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SUMMARY

Accross the years, Precision Medicine has gained great importance establishing itself as “the future
of medicine”. In respect of the traditional therapeutic approach, which is universal and proposes
an equal cure for all people using strategies of treatment and prevention based on meta-analysis of
data patients, Precision Medicine offers a personalized therapy which takes into account the
individuality of each case. Despite challenging, this therapeutic approach is now employed in
different medical fields, especially in cancer care where a whole revolution has been initiated.
Actually, the most used types of treatment belonging to Precision Medicine in cancer care are: i)
targeted drug therapy, which makes use of the drugs designed to hit a specific target on cancer
cells; ii) immunotherapy, which is used to help the patient immune system attack cancer.
Unfortunately, whilst certain types of cancer have limited response to immunotherapy,
identification of new targets is particularly slow due to both high failure rate and excessive costs.
Therefore, discovering novel therapeutic approaches is mandatory in clinical practice for cancer
cure. Taking the abovementioned state of art into consideration, my PhD thesis has been conceived
to investigate both a possible alternative therapeutic approach for the pancreatic cancer, one of the
deadliest malignancies, and the centromere protein A (CENP-A), the centromeric variant of
canonical histone H3, which is fully involved in genome stability and promising therapeutic target
for cancer care. For this reason, my thesis consists of two distinct parts.

The first part reports published data regarding the combination treatment AdipoRon plus
Gemcitabine in pancreatic ductal adenocarcinoma (PDAC). PDAC accounts for 90% of all
pancreatic cancers and even if its incidence is not among the highest, PDAC prognosis is fatal. As
aresult of either aggressiveness or metastatic stage at diagnosis, chemotherapy constitutes the only
marginally effective therapeutic approach. Gemcitabine is still the cornerstone for PDAC

management, even though the low response rate and the onset of resistant mechanisms claim for



additional therapeutic strategies. Recently, the first synthetic orally active adiponectin receptor
agonist AdipoRon has been proposed as an anticancer agent in several tumors, including PDAC.
To address its therapeutic potential and propose a potential therapeutic strategy for PDAC care,
herein | investigated its pharmacodynamic interaction with Gemcitabine in human PDAC cell
lines. Surprisingly, their simultaneous administration revealed a more effective action in
contrasting PDAC cell growth and limiting clonogenic potential than single ones. Remarkably, the
combination AdipoRon plus Gemcitabine persisted in being effective even in Gemcitabine-
resistant MIA PaCa-2 cells. Moreover a different ability in braking cell cycle progression between
AdipoRon and Gemcitabine supported their cooperating features in PDAC, and PD98059-
mediated p44/42 MAPK ablation hindered combination effectiveness. Taken together, these
findings propose AdipoRon as a suitable partner in Gemcitabine-based therapy and recognize the
p44/42 MAPK pathway as potentially involved in combination outcomes.

The second part describes the state of art of the project about CENP-A, which | followed in the
last year of my PhD during the internship with Max Planck Institute of Molecular Physiology in
Dortmund, at the Department of Mechanistic Cell Biology directed by Prof. Dr. Andrea
Musacchio. CENP-A is the epigenetic marker of the centromere in eukaryotic cells. It maintains
centromere function ensuring the faithful chromosome segregation to daughter cells during cell
division. CENP-A overexpression, in fact, directly perturbs genetic stability causing centromere
dysfunction, chromosome instability and mitotic defects, which contribute in both tumorigenesis
and its progession. Furthermore, its overexpression is a common feature of many cancers.
Considering its crucial role in preserving genomic stability, CENP-A can be considered a potential
future therapeutic target for cancer care. Particularly, a strong reduction of CENP-A nucleosomes
dramatically increases the chance of centromere loss with severe consequences on the genomic
stability of the cell. Additionally, the deposition of new CENP-A on chromatin is uncoupled from
DNA replication and this implicates that the CENP-A pool is distributed, without new

incorporation, to the sister chromatids during DNA replication and then restored after mitotic exit,
]



when deposition occurs, to guarantee the centromere identity. For understinding the molecular
basis of centromere inheritance, the project is finalized to study CENP-A during S phase of cell
cycle trying to shed light on the composition of the CENP-A nucleosome before and after DNA
replication. To do this, | wanted to find a method to distinguish the pre-existing CENP-A protein
from the new CENP-A protein deposited in the early G1 phase. This task requires development
and standardization of a sophisticated synchronization protocol for differential labelling of the pre-
existing and new CENP-A in human retinal pigment epithelial cells expressing CENP-A-SNAP,

providing a predictable labelling schedule for additional validation experiments.



SOMMARIO

Nel corso degli anni, la Medicina di Precisione ha acquisito grande importanza affermandosi come
"il futuro della medicina”. Diversamente dall'approccio terapeutico tradizionale, che € universale
e propone una cura uguale per tutti, usando strategie di trattamento e prevenzione basate sulla
meta-analisi dei dati derivati dai pazienti, la Medicina di Precisione offre una terapia
personalizzata che tiene conto dell'individualita di ciascun caso/paziente. Nonostante la sfida,
questo approccio terapeutico e attualmente impiegato in diversi campi medici, in particolare in
oncologia, dove ha dato inizio ad una vera rivoluzione nell’approccio terapeutico. Ad 0ggi, i tipi
di trattamento appartenenti alla Medicina di Precisone piu utilizzati nella cura del cancro sono: i)
la terapia farmacologica mirata, che fa uso dei farmaci progettati per colpire un bersaglio specifico
sulle cellule tumorali; i) I'immunoterapia, che viene utilizzata per aiutare il sistema immunitario
del paziente ad attaccare il cancro. Purtroppo, mentre determinati tipi di tumore hanno risposta
limitata all'immunoterapia, l'identificazione di nuovi bersagli terapeutici & particolarmente lenta
sia a causa dell'alto tasso di fallimento sia per i costi eccessivi. Pertanto, nuovi approcci terapeutici
sono necessari per lotta contro il cancro. Prendendo in considerazione quanto sopra menzionato,
la mia tesi di Dottorato studia sia un possibile approccio terapeutico alternativo per il cancro al
pancreas, uno dei tumori piu letali, sia la proteina centromerica A (CENP-A), la variante del
canonico istone H3 tipica dei nucleosomi nella regione cromatinica, che & pienamente coinvolta
nella stabilita del genoma e promettente bersaglio terapeutico per la cura del cancro. Per questo,
la mia tesi si compone di due parti distinte.

