salwa et al., 2022).

When cathepsin D is retained intracellularly can control cell cycle, downregulate EGFR/MAPK
signaling and inhibit NB cell proliferation. In this context, it is of relevance that SH-SYS5Y
overexpressing CD showed high p21 and were less responsive to EGF stimulation, whereas SH-
SY5Y knocked-down for CD were basally more proliferative and more responsive to EGF
stimulation. Notably, Sham-transfected SH-SY5Y cells, which retain the ability to modify protein
level, responded to EGF by increasing cell proliferation, along with downregulating the level of
endogenous CD. To our knowledge this is the first report showing such an effect of EGF on CD

expression in cancer cells.

The conventional 2D cellular model often does not adequately reproduce the dynamic conditions and
relations present within the tumor mass. Cancer shows a wide genetic heterogeneity and during tumor
evolution different clones compete for survival and overtake each-other. Multicellular 3D models
much closely resemble the in vivo tumor structure (Pozzi et al., 2021) and neurospheres may mimic

clusters of metastatic cells which disseminate in secondary sites. Important molecular and phenotypic
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differences between cancer cells cultured as 2D monolayers, or in suspension as 3D spheroids, have
been reported. These alterations result from changing in signaling cascades, metabolic processes and
different access to nutrients and growth factors (Zingales et al., 2021; Hall et al., 2021; Hartwig et
al., 2021; Riedl et al., 2017; Pickl and Ries, 2009; Weigelt et al., 2010; Ekert et al., 2014).

In the second part of the work, we investigated whether and how cathepsin D plays a role in the
metastatic process and to recapitulate in vitro the steps of metastatic spreading, we switched the type
of culture system. We employed neuroblastoma SH-SYSY transgenic clones engineered for
overexpressing or silencing CD expression, cultivated alone and in combination for mimicking tumor
heterogeneity. Interestingly, we found that high levels of cathepsin D favor the survival of floating
spheroids. However, when these neurospheres were switched to grow onto solid substrate, mimicking
the formation of a secondary metastasis, CD downregulation is necessary to allow adhesion and
proliferation in anchorage-dependent condition. In fact, KD-CD clone grew faster, forming wide
secondary colonies and overtook the Over CD clone in mixed cocultures. To be noted, Sham
transgenic clone reduced the intracellular level of CD when grown in adhesion, further supporting
the fact that cathepsin D can be differentially regulated during the reversible transition for adherent-

to-suspended-to-adherent growth of metastatic clones.

Lastly, we described a molecular mechanism through which CD exerts an anti-proliferative activity
by processing oncogenic annexin A2. Accumulating evidence suggest that interactions between
annexin A2 and bindings proteins, such as STAT3, play an important role in cancer progression and
metastasis. Here, we found that the proteolytic cleavage of annexin A2, exerted by lysosomal
cathepsin D, reduced the binding affinity of ANXA2 for the transcription factor STAT3. In
accordance, cell proliferation, migration and invasion were counteracted by CD overexpression,
which reduced the pool of free full-length annexin A2, even when cells were stimulated to grow by
EGF. As confirmation, siRNA-mediated silencing of ANXA2 in CD knocked-down cells, rescued
the phenotypes.

Collectively, our results may have a translational relevance and we propose cathepsin D as a possible
biomarker for the stratification of neuroblastoma patients in view of personalized medicine. In this
respect, testing the effects of cathepsin D stimulators in CD low-expressing tumors could represent a
novel therapeutic strategy to ameliorate patients’ outcome. These patients could in fact benefit from
a therapy combining EGFR inhibitors with a drug inducing the expression and/or stimulating the
activity of cathepsin D, such as the nutraceutical resveratrol (Trincheri ef al., 2007).

In conclusion, we have uncovered novel anti-proliferative roles of intracellular cathepsin D that mihgt

be exploited to ameliorate neuroblastoma treatment, and likely other neoplasms.
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Appendix