La prima parte riporta i dati pubblicati riguardanti il trattamento combinatorio AdipoRon piu
Gemcitabina nell’adenocarcinoma duttale pancreatico (PDAC). Il PDAC rappresenta il 90% di
tutti i tumori pancreatici e anche se la sua incidenza non é tra le piu alte, la prognosi del PDAC é
fatale. Come risultato dell'aggressivita o della fase metastatica alla diagnosi, la chemioterapia

costituisce l'unico approccio terapeutico marginalmente efficace. La Gemcitabina rimane di fatto
v



ancora oggi il farmaco dell’clezione per cura del PDAC, sebbene il basso tasso di risposta e
I'insorgenza di meccanismi di resistenza richiedano ulteriori strategie terapeutiche. Recentemente,
AdipoRon, il primo agonista sintetico oralmente attivo dei recettori del adiponectina, é stato
proposto come agente anticancro in molti tumori, compreso il PDAC. Per avvalorare e supportare
il suo potenziale terapeutico e proporre una potenziale strategia terapeutica per il PDAC, ho
investigato sulla sua interazione farmacodinamica con la Gemcitabina nelle linee cellulari umane
di PDAC. Sorprendentemente, la loro somministrazione simultanea ha rivelato un‘azione piu
efficace nel contrastare la crescita delle cellule PDAC e limitare la loro capacita di formare colonie
rispetto ai singoli agenti. Di particolare importanza, la combinazione si € dimostrata efficace anche
in cellule MIA PaCa-2 resistenti alla Gemcitabina. Inoltre, la diversa capacita di bloccare la
progressione del ciclo cellulare tra AdipoRon e Gemcitabina ha supportato la loro cooperazione
in PDAC, e I’inibizione di p44/42 del pathway delle MAPK mediata da PD98059 ha ostacolato
I'efficacia della combinazione. Complessivamente, i risultati ottenuti propongono AdipoRon come
promettente partner per la Gemcitabina e individuano un potenziale coinvolgimento dei pathways
delle MAPK, e in particolare quello di p44/42, nei meccanismi d’azione alla base dell’azione
combinatoria.

La seconda parte, invece, descrive lo stato dell'arte del progetto su CENP-A, di cui mi sono
occupata nell'ultimo anno del mio Dottorato di Ricerca durante 1’internship con il Max Planck
Institute of Molecular Physiology di Dortmund, presso il Dipartimento di Biologia Cellulare
Meccanicistica diretto dal Prof. Dr. Andrea Musacchio. CENP-A ¢ il marcatore epigenetico del
centromero nelle cellule eucariotiche e determina la funzione del centromero, che assicura la
corretta segregazione dei cromosomi tra le cellule figlie durante la divisione cellulare. La
sovraespressione di CENP-A, infatti, perturba direttamente la stabilita genetica provocando
disfunzione centromerica, instabilita centromerica e difetti nella mitosi, che contribuiscono sia alla
tumorigenesi che alla sua progessione. Inoltre, la sua sovraespressione € una caratteristica comune

di molti tumori. Considerando il suo ruolo cruciale nel preservare la stabilita genomica, CENP-A
\



puo essere considerato un potenziale bersaglio terapeutico futuro per la cura del cancro. In
particolare, una forte riduzione dei nucleosomi di CENP-A aumenta drasticamente la probabilita
di perdita del centromero con gravi conseguenze sulla stabilita genomica della cellula. Inoltre, la
deposizione di nuovo CENP-A sulla cromatina e disgiunta dalla duplicazione del DNA e questo
implica che il pool di CENP-A ¢ distribuito, senza nuova incorporazione, ai cromatidi fratelli
durante la replicazione del DNA e poi ristabilito per garantire l'identita del centromero a termine
della mitosi, quando il nuovo CENP-A viene depositato. Per comprendere la base molecolare
dell'ereditarieta del centromero, il progetto e finalizzato a studiare CENP-A durante la fase S del
ciclo cellulare cercando di far luce sulla composizione del nucleosoma di CENP-A prima e dopo
la replicazione del DNA. Per fare questo, ho trovato un metodo per distinguere la forma
preesistente di CENP-A dal nuovo CENP-A depositato agli inizi della fase G1. Questo metodo
richiede lo sviluppo e la standardizzazione di un sofisticato protocollo di sincronizzazione, per
I’etichettatura differenziale del preesistente e del nuovo CENP-A in cellulle epiteliali umane del
pigmento retinico che esprimono CENP-A-SNAP, che fornisca un programma di possibili

etichettature per ulteriori esperimenti di convalida.
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PART I



1 INTRODUCTION TO INTEGRATING GEMCITABINE BASED-THERAPY WITH

ADIPORON IN PDAC TREATMENT

1.1 PANCREATIC CANCER

1.1.1 PANCREATIC CANCER: AN OVERVIEW

Pancreatic cancer is one of the most fatal malignancies. Global Cancer Statics 2020 report 495,773
new cases and 466,003 deaths for pancreatic cancer and classify it as the seventh leading cause of
cancer death worldwide due to its high mortality rate in spite of the incidence is far below the “top

cancers”, that are breast, lung and colorectum (Figure 1). (Sung et al., 2021)

Estimated number of new cases in 2020, World, both sexes, all ages Estimated number of deaths in 2020, World, both sexes, all ages
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Cervix uteri Liver Oesophagus Breast
604 127 (3.19%) 905 677 (4.7%) 544 076 (5.5%) 684 996 (6.9%)

Breast
2 261 419 (11.7%)

Lung
1796 144 (18%)

Lun,

2206 771 (11.4%)
Other cancers
3932 768 (39.5%)

Colorectum

Other cancers
935 173 (9.4%)

8 879 843 (46%)

Colorectum
1931 590 (10%)

Liver
830 180 (8.3%)

Prostate

1414 259 (7.3%)

Stomach Pancreas
1089 103 (5.6%) 466 003 (4.7%)

Stomach
768 793 (7.7%)

Total : 19 292 789 Total : 9 958 133

Data source: Globocan 2020
Graph production: Global Cancer ) e s
Observatory ( W

Figure 1. Global Cancer Statics 2020. (Adapted from Global Cancer Observatory — International Agency for
Research in Cancer)

Pancreatic cancer has 5-years survival rate of approximately 10% and estimated projection give it
as the second cause of cancer-related deaths by 2030, just behind lung cancer in the United
States. (Christenson et al., 2020) Moreover, the median age at diagnosis is around 70 years and it

is slightly more common in men than in women with 262,865 against 232,908 recorded cases in



2020. (Wang et al., 2020) In addition to age and gender, other risk factors for developing pancreatic
cancer are race, tobacco use, diet, diabetes, alcohol consumption, family history and inherited
genetic syndromes. (Klein, 2021) The incidence, for example, is lowest in Africa while higher in
Australia, Northern America and Europe maybe because of the exposition to some other
determinants associated with higher economic status, such as diabetes and being overweight;
smoking as well as obesity are modifiable factors which increase the likelihood of developing
pancreatic cancer; the germline mutations in the genes BRCA1/2, ATM, MLH],
TP53, or CDKN2A, represent further risk factors. In the end, pathological and molecular analysis
of this type of tumor has identified around 63 genetic mutations, especially in
KRAS, TP53, CDKN2A, and SMAD4 genes, which contribute to the dysregulation of at least 12
altered signaling pathways in pancreatic tumors, such as Raf-MEK-ERK and PI13K/Akt, and cause
heterogeneity leading to aggressiveness and lack of targeted therapy (Table 1). (Pompella et al.,

2020; Wang et al., 2021)

Frequency (%)" Role in tumorigenesis

KRAS 91% Constitutive activation of RAS-MAPK pathway promoting proliferation
TP53 70% Impaired recognition of DNA damage and cell cycle arrest

CDKN2A 46% Loss of regulation of the CDK4 and CDK6 growth checkpoint

SMAD 38% Alteration in TGF signalling permitting increased proliferation

ATM 3% Dysfunctional homologous recombination repair

BRAF 2:2% Constitutive activation of RAS-MAPK pathway promoting proliferation
BRCAI 1-3% Dysfunctional homologous recombination repair

BRCA2 1-3% Dysfunctional homologous recombination repair

MSI family 0-8% Impaired mismatch repair

PALB?2 0-7% Dysfunctional homologous recombination repair

NRGI fusion 0-5% Increased HER3 dimerisation with HER2 causing RAS-MAPK activation
NTRK fusion 0-3% Upregulation of TRK activity

ALK amplification 0-16% Constitutive activation of RAS-MAPK pathway promoting proliferation

*Percentage of pancreatic cancers with genomic aberrations.

Table 1. Genetic mutations in Pancreatic cancer (Adapted from Christenson et al., 2020)



1.1.2 PDAC: PREVENTION, DIAGNOSIS AND TREATMENT

Pancreatic cancer can develop from exocrine cells and neuroendocrine cells, such as islet cells.
The most common subtype of exocrine cancer is pancreatic ductal cell adenocarcinoma (PDAC),
which accounts for 90% of all pancreatic malignancies, while tumors derived from islet cells are
almost uncommon and constitute 5% of the pancreatic neoplasms. (Gao et al., 2020)

As the totality of pancreatic tumors, PDAC is difficult to prevent given that some risk factors, like
age, gender, race and familiarity, cannot be controlled. However, others which depend mainly on
lifestyle can be modulate so as to lower the risk to develop it. At this purpose, in accordance with
the increased likelihood, the most important avoidable risk factor is smoking. Next, it is
recommended to stay in healthy weight, perform regular physical activity and limit alcohol
consumption as much as possible. (Klein, 2021)

Unfortunately, the screening also is very tricky and unwarranted by the current available
technologies. Actually, screening is often applied only in high-risk population for predisposition
because of the lack of high specificity noninvasive tests. The detection of precursor lesions, and
consequently the early diagnosis, in these individuals is achieved thanks to the diagnostic accuracy
of endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA), which is the gold standard
for pancreatic cancer diagnosis. (Yang et al., 2021) Additionally, tardive diagnosis aggravates the
scenario: patients with PDAC have no specific symptoms until advanced stage.

At the time of diagnosis, PDAC patients can be classified into four categories based on extent of
disease: resectable, borderline resectable, locally advanced and metastatic. The major part of them
(almost 50%) are diagnosticated with metastatic stage in which the tumor has already spread to
other organs, such as the liver, lungs, or distant parts of the abdomen; then, the patients with a
locally advanced stage, in which cancer is still located only in the area around the pancreas and it
has grown close to nearby arteries, veins, or organs. For these groups, the surgical resection is
chiefly impossible while remains the best chance, sometimes in association with neoadjuvant

therapies, in the other two cases, when the tumor is localized or borderline localized. (Mizrahi et



al., 2020) In fact, the surgery, preceded or followed by chemotherapy with or without radiation,
represents the only chance for recovery in PDAC and the chemotherapy is the only one solution
to improve survival rate when the advanced stage leaves no longer chances of recovery. (Huang

etal., 2019; Qian et al., 2020)

1.1.3 GEMCITABINE AND COMBINATION THERAPY

Across the years, the combination therapy has received great attention as a potential successful
strategy to overcome resistance and mitigate toxicity targeting different pathways in cancer care.
The agents used in combination can works in synergistic or additive manner, and therefore a lower
therapeutic dosage of each single drug is required. (Bayat et al., 2017; Plana et al., 2022)

Regarding the pancreatic cancer, chemotherapy is a fundamental aspect of the comprehensive
treatment and systemic chemotherapy combinations including FOLFIRINOX (5-fluorouracil,
leucovorin, irinotecan, and oxaliplatin) and Gemcitabine plus nab-Paclitaxel remain the mainstay

of treatment for patients with advanced disease (Figure 2). (Riedl et al., 2021)

Fluorouracil analogues
FOLFIRINOX (meta-analysis shows
Erlotinib (in (shown to have survival advantage
combination with superiority over in combination
Gemcitabine gemcitabine) gemcitabine alone)  with gemacitabine
1 1 1
l >
1996 | 2005 [ 2011 2014
1990 2000 2010

2013
Nab-paclitaxel
(in combination with

gemcitabine
2015

Liposomal irinotecan
(in combination with
S-fluorouracil for
second-line therapy)

Figure 2. Timeline of U.S. Food and Drug Administration (FDA) approvals for the treatment of metastatic
pancreatic cancer. (Adapted from Christenson et al., 2020)

Although FOLFIRINOX provides significant results in improving both overall and median
progression-free survival, its side effects limit the administration only in patients with good
performance status. (Damm et al., 2021) Unfortunately, this limitation is very common in PDAC

patients given that the diagnosis happens in the major part of cases when the general health is
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already compromised. If the patient is not suitable for combination chemotherapy, the best
therapeutic regimen is Gemcitabine, which remains the standard of care for advanced PDAC. (Oba
et al., 2020)

Gemcitabine, or 2',2'-difluoro 2'-deoxycytidine (dFdC), is the most important cytidine analogue
developed by cytosine arabinoside displaying distinctive pharmacological properties and a wide
spectrum of antitumor activity in many cancers, including PDAC. (de Sousa Cavalcante et al.,
2014) To be effective, Gemcitabine requires cellular uptake and intracellular phosphorylation.
Inside the cell, the prodrug Gemcitabine is first phosphorylated to Gemcitabine monophosphate
(dFACMP) by deoxycytidine kinase (dCK) and then converted to the two active metabolites,
Gemcitabine di- and triphosphate (dFdACDP and dFdCTP, respectively). Moreover, Gemcitabine
has multiple intracellular targets and its antiproliferative activity is the result of several inhibitory
actions on DNA synthesis: dFdCTP competes with deoxycytidine triphosphate (dCTP) as an
inhibitor of DNA polymerase and its incorporation leads to termination of chain elongation;
dFdCDP is a potent inhibitor of ribonucleoside reductase, resulting in depletion of
deoxyribonucleotide pools necessary for DNA synthesis and, thereby potentiating the effects of
dFACTP (Figure 3). (Principe et al., 2021) Due to its low membrane permeability, the prerequisite
for clinically efficacy of Gemcitabine is the presence of nucleoside transporters (NTs) located in
the cell plasma membrane which guarantee its uptake. Consequently, when the NTs are not well-
expressed or inhibited, patients are resistant to Gemcitabine. In addition, activating and
inactivating enzymes and competitive substrates involved in the activation of metabolites also play
a crucial role in the mechanism of resistance to this drug. Regrettably, the extensive administration
of Gemcitabine and its limited toxicity usually conflict with a very low response rate and resistant

mechanism acquisition. (Amrutkar and Gladhaug, 2017; Fu et al., 2021)
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Figure 3. Gemcitabine mechanism of action. (Adapted from Principe et al.,2021)

1.1.4 CLINICAL CHALLENGES IN PDAC CARE

Despite the huge efforts made to improve PDAC treatment over the last years, the number of
PDAC related deaths is dramatically on the rise and it is projected to be the second cause of cancer-
related deaths in the next years. (Lippi and Mattiuzzi, 2020) Generally, 1-year survival rate for
PDAC patients is 60.1% while the median survival is 16 months (Braun et al., 2022).