In this section, I append the published papers regarding the other ongoing projects of
the Laboratory and external collaborators in which I have participated.
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Abgtract: Diffuse larpe B-cell lrmphoma (DLECL) is characterized by hizgh molecalar and clinscal
h.:t‘::u-gmﬂl}' AntnP-hag?_, .a.lymz-d.ﬁ.rm catabolic process desoted to macomolecular tumo-
wer, iz fundamental for maintaining normal hematopodetic stem cells and progenitors” homeostasis,
and itz dy=regulation plays a critical role in indbation and progression of hematological malignan-
cies. One main repulator of autophapy is BECLINI, which inferacts with either BCLZ, thus allowing
apoptosis, or FOEC), thus promoting autophagy-dependent cell survival BECLINI is coded by
BECNI, a tumor suppressor pens. Alfered sxpression of BCLZ and M52A1 (CD20) corvelates with
ly'nTl\nm.a outcome. but its assodation wath i.utuphag? d!_?:mgul:.limrﬂ:ni:i.:u‘tu be elucdated.
We :in{'::rnga‘tcd the TCGA database to .in:}m how the ﬂq::r\c:::i.m of BCLZ, MS54A1 and BECHI
impacts on DLBCL survival. The TCGA database contains full information for 46 DLBCL patiends.
DLBCL highly expressing BCLT and M52A7T showed poor prognosis, while DLECL hiphly express-
ing BECINT showed belter prognosis. The expression of BCLT and M52A7 positively correlated with
mgmjrpaﬂvways [:.g, glul:ns: hirl@m‘t, HIF1A :ig.ru].'i.ng_. JAE-STAT :ign:li:ng, PE-E:—AL"Tsi.g-
naling, and mTOR sipnaling) and negatively correlated with autophame-related procasses. BECINI
wWas h:l.gh}_lr ﬂq::r\c:sl:d. m a small number of Paﬁ.:nl: shn'w:ing Im‘l.gcr survival, :i.mi.il:a.ting that ifs
expression could predict better prognosic. Theze fndings unweil for the first ime 2 link between the
expression of M54AT and BCL? and of BECHT and suggest that impairment of BECH1-dependent
autophagry influences poor prognosis in DLECL with high AMS2AT and BCLZ and low BECNT ex-
pression. Shimulating autophagy with drugs distupting BECLIN1-BCL-2 interachon could be a wal-
uable stratesy for rastoring chemosensitivity in DLECL.

Eeywords: personalized medicne; lvmphoma; CD20; autophapy: overall survival: TOGA: progno-
=15, broimformatics.

1. Introduction

Diffuse large B-cell lymphoma (DLECL) is the mest common subtype of B-cell non-
Hodgkin lymphoma (B-INHL) in adults, accounting for 30-20% of cases globally [1-3].
DLECL is characterized by the clonal proliferation of mature E-cell expressing the B-cell
surface anfigens CD19, CD20, CD22, and CD7?a/b. DLBCL presents high clinical hetero-
geneity that reflects the molecular heterogeneity of gene expression [3-5].
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ARTICLEINFO ABSTRACT

Eepwonki Keloids are characterized by increased deposition of fbrous tesoe in the skin and subcutaneces tiesee following

Hﬂ{‘#"‘“ an ahnormal wound bealing process. Akbough keloid eticlogy is yet to be fally undesstood, fibroblasis are knows

Kol o be key playess in its development. Bere we analyze the antiffbrotic mechasisms of Halofuginone (HF), a dnog

::"F'ﬁlimm repartedly able to inhibit the TGFP1-Smad? pathway and to atienusate collagen synthesis, in an o keloid

Pibwoss mode] sing patient-derfved Kebodd Fibroblasts (KFs) isolated from fibrotic tssue collected during the “Scar
‘Wars™ clinical stody (NCT NCTO3312166). TGEE-E1 was used as a pro-fbrotic agent to sdmulate fheoblasts
respanse under HE trestment. The Sheotic related properties of KPs, including sorvival, migration, proliferation,
mycfibroblasts comversion, ECM synthesis and remodeling, were investigated in 20 and 20 cubrores. HF at 50 nM
comcentration impaired KEs proliferation, and decreased TGFP1-induced expression of a-58A and type | pro
collagen production. HE treatmest ako reduced KFs migration, prevented matrix contraction asd increased the
metallo-proteases Ainhibitors (MMP/TIMF) ratio. Owverall, HF elicits an anti-fibrotic contrasting the TGE@
stimulation of KFs, thus supporting its therapeutic wse for beiold prevention and management

1. Introduction in visible aress [3]. Eeloids may reqult from different chin injuries,

Since 2015, Warld Health Organization defines keloids az 2 member
of a group of disordern “cherocterized by increered deposition of fldwows
tizmur in the skin and suboutaneows e [1]. Accordinghy, keloids are
conzidersd not just pathological ocars, rather the outcome of an
abnormal woumd healing proces:s with features gimilar to that of dhronic
inflamematory diseases and cancer [Z). Clinically, keloids present az 2
pruritus, and serioualy affect patient quality of Life when they are locabed

location appears mainky confined to chest, choulders, neck and eams [4].