Low survival rate mainly derives from a late diagnosis, high recurrence rate as well as lack of
effective treatments for advanced stages. In fact, only a minority of patients (about 20%) is eligible
for surgery at the time of diagnosis and the greatest step towards an improvement of treatment for
nonresectable PDAC has been made with the introduction of the two combination chemotherapy
regimens FOLFIRINOX and Gemcitabine plus nab-Paclitaxel, respectively. (Vernuccio et al.,
2021; Riedl et al., 2021) Therefore, in order to improve the outcomes of PDAC, an early diagnosis
is mandatory and more effective therapies are urgently required.

Regarding the first clinical challenge, there is an urgent need for biomarkers and tools for detecting

PDAC at initial stage. At this purpose, non-invasive biomarkers have been widely investigated in



blood and urine human samples, but only carbohydrate antigen 19-9 (CA19-9) has received
approval by FDA. (Yong and Wirama, 2022) CA19-9, also known as Sialylated Lewis antigen
(Sla), is produced by a deregulated glycosylation. In the normal condition, glycosylated proteins
play various crucial functions including protection and lubrication of the pancreatic ducts.
However, during cancer progression, aberrant glycosylation, one of the hallmarks of cancer,
provokes the formation of various glycosylated residues such as CA19-9.

Unfortunately, the sensitivity and specificity of CA19-9 are inadequate for PDAC diagnosis, and
its clinical use is restricted to monitoring treatment response and recurrence in patients with PDAC
already diagnosed.

Regarding the second challenge, PDAC shows significant resistance to chemotherapy, targeted
therapy and immunotherapy due to its distinctive features, including heterogeneity of genetic
mutation and complex tumor immune microenvironment. (Bai et al., 2022)

In contrast to other solid tumors, like breast and lung cancer, where clinical and molecular
classification systems permit a better patient management, the clinical and prognostic impact of
tumor genetics in PDAC still remains under investigation for the low prevalence and the great
genetic heterogeneity among different tumors and between the different cells of the same tumor.
(Gutiérrez et al., 2021; Pompella et al., 2020; Orth et al., 2019)

In addition, PDAC is the only tumor in which neoplastic cells are surrounded by an abundant and
dense stroma associated with tissue inflammation. In details, the dense stroma may represent up
to 90% of the whole tumor mass and it is characterized by an extensive fibrosis, reduced
vascularization, a hypoxic environment with a highly variable number of tumor-infiltrating
immune cells (TILs). Moreover, the fibrotic tumor tissue, also called desmoplasia, consists of
cancer-associated fibroblasts (CAFs), endothelial cells, and pancreatic stellate cells (PSCs)
immersed in a highly variable extracellular matrix (ECM) of collagen, glycosaminoglycans,
proteoglycans, and growth factors. As result, the stroma contributes to produce a barrier for drug

delivery and influences cancer cell behaviors so that the tumor is defended instead of affected by



immunotherapeutic drugs. These peculiarities all together make PDAC one of the most resistant
tumors to immunotherapy. (Sapio et al., 2022)

Nevertheless, current research is aimed at developing new treatment options, such as the use of
agents targeting the oncogenic network signaling of KRAS, the most mutated gene in PDAC, or
modifying tumor microenvironment to overcome resistance in immunotherapeutic approach. (He

etal., 2022; Zhu et al., 2022)

1.2 ADIPORON

1.2.1 CHARACTERISTICS AND POSSIBLE THERAPEUTIC USES

AdipoRon is the first oral active adiponectin receptor agonist. As a result of chemical library
screening, it was discovered in 2013 by Okada-lwabu and colleagues at the Open Innovation
Center for Drug Discovery of the University of Tokyo thanks to its capability of bonding both
adiponectin receptors, AdipoR1 and AdipoR2, and turning on AMPK in C2C12 murine myeloblast
cells. (Okada-Iwabu et al., 2013)

AdipoRon was synthesized by Enamine Ltd. (Kiev, Ukraine) starting from the alkylation of
hydroxybenzophenone with methyl chloroacetate. On the whole, it consists of three distinct
functional groups arranged together as follows: 1-benzyl 4-substituted 6-membered cyclic amine
moiety, carbonyl group and a terminal aromatic ring. Indeed, according with radioactive binding
and Scatchard analysis, AdipoRon has a specificity in binding both AdipoR1 and AdipoR2 in vitro
with a constant value for the dissociation (Kd) of about 1.8 and 3.1 uM, respectively. (Nigro et al.,
2021)

Unfortunately, the lack of its crystal structure hampered the proper recognition of the binding site
during discovery and, even if the 3D structures of receptors are currently well known, this
information is still missing. Certainly, the suitable distance between the carbonyl group and the

cyclic amine, as well as within the cyclic amine and the aromatic ring(s), could provide the right



spatial arrangement for both AMPK activation and AdipoRon-dependency. Moreover, since
specific structural motifs have also been observed in other ligands of G-protein-coupled receptors
(GPCR), such as the aromatic rings binding via cyclic amine, similarities in ligand recognition
cannot be ruled out between these two types of membrane receptors.

AdipoRon has been proven to possess pharmacological properties similar to adiponectin (Acrp30),
an adipose tissue-derived hormone, and its ability to bind and activate AdipoR1 and AdipoR2
receptors make it a suitable candidate for the treatment of several disorders. (Bath et al., 2020) In
this regard, AdipoRon exhibits strong anti-obesity, -diabetic, -cancer, -depressant, -ischemic, -
hypertrophic properties in experimental systems and also improves conditions like post-traumatic

stress disorder, anxiety, and systemic sclerosis.