Deqnt!d::amp]ennzt;uftrmmamlabh.whd:.mﬂmk
mmmmmkmﬁi?ubbn}mm
publizhed yet [S]. Surgery in commeonly indicated in order to reduce
heloid volume, despit= the high rate after evcizion and the
development of a fibrogiz worne than the initial one [6]. The lack of
effective treatments cleachy reflects our poor undemtanding of keloid
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How Autophagy Shapes the Tumor
Microenvironment in Ovarian Cancer

Alessandra Farraresi’, Carlo Girone’, Andrea Esposito”, Chiara Vidoni®, Letizia Vallino ",
Bleonora Secormandi ', Danny M. Dhanasekaran® and Ciro kidoro ™

'Lﬂ‘.nmaynFMn'ncLh'Pd‘ld:w. Dreprrrirneni of Hixs'lh Scinces, Uhersid o Pismorde Orerds'e A Avogado”,
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Owarian cancer (OC) is characterized by a high mortality rate due to the late diagnosis and
the aevated metastatic potential. Autophagy, a lysosomal-driven catabolic process,
confributes to the macromolecular turnover, cell homeostasis, and survival, and as
such, it represents a pathway tangetable for anti-cancer therapies. It is now recognized
that the vascularization and the celliar composition of the tumor microenvironment
infiuence the dewelopment and progression of OC by controling the availabilty of
nufrients, oxygen, growth factors, and inflammatory and immune-reguiatory soluble
factors that uitimately impinge on autophagy reguiation in cancer cells. An increasing
body of evidence indicates that OC carcinogenesis is assodated, at least in the early
stages, to insufident autophagy. On the other hand, when the tumor is already
established, autophagy activation provides a sunival advantage to the cancer calls that
face metabolic stress and protects from the macromolecules and organelles damages
induced by chemo- and adictherapy. Additionally, upregulation of autophagy may lead
cancer cells to a non-proliferative domant state that protects the cells from toxic injuries
while presenving their stem-like properties. Further to complicate the picture, autophagyis
dereguiated also in stromal cedls. Thus, changes in the tumor microemdronment reflect on
the metabolic crosstalk between cancer and stromal cells impacting on their autophagy
levels and, consequently, on cancer progression. Here, we present a brief oveniew of the
role of autophagy in OC halmarks, including tumor dormancy, chemaoresistance,
metastasis, and cal metabolism, with an emphasis on the bidirectional metabolic
crosstalk betwean cancer cells and stromal cedls in shaping the OC microemvironment.

Keywords: cancer, oell metbolism, dormancy, cyioki ch st a, autophagy, iabed
fitroblas s, infh -

INTRODUCTION

Orvarian cancer (M) emerges as the eighth most commonly diagnosed cancer among women
worldwide and the leading cause of death among gynecological malignancies (1), Epithelial ovarian
canders are characterized by extensive genomic instability with mutations in several oncogenes and
tumor suppressor genes induding BRAF, KRAS, TP53, BRCAL/2, and PTEN, among others, that
ident ity different subtypes with ditferent behaviors and prognoses (). The cumrent therapy for (2O
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Epigenetic targeting of autophagy for cancer prevention and treatment by

natural compounds

Chiara Vidoni™', Alessandrma Ferraresi™', Eleonora Secomandi®, Letizia Vallino®,

Danny N. Dhanasekaran®, Giro Isidoro™*
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ARTICLEINFO ABSTRACT

Kipsi aris De=pit= the mndenishls progres mades in the last decades, canoer continnes to challenge the soentists sngaged in
Herb searching for an effisctive treatment for its prevention 2nd oore. One of themal ignant hal merks that chor aoter =
Thatragy ) mneer oell binlogy i the altened metabaolism of sugars and amino acids. Amophagy & 2 pathway allowing the
;?;:umnm ma amal smlar tumaver via negycling of the substrates resulting from the 1ysos omal d egradation of damaged ar
X redundant cell molecules and arganelles. Assuch, autophagy guarantess the profsome quality contral and ce=ll
Lang oo codiog RNA homeostasic. Teta from in viro, in animak and in petents messanches show that dysregulation of sunphagy
fvars carcinogenssis and @ncer progresion, maling this prooes 2n inel uotahle target of @neer therapy. The
autophagy proass is regulated 2t genetic, epigenstic and post translational level. Targeting autopha gy with
epigenetic modifiers muld represent 2 valnahle strategy to prevent or treat cancer. A wealth of natural producs
from terrestrial and marine living organisms poemess anh-cancer activity. Here, we review the sxperimental
proafs demomsirating the ability of namral ompomds to regnlste sutophagy in cancer via epigenstics. The hope
is that in the near foture this inowledge could translate into effective ntervention to prevent and ome cancer.