1.2.2 ADIPORON AS ANTICANCER MOLECULE: EVIDENCE FROM LITERATURE

An increasing number of studies provides consistent evidence supporting AdipoRon as potential
anti-tumoral agent in a wide variety of preclinical cancer models, particularly PDAC, myeloma,
breast and ovarian cancer. (Messaggio et al., 2017: Ramzan et al., 2019; Wang et al., 2020;
Akimoto et al, 2018; Wang et al., 2017) Recently, we also described how AdipoRon can strongly
inhibit cell proliferation in osteosarcoma cells. (Sapio et al., 2020)

Beyond the canonical activation of AMPK and its related downstream target acetyl-CoA
carboxylase (ACC), AdipoRon has been described to module both AMPK-dependent and -
independent pathways as signal transducer and activator of transcription 3 (STAT3), protein kinase
B (PKB), extracellular signal-regulated kinase 1/2 (ERK1/2), and p38. (Messaggio et al., 2017;
Akimoto et al., 2018)

Based on the existing knowledge, the GO/G1 phase delay or blockage exerted by AdipoRon seems
to be the functional key mechanism by which it induces growth arrest in vitro and in vivo. (Nigro
etal., 2021) Nevertheless, the cytotoxic-mediated effects are not totally clear: albeit an increase in

apoptosis-related proteins has been observed in reaction to AdipoRon administration in PDAC,
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myeloma and ovarian cancer, the programmed cell death does not appear to be the only signaling
engaged by AdipoRon. Indeed, conflicting evidence exist on the involvement of the apoptosis,
especially in PDAC. In this respect, characterizing AdipoRon consequences in human and mouse
pancreatic cancer models, Messaggio and colleagues recognized the Annexin V positive cell
increase as a direct marker of apoptosis induction. On the contrary, using Z-VAD-FMK as a pan-
caspase inhibitor, Akimoto and coworkers did not observe any amelioration in AdipoRon-induced
cytotoxicity, thus excluding caspase-dependent apoptosis as the main cause of death. (Messaggio
etal., 2017; Akimoto et al., 2018)

Besides apoptosis, other findings report different types of cell death in response to AdipoRon
administration, including RIPK1/ERK-dependent necroptosis and AMPK-mediated autophagy,

however. (Wang et al., 2020; Akimoto et al., 2018)
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2 RESULTS

2.1 EFFECTS OF ADIPORON AND GEMCITABINE ON PDAC CELLS

Recently, two studies have reported the AdipoRon ability in suppressing tumor growth in PDAC.
(Messaggio et al., 2017; Akimoto et al. 2018) In order to extend and corroborate these findings,
we first established the impact of AdipoRon in two human PDAC cell lines, namely, MIA PaCa-
2 and PANC-1, which are extensively accepted as representative PDAC models.

In line with the previous published results, AdipoRon exposure induced a remarkable cell growth
decrease in PDAC cells, almost in a dose-dependent manner, without substantial differences
between MIA PaCa-2 and PANC-1 cell types (Figure 4A). Choosing 10 ug/mL as a subsequent
effective working dosage, time course experiments up to 72 hours showed a near time dependency
in MIA PaCa-2. In this case, a cell number decrease of 20, 42, and 57% was recorded at 24, 48,
and 72 hours, respectively (Figure 4B). Instead, a different trend was obtained in PANC-1, where
no considerable responsiveness to AdipoRon was observed at 24 hours (Figure 4B).

Remarkably, AdipoRon-mediated antiproliferative properties were supported by an increase in the
G0/G1 phase and a concomitant decrease of both S and G2/M phases in MIA PaCa-2 (Figure 4C).
In details, the cell amount in GO/G1 moved from 35 to 48% after 24 hours of treatment with 10
pg/mL AdipoRon, while both S and G2/M phases decreased by around 6%, concurrently.
Interestingly, although 10 pg/mL AdipoRon was not effective in impacting PANC-1 cell growth
after 24 h, changes in cell cycle phases distribution were detected. Like to MIA PaCa-2 cells,
AdipoRon causes a GO/G1 intensification and an S-phase depletion in PANC-1 although with a
less sharp magnitude. Unlike, no G2/M involvement seems to occur.

Before exploring the consequences of the combination treatment AdipoRon plus Gemcitabine
(Combo) in these PDAC cell lines, we preliminarily addressed the Gemcitabine-mediated cell

growth impact on both employed cells.
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Evaluating a wide concentration range, Figure 4D displays a different aptitude in reacting to the
chemotherapy drug between MIA PaCa-2 and PANC-1. While MIA PaCa-2 showed great
responsiveness to Gemcitabine already at very low concentration, the PANC-1 ability in resisting
Gemcitabine was further confirmed when high dosages were applied. Exposing MIA PaCa-2 to
50 or 100 nM Gemcitabine for 48 hours, for instance, nearly affected the totality of the cells,
differently from PANC-1, in which the inhibition rate was roughly 40 and 60%, respectively.

Overall, these findings further recognize AdipoRon as an antiproliferative compound in PDAC,
support the peculiarity of AdipoRon in slowing-down cell cycle and remark an effective yet

different Gemcitabine sensitivity between the examined PDAC cells.
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FIGURE 4. Evaluation of single drug-mediated effects in PDAC cells. (A) MIA PaCa-2 and PANC-1 cells were
exposed for 48 h to increasing AdipoRon (AdipoR) concentrations (10-40 pg/mL). (B) Cell growth curves were
established in reaction to 10 pg/ml AdipoR over a period of 72 h. (C) Representative cell cycle profiles were obtained
in MIA PaCa-2 and PANC-1 cells treated and not (control) with 10 pg/mL AdipoR for 24 h. (D) Dose effect induced
by 48 h of Gemcitabine administration in MIA PaCa-2 and PANC-1 cells. In each experimental condition, the relative
cell number was estimated in triplicate and expressed in figure as % of control. *p < 0.05, **p < 0.01, ***p < 0.001
by unpaired Student’s t-test. (Adapted from Ragone et al.,2022)
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2.2 EFFECTS OF COMBINATION ADIPORON PLUS GEMCITABINE ON PDAC

CELLS

2.2.1 COMBINATION IMPROVES SINGLE OUTCOMES

To address the potential cooperating effects between AdipoRon and Gemcitabine in PDAC
models, we subsequently combined effective concentrations of both molecules in a constant
dilution ratio, and the relative outcomes in cell growth were later assessed.

Specifically, three different doses of both AdipoRon (5, 10, and 20 ug/mL) and Gemcitabine (7.5,
15, and 30 nM) were employed in MIA PaCa-2 cells, which exhibit a clear dose dependency
(Figure 5A). Even more interestingly, the concomitant use of AdipoRon and Gemcitabine further
counteracted the proliferation in MIA PaCa-2 cells, suggesting a positive interplay between the
two compounds.

Comparing the combination condition of 5 pg/mL AdipoRon and 7.5 nM Gemcitabine with
corresponding agents, the combination treatment improved single outcomes by nearly 33% and
20% in respect of AdipoRon and Gemcitabine, respectively. This tendency became even more
pronounced at the highest tested doses, raising inhibition values of 47% versus AdipoRon and 34%
versus Gemcitabine (Figure 5A).