1. Introdueton remain o be determined on long run.

Cancer is a cell proliferative disorder that compromises the stme-
tueral and fune tional relationships between organs and that evenneally
impacts on the whole srganism homeostasis, often causing death of the
affected patient. Our knowledge on the molecular and cellular evenis
that underlie the proces of carcinogenesis has greatly increased in the
last decades, yet this knowledge only in rare cases could translate in
satisfictory meatments of cancer. The therapy with taditional chemi
cals may lead to initial shrinkage of the umoral mass, yet on long term
it resulis in selecting resBtant clomnes that persist ina dormant stave and
later give rige to relapse. Regrettably, radio- and chemotherapy have
sytemic deleterios effects that frequently discourage the patients 1o
comtinue the therapy. Also, these treatments may themselves introduce
DMA damages and gene mutations leading to secondary tumors [1,2].
The targeted molecular therapy with specific antibodies [3] or kinase
inhibitors [4] and, more recently, the CAR-T immunotherapy [5] bring
the promise totreal cancers more sucoesshally, vet with side effects that

At any rate, because of the multifaceted character of solid emaors
[&] and of the complex contribution of the microenvironment in umor
development and progression [7] o have chance of sucoes the ther-
apeutic srategy must include compounds that can target more than jest
one single malignant feature.

Targeting cancer cell metabolism is one option returned oy Fashion
since it was st proposed a century ago. In this respect, autophagy las
gained msch interest in the last twenty yeas among scientias looking
for novel anti-cancer therapeutic strategies [E]. The term “autophagy”
means “eli-eating’ and was coined by Christian De Duve in the eardy
sivties o mean the process by which the cell literally eats and degrades
its own constitsents within the lysosomes [9). The callular substrates
can be transiemed into the lysosomes via three pathways, which iden-
tify the three types of autophagy for degradation: macm-autophagy,
micrm-auophagy and chaperonemediated amophagy [10]. OF these
three types, the first is by far the most relevant for the macromolec ular
tumover because of the amount and the dimension of the cellular

Abbrevigtions: ATG genes, autophagy related genes; DRMT, DNA methyltransferase; BGOG, EpiGalloCaiechin-d-Gallate; HAT, hisione actyltrandferase; HIMLEC,
histone dearetylame; HMT, histon= methyitransferaes; LA, Lysnesspecific histone demethy les 1
* Corresponding anthar at Dipartimenin di Scierme dells Salute, Universits del Fiemomte Orientale *A. Avogadro”, ¥ia P. Solaroli 17, 28100, Novara, kaly.

E-mail addrese dro.isidoro@med ininpo.it {C. Isidaro).
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Modulation of non-coding RNAs by resveratrol in ovarian cancer cells: m

In silico analysis and literature review of the anti-cancer pathways
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Backgrownd and aim: Non-coding BRMAs control cell functioning through aflecting gene expression and
translation and their dysregulation & asociated with altered cell homeostasis and diseases, including
cancer. Nutracewticals with anti-cancer therapeutic potential have been shown to modulate non-ooding
RMAs expresson that cowld impact on the expresson of genes involved in the malignant phenotype.
Eeperimental procedure: Hene, we report on the microarray profiling of microRMAs (miRMAS) and long
non-coding BMAs (IncRMAs) and on the associated biochemical pathways and functional processes
potentlally modulated in OVCAR-3 ovarian cancer cells exposed for 24 h to Resveratra (V) a nutra-
ceutical that has been shown to inhibit carcinogenests and cancer progression ina vanety of human and
amimal maodels, both in vitn and it W, Diama tosls and Gene Ontology (G0) pathway analyses alomg
with Pubmed literature search were employed to identify the cellular processes possibly affected by the
dysrerulated miENAS and IncRNAS
Resulrs and conclision: The present data consistently support the contention that BV omsld exert aniti-
neoplastic activity via non-coding RMAsS epigenetic modulation of the pathways governing cell homeo-
atasts, cell proliferation, cell death and cell maotiline
& 2020 Ceniter for Food and Blomolecules, Mational Talwan Univers ty. Production and hosting by Elsevier
Taiwan LLC This is an open access article under the OC BY-NC-ND license | hitp: |/cre.ati ve oommaens.ong |
licemses/by-mne-nd 4.0/