The different Gemcitabine responsiveness has required the use of higher concentrations in PANC-
1 (25, 50, and 100 nM), while no changes in AdipoRon doses were applied.

In keeping with MIA PaCa-2 results, all three tested combination conditions enhanced the
anticancer effects of single treatments also in PANC-1 (Figure 5B). Minimal fluctuations were
observed in response to the increasing combinations in PANC-1.

CompuSyn analysis was subsequently performed with the purpose of defining both drug-drug
interaction and the relative combination index (Cl). Plotting dose-effect curves of both single and
combination agents, the Chou-Talalay method discriminates among additive (Cl = 1), synergism

(Cl < 1), and antagonism (CI >1) effects, using the median-effect equation. (Chou, 2010)
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Based on Fa-Cl plots of analysis, AdipoRon and Gemcitabine exercised a robust synergism in
MIA PaCa-2 already at very low concentrations, maintaining a constant trend even when
combination affected 90% of cells (Figure 5C). On contrary, the Fa-Cl plot unveiled a different
tendency in PANC-1 albeit in all tested conditions CI estimation supported a synergic action
(Figure 5D).

Then, we performed time-course experiments, using 10 ug/mL AdipoRon plus 15 nM Gemcitabine
in MIA PaCa-2 or 50 nM Gemcitabine in PANC-1. Although co-administration improved cell
reduction mediated by single drugs in both PDAC models, different curves were outlined over
time. Whilst a time dependency was revealed in reaction to both single and combination treatments
in MIA PaCa-2 (Figure 5E), no clear reliance on treatment duration was observed in reaction to
Gemcitabine in PANC-1. Indeed, comparing combination versus AdipoRon, the time exposure did
not amplify the gap (Figure 5F).

Collectively, these data show that the combination impairs MIA PaCa-2 and PANC-1 cell growth
more effectively than the singles. In addition, as suggested by CompuSyn analysis, a potential

synergism might exist between AdipoRon and Gemcitabine.
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FIGURE 5. Assessment of single and combinatory outcomes in PDAC cells. (A) 5 (black bar), 10 (light gray), and
20 pg/mL (gray) of AdipoR were added to MIA PaCa-2 cell medium for 48 h, either alone or in combination with 7.5
(black bar), 15 (light gray), and 30 nM (gray) Gemcitabine (Gem). Colors of the columns reflect those of single drug
concentrations in combination setting. (B)ldentical AdipoR amounts were instead mixed with 25 (black bar), 50 (light
gray), and 100 nM (gray) Gem in PANC-1. Representative Fa-Cl report obtained in MIA PaCa-2 (C) and PANC-
1 (D). (E) MIA PaCa-2 growth curves achieved after 24 and 48 h under 10 pg/mL AdipoR, 15 nM Gem, and AdipoR
plus Gem, respectively. The same AdipoR concentration (10 pg/ml) and a different Gem amount (50 nM) were applied
in PANC-1 time course experiments (F). For each stimulation, cell number was estimated at least in triplicate and
reported in figure as average £+ SD in % of control. *p < 0.05, **p < 0.01, ***p < 0.001 by Tukey’s multiple
comparisons test. (Adapted from Ragone et al.,2022)
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2.2.2 COMBINATION MINIMIZES THE CLONOGENIC POTENTIAL

The clonogenic assay is considered a valuable in vitro assay for monitoring undifferentiated
potential and anchorage-independent growth. (Rajendran and Jain, 2018) Given that Gemcitabine
and AdipoRon have been proved to act as effective agents in mitigating colony formation, we
successively addressed the potential impact of the combination on this PDAC cells. (Messaggio et
al., 2017; Alhothali et al., 2019; Zhou et al., 2019)

Aiming at defining the consequences of long-term exposure, PDAC cells were seeded at very low
density and treated with AdipoRon and Gemcitabine, both individually and in combination, until
newly-formed colonies became visible.

The employment of a small amount of AdipoRon and Gemcitabine moderately impaired PDAC
colony-forming ability, separately (Figure 6). Conversely, a very strong reduction in PDAC
clonogenic potential was observed when the same doses of singles were put together (Figure 6A).
Quantification analysis revealed a further enhancement in colonies reduction of nearly 40%
compared to Gemcitabine in MIA PaCa-2, as a result of both number and size decrease (Figure
6B). Consistent results were also obtained in PANC-1 (Figure 6C).

Taken together, these results indicate a stronger and deeper outcome in limiting PDAC clonogenic

potential made by combinatory treatment compared to single-agent administration.

16



A

MIA PaCa-2
PANC-1
B MIA PaCa-2 C PANC-1
125+ 125+
100+ * 100
I l *
— = — I l
2\: 754 T &\: 75— .
5 50— = 50—
3 I 3
(3] o T
25+ 25+
0~ T T 0- 1 1
> & & © s & & °
&L () ) O ) 9 [ Y
Oo& ?‘8& < oo@ 0°¢ Y'&Q © 006‘

FIGURE 6. Estimation of single and combinatory impacts on clonogenic potential in PDAC cells. MIA PaCa-2
and PANC-1 were treated and not (control) with the same AdipoR concentration (2 pug/mL) but different Gem amounts
(4 vs 6 nM), both individually and in combination, for 8 and 10 days, respectively. Representative stained wells are
displayed in (A), while the relative quantification analysis has been reported in (B)(MIA PaCa-2) and (C) (PANC-1).
Experiments were reproduced thrice and plotted on a graph as mean value = SD in % of control. *p < 0.05 by Tukey’s
multiple comparisons test. (Adapted from Ragone et al.,2022)

2.2.3 COMBINATION DIFFERENTLY AFFECTS CELL CYCLE

To figure out how the combination treatment AdipoRon plus Gemcitabine affected PDAC cell
growth, we analyzed cell cycle to determine the distribution of phases in reaction to our stimuli.

Comprehensively, single and combination treatments were performed in both PDAC models for
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up to 48 hours, and the relative DNA content was later detected by flow cytometry using propidium
iodide (PI) as basepair intercalating dye.

Depending on the concentration employed, Gemcitabine has been reported to induce both S and
G2 phase arrest in PDAC models. (Miao et al., 2016; Montano et al., 2017; Passacantilli et al.,
2018; Kumarasamy et al., 2020) In agreement with these findings, we observed a remarkable S
phase accumulation in reaction to 24 hours of Gemcitabine administration in MIA PaCa-2 (Figures
7A,C). In respect of untreated cells, Gemcitabine raised S phase from 40 to 62% at the expense of
GO0/G1 (—14%) and partly G2/M (—7%). A more pronounced tendency was observed at 48 hours
as a result of changes in both cell density and nutrients occurring in control cells, rather than a
Gemcitabine-mediated action (Figure 7A). Quite the contrary, AdipoRon intensified the amount
of cells in GO/G1 phase and decreased both S and G2/M phases at 24 hours, while at 48 hours, the
GO/G1 enrichment was only supported by S phase reduction.

Looking at the cell phase distribution in reaction to the combination, different but intermediate
features were detected in comparison with single agents. In this respect, after 24 hours,
combination displayed a GO/G1 amount closer to AdipoRon, while conversely, their simultaneous
presence for another 24 hours exhibited an S phase accumulation similar to Gemcitabine (Figures
7A,C). A quite comparable pattern was also obtained in PANC-1, especially following 24 hours
of treatment (Figures 7B,C).

In agreement with the recorded cell cycle phases distribution, considerable changes were also
detected in cyclin Al and E1 levels, and cyclin-dependent kinase inhibitor p27%'*, in reaction to
both single and combined stimuli (Figure 7D and Supplementary Figure S1).

Analysis of subG1 population, which usually includes hypodiploid cells undergoing DNA
fragmentation, showed a substantial increase in reaction to both Gemcitabine and combination at
48 hours in respect of the untreated cells (Figure 7E). The absence of significant additive cytotoxic

effects between Gemcitabine and combination was also confirmed in trypan blue exclusion assay,
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which revealed only minimal changes in dead vs alive cells in response to these two conditions
(Figure 7F).
Comprehensively, these findings reveal a different ability in braking cell cycle progression among

AdipoRon, Gemcitabine, and combination.
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FIGURE 7. Investigation of single and combinatory consequences on cell cycle distribution in PDAC cells. MIA
PaCa-2 was exposed and not (control) to 10 pug/mL AdipoR, 15 nM Gem, and AdipoR plus Gem over a period of 24
and 48 h (A). PANC-1 cells, instead, were treated and not (control) with 10 pg/mL AdipoR, 50 nM Gem, and
combination for the same temporal extension (B). Subsequently, the relative cell phase distribution was defined by
FACSCelesta™ using Pl as DNA staining. MIA PaCa-2 and PANC-1 representative histogram plots at
24 h (C). (D) Cyclin A1, cyclin E1, and p27¥'™* expression levels were obtained in reaction to 10 pg/mL AdipoR,
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15 nM Gem, and combination in MIA PaCa-2. (E) Relative subG1 amount. (F) Trypan blue discrimination analysis.
Either (E) or (F) show MIA PaCa-2 results cultured in media containing AdipoR, Gem, and AdipoR plus Gem under
the same (B) experimental conditions. Displayed data are expressed in percentage as average value = SD of three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Tukey’s multiple comparisons test. (Adapted from
Ragone et al.,2022)
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Supplementary Figure 1. Quantification analysis of the cell cycle related proteins. (A) Cyclin E1/Vinculin Ratio.
(B) Cyclin Al/Vinculin Ratio. (C) p27KIP1/Vinculin Ratio. ImageJ-mediated quantification analysis has been
performed processing three distinct Western blotting experiments for every cell cycle related protein, and
housekeeping protein (Vinculin). Median value = SD of the relative Ratio is reported in chart. Representative Western
blotting films are displayed in Figure 7D. (Adapted from Ragone et al.,2022)

2.3 INVOLVEMENT OF P44/42 MAPK PATHWAY IN COMBINATION OUTCOME

IN PDAC CELLS

2.3.1 COMBINATION ACTIVATES P44/42 MAPK

As the most frequent mutated gene, abnormal KRAS hyperactivation occurs recurrently in PDAC.
(Buscail et al., 2020) Consequently, dysregulation of the p44/42 MAPK pathway has been
recognized in PDAC, assuming a possible correlation between its expression and tumor prognosis.
(Furukawa, 2015)

Modulation of p44/42 MAPK has also been detected in response to Gemcitabine administration in
both in vitro and in vivo PDAC models, and in patients. (Jin et al., 2017; Ryu et al., 2021)
Correspondingly, despite the AdipoRon-related molecular mechanisms remain largely unknown,

its antiproliferative action has been linked to p44/42 MAPK activation in PDAC. (Akimoto et al.,
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2018) Additionally, we also observed AdipoRon-mediated p44/42 MAPK stimulation in
osteosarcoma cell lines. (Sapio et al., 2020)

Taking into consideration the mentioned findings and the relevance of this pleiotropic pathway in
regulating the cell functions (Guo et al., 2020), we first addressed the involvement of p44/42
MAPK in reaction to the combination.

For this purpose, MIA PaCa-2 and PANC-1 cells were treated with AdipoRon and Gemcitabine,
alone and in co-administration, for up to 48 hours and subsequently analyzed for p44/42 MAPK
phosphorylation status.

In the absence of substantial protein amount variations, we recognized a different combination
capability in modulating p44/42 MAPK phosphorylation between MIA PaCa-2 and PANC-1 cell
lines. Specifically, while the concomitant administration of AdipoRon and Gemcitabine resulted
in p44/42 MAPK activation at 48 hours in MIA PaCa-2 (Figure 8A), the phospho-p44/42 MAPK
upregulation was already apparent at 24 hours and maintained up to 48 hours in PANC-1 (Figure
8B).

On the whole, these findings suppose an involvement of p44/42 MAPK pathway in AdipoRon plus

Gemcitabine combination response.

2.3.2 P44/42 MAPK PATHWAY PERTURBATION COUNTERACTS COMBINATION

EFFECTIVENESS

To further investigate the p44/42 MAPK involvement in combination-mediated effects, we
subsequently tested the impact of MEK1/MEK2 inhibitor PD98059 on combination outcome.

Bearing in mind that long-term exposure to downstream blockade of MAPK deeply impairs PDAC
cell growth (Wong et al., 2016), we chose 10 uM for 24 hours as effective dosage of PD98059 and
time to mitigate p44/42 MAPK signaling and affect MIA PaCa-2 cell growth, marginally (Figure

8C and Supplementary Figure S2A).
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Albeit the combination increased cell growth inhibition compared to single ones, PD98059

partially counteracted combination effectiveness, reducing the inhibition rate of approximately

25% relative to p44/42 MAPK-proficient counterpart (Figure 8D). Comparable experiments

performed in PANC-1 also revealed a PD98059-mediated capacity in hindering the combination

anticancer action (Figure 8E) although MEK1/MEK2 inhibitor alone affected cell growth in a

more effective manner in PANC-1 than in MIA PaCa-2 (Supplementary Figures S2B,C).