1. Introduction

deaths for cancer’ Owvarian @ncer is frequently diagnosed in the
late stage because it develops asymptomatically in the early stage

COvarian cancer remains among the deadliest gynecological
cancer in women worldwide. Based on a recent statistic, it is pre-
dicted thatin 2019 in US there will be more than 22,000 new cases
of ovary cancer, with about 14,000 deaths that represent 5% of all

Abbrevia ions: mikMNA, micoRNA; IncRNA, long non-mding RNA; RV, Resvera-
tral; GO, Gene Omtology; EMT, Epithelid to Messnchymal Transition; TCGA, The
Cancer Genome Atlx

* (ommesponding author. Dipartimento di Scienz della Salute, Universita del
Piermonie Orientale A Avogadno®, Via P. Solarali 17 28100, Novara, ahy T=l- =39
031 660 507

E-mail s drex ciro dsido ro@msd uninpo it (C 1sdana).

Peer review under respomsibility of The Center for Food and Biomaleoules,
Mational Taiwan LU niversity

! These authors have equally mntributed and should be regaxled as fist m-
authars.

hitps: [ olorg) 1010716 fjtome2 120 02 006

and manifests its presence after it has spread in the peritoneum and
distant organs® In most c@ses, surgery and chemotherapy elidt an
initial good response, which however is followed by relapse of
chemomsistant dones that inevitably lead to death the patent **
The tumor micoenvironment, with its unique composition in
stromal and immune cell-derived cytokines and of blood and
lymphatic vessels that determine the availability of nutrients,
growth factors and oygen, plays a Fimal mle in ovarian cancer
cell metabolism and progression.®

There is an urgent need for understanding the molecular history
of ovarian cardnogenesis in order to identify novel pharmacologic
targets. Mumemus onocogenes and tumor suppressor driver genes
are found mutated in chemoresistant ovarian cancers.” In addition
to these mutations, also the altered epigenetic regulation of onco-
genes and tumor suppressor genes contributes to ovarian card-
nogenesis.* " Epigenetic regulation of @rdnogenic driver genes

22254110 fe 2020 Center for Food and Biomal acules, Mational Taiwan University. Production and hosting by Elevier Taiwan LLC This is an open aooess antide under the (C

BY-NC-ND licenze (hitp: [foreativecommons.onglioens es/y-nond/4.07L
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Autophagy drives osteogenic m@_

differentiation of human gingival

mesenchymal stem cells

Chiara Vidoni?, Alessandra Ferraresi’, Eleonora Secomandi’, Letizia Valling”, Chizrz Gardin®, Barbara Zavan™,

Carmen Morellaro® and Ciro ksidor’ @

Abstract

and immunoflucrescence staining of spedfic markers.

differantiation of HGMSCs.

Backgroundfaim: Autophagy & a macromalecular degradation process playing a pivatal role in the maintenance
of gemdike features and in the morpho-fundional remodeling of the fisues undergoing diferentiation In this
wiork we imvestigated the invohlvement of autophagy in the osteogenic differentiation of mesenchymal stem cells
anginated fram human gingiva HEWMSED). METHODS: To promate the asteogenic differentiation of HGMSCs we
employed resveratral, a nutraceutical known to modulate autophagy and cell differentiation, together with
asteoblastic inductive factors. Osteoblastic diferentiation and awophagy were monitored through western blatting

Results: We shaw that HGMSCs can differentiate into asteoblasts when cultured in the presence of appropriate
factors and that resveratral accelerates this process by up-regulating autophagy. The prolonged incubation with
dexamethasone, B-ghcerophosphate and ascorbic acid induced the osteogenic differentiation of HGMS o with
increasad expression of autophagy markers. Resveratral {1 M) alone elicited a less marked osteogenic
differentiation yet it greatly induced autophagy and, when added to the osteogenic differentiation fctors, it
provoked a synengistic effect. Resveratrol and ostecgenic inductive factors synergistically induced the AMPR-BECUMN-
1 pra-autaphagic pathway in differentiating HGMSCs, that was thereafter downregulated in ogteablastic
differentiated celle. Pharmacologic inhibition of BECUN-1-dependent autophagy precluded the asteogenic

Conclusions: Autophagy modulation & instrumental for ostecblstic differentiation of HGMSCs. The present
findings can be trarslated into the regenerative cell therapy of masillary / mandibular bone defects

Keywords: AMPE, BECLIN-1, Phytothe rapy, Ot eoblast, Resveratral

Background

Bone resorption, bone wound healing and osten-integra-
tion of implants remain major clinical challenges in ortho-
pedics and dentigtry. An attractive solution i exploiting
the regenerative potential of Mesenchymal Stem Cells
[MSCs) isolated from adult tisses that could differentiate
into ostenblasts and chondrocytes [1-3). In this context,
interest recently arose for MSCs from the lmina propria
of the gingiva (GMSCs), that represents an  easily

* Caomepandence ofalsd aagmed uniunalt

'Labarmsory of Maleoula Pahology, Depariment of Heal$h Sences,
Universtd del Pemome Onentae “A fvogadra’, Via P Salaell 17, 2200
Mo Il

Full Izt of authar informatan & aalkble 2 the end of the arede

B BMC

accessible source from which M5Cs can be kolted with
minimally invasive technigues [4—&]. GMSCs can be prop-
agated in vitro for long-time while maintaining a stable
phenotype and can be induced to differentiate into the
odeogenic lineage employing a variety of substances, in-
cluding herbal-derived polyphenals [7-11].

Recently, interest amse for the potential of resveratmol
[BEV, trans 354" tribydroxy-stylbene), a naturally ocour-
ring palyphenal, to prevent and cure bone loss-related dis-
eases [12, 13]. BV shows anti-inflammatory [14] and ant-
oatendastic activiies [15, 16] while showing ostenhblastic
differentiation promoting activities on MSCs [17-21])

& Thee Baxhonis 2005 Opn Acoess This amide |5 d sribuned under the oo of the Crevagyy e Commons Ao burion 40
Inamamonal Line e (e onen ks oo oy T oerae 5y A0, whid ch pe e unnesoric nad wse; disribidon, and
oo i ary e um, proekcierd oo ghe appropiae cred o the i | ausher ) and the soonoe, prosdce 3 link oo
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= Chapter 18

Methods for Monitoring Macroautophagy in Pancreatic
Cancer Cells

Chiara Vidoni, Alessandra Ferraresi, Christian Seca, Eleonora Secomandi,
and Ciro Isidoro

Abstract

Macmaumphagy isa cambalic proces through which redundant, aged, or damaged cdlubr srrucrunes are
first enclosed within double-membrane vesides (called antophagosomes), and thereafter degraded within
hraosomes. Macroautophagy provides a primary roure for the tumaover of macromoleculss, membranes and
organelles, and as such plavs a major role in cell homensrasis. As part of the stress response, aurophagy is
crudial to determine the cell fare in response to exracelular or inracelular injuries. Aurophagy is invohed
in cancerogenesis and in cancer progression. Here we illustrate the essendal methods for monitoring
autophagy in pancreatic cancer cdls,

Eey words Pancreatic cancer, Manophagy, LO3, p62, Autophagosome, Lysosome

1 Introduction
1.1 Autophagy at Macroautophagy (from now on simply autophagy) is a lyscsome
a Glance driven degradation process that allows for the elimimation of cellu

lar macrostructures (ie., membranes, organelles, macromolecules)
[1]. The autophagy process comprises of three steps. The first step
consists in the formation of the awtophagosome, a double
membrane vesicle that engulfs the cellular structures or molecules
that must be degraded [2]. This step is associated with the post
translational i nsertion within the inner and outer membranes of the
autophagosome of the LC3-11 protein. LC3-11 arises from the
proteclytic processing of the cytosolic precursor MAP-LC3
( Macrotubule Associated Protein Light Chain 3) that generates
the soluble LC3-1 isoform, which is subsequently conjugated with
PhospharydilEthanolamine (PE) [3]. In this step, the autophagy
substrates are sequestered within the autophagosomes through the
binding to specific receptors (e.g., p62,/SQSTM1) [4, 5]. In the
second step, the autophagosome fuses with numerous endosomes

Glarfa H. Sujed), Pancrestt: Cancer: Mathads and Profoools, Mathods in Mdscuar Bidogy, wal. 1882,
PtV dod oegd 101007 A78-1-4939-8873-2 18, & Spdnger Sdenos+Business Mada, LLC, part of Springer Mature 201 9
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