So overall, these findings support the possible involvement of p44/42 MAPK pathway in

combination response.
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FIGURE 8. Evaluation of p44/42 MAPK involvement in AdipoR plus Gem effects. MIA PaCa-2 (A) and PANC-
1 (B) were treated and not (control) with 10 pg/mL AdipoR, 15 nM (MIA PaCa-2) or 50 nM (PANC-1) Gem, and
AdipoR plus Gem over a period of 48 h. Thereafter, either single or combination consequences on p44/42 MAPK
activation (phosphorylation) were estimated by Western blotting. Phospho-MAPK/MAPK ratio results from the
quotient of phospho-p44/42 MAPK and its relative housekeeping on the gel divided by a quotient of p44/42 and its
relative a-tubulin. (C) MIA PaCa-2 was exposed and not (control) to 10 uM PD98059 for 24 h, and the cell growth
percentage was established. (D) MIA PaCa-2 single and combination treatments in MAPK-proficient and -hampered
background. (E)Combination treatments containing 10 pg/mL AdipoR plus 50 nM Gem were carried out in PANC-1
cells with or without PD98059 inhibitor. Two hours of PD98059 pretreatment preceded and not individual and
combinatory administration. Results are depicted in percentage as mean + SD of three independent experiments. *p <
0.05 by Tukey’s multiple comparisons or Student’s t-test. (Adapted from Ragone et al.,2022)
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Supplementary Figure 2. Effects of PD98059 inhibitor on p44/42 MAPK phosphorylation in PDAC cells. MIA
PaCa-2 (A) and PANC-1 (C) were treated and not (control) with 10 uM PD98059 for 2 h with the purpose of assessing
both phospho-p44/42 and p44/42 levels by Western Blotting. (B) Growth impact of 10 pM PD98059 for 24 h in
PANC-1 cells, expressed in percentage of control as mean = SD of three independent experiments. *p < 0.05 by
unpaired Student’s t-test. (Adapted from Ragone et al.,2022)

2.4 COMBINATION EFFECTIVENESS IN GEMCITABINE-RESISTANT CELLS

Although Gemicitabine displays one of the highest response rates compared to other anticancer
agents in PDAC, mechanisms of resistance occur already within few weeks from starting of
therapy. (Amrutkar and Gladhaug, 2017) As a result of unresponsiveness, PDAC becomes more
aggressive causing an extra reduction in overall survival. (Quifionero et al., 2019)

To further speculate the usefulness of AdipoRon in PDAC care, we first developed stable MIA
PaCa-2 cell lines resistant to Gemicatibine (MIA Paca-2 Gem-Res). Thereafter, MIA PaCa-2 Gem-
Res cells were cultured in a medium containing 10 pg/mL AdipoRon and 15 nM Gemcitabine,
either alone and in combination for up to 48 hours, in tandem with MIA PaCa-2 cells.
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In line with the previous results obtained in MIA PaCa-2, combination treatment resulted in an
additional cell growth reduction compared to single treatments at 24 hours and even 48 hours
(Figures 9A,B). Particularly relevant, even though Gemcitabine was ineffective in reducing the
cell number in MIA PaCa-2 Gem-Res cells, AdipoRon alone induced a 25% growth inhibition,
and even more interestingly, co-administration affected cell proliferation by another 18% in
respect of AdipoRon alone at 48 hours (Figure 9B).

Using a higher dose than that employed in Figure 6, Gemcitabine strongly counteracted the colony
forming ability in MIA PaCa-2, while conversely the same amount marginally affected the
growing colony in Gem-Res cells. (Figure 9C). Interestingly, AdipoRon reduced clonogenic
potential by 45% in single treatment and 55% in combination with Gemcitabine (Figure 9D).
Additionally, flow cytometry analysis showed AdipoRon persistence in braking cell cycle
progression even in MIA PaCa-2 Gem-Res, though in a less pronounced manner. Like the sensitive
cells, a GO/G1 phase increase was observed in the resistant ones supplemented with AdipoRon
(Figure 9E). But even more interesting, reducing both S and G2/M phases, the combination
enhanced the GO/G1 accumulation compared to AdipoRon alone (Figure 9E). Remarkably, no
substantial changes were detected between Gem-treated and untreated cells, confirming the loss
of chemotherapy responsiveness by this cell line.

Taken together, these data indicate that the combination AdipoRon plus Gemcitabine is effective

in preventing growth and colony formation even in Gem-resistant MIA PaCa-2 cells.
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FIGURE 9. Responsiveness of MIA PaCa-2 Gem-resistant cells to single and combinatory treatments. Either MIA
PaCa-2 Gem-sensitive and -resistant cells were treated and not (control) with 10 pg/mL AdipoR, 15 nM Gem, and
AdipoR plus Gem for 24 (A) and 48 h (B); thereafter, the relative impact on cell growth was addressed. (C) Cell media
of both MIA PaCa-2 Gem-sensitive and -resistant cells were supplemented with and without (control) 10 nM Gem for
8 days. Illustrative violet-stained wells are shown on the left side, the relative quantification on the right. (D) MIA
PaCa-2 Gem-resistant cells undergoing AdipoR (10 pg/mL) and Gem (5 nM) individually and combinatory treatments
were tested for colony-forming ability. Images and quantification assay are provided in Figure. (E) MIA PaCa-2 Gem-
sensitive and -resistant were incubated either with single or combination drugs as indicated in (A).
FACSCelesta™ analysis was later performed with the purpose of defining the drug-induced consequences on cell
phase distribution. Reported results are indicated in percentage as median value = SD of triplicate experiments. *p <
0.05, **p < 0.01, ***p < 0.001 by Tukey’s multiple comparisons or Student’s t-test. (Adapted from Ragone et
al.,2022)
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3 DISCUSSION

The existing therapeutic options have failed to provide an appropriate response in PDAC,
reinforcing the unlucky privilege of being one of the deadliest cancers worldwide. (Latenstein et
al., 2020) Regrettably, even immunotherapy, which has recently revolutionized the drug regimes
in cancer treatment, has shown few successful chances in PDAC due to tumor-related stroma
abundance. (Makaremi et al., 2021; Panchal et al., 2021)

Therefore, besides radiation and surgical resection, chemotherapy represents the only partially
effective pharmacological approach in PDAC, irrespective of tumor stage. (Qian et al., 2020)
Despite the clinical approval of novel chemotherapeutics and formulations, Gemcitabine still
remains a cornerstone for PDAC management, and Gemcitabine-based therapy constitutes the
widely used partner in combination therapy. (Christenson et al., 2020) Unfortunately, the limited
success rate of Gemcitabine treatment and the relative ease in developing chemoresistance warrant
for more effective therapeutic approaches in PDAC.

Recently, the first synthetic adiponectin receptor agonist is emerging as a promising anticancer
compound in several tumors, including myeloma, breast, prostate, and ovarian cancers. (Nigro et
al., 2021) Convincing evidence is also emerging in PDAC, where AdipoRon suppresses tumor
growth and induces cell death, mainly through apoptosis and necroptosis induction. (Messaggio et
al., 2017; Akimoto et al., 2018)

With the purpose of further addressing the AdipoRon candidacy in PDAC treatment, herein we
investigated the potential outcome of its dynamic interaction with Gemcitabine in MIA PaCa-2
and PANC-1 cells. Albeit quite preliminary, our results reveal no shortcomings in using these two
compounds together; quite to the contrary, their combination could have a greater therapeutic
impact compared with single ones. Moreover, as suggested by CompuSyn analysis, potential

synergistic action could exist between AdipoRon and Gemcitabine. The cooperative interaction is
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clearly supported by cell growth and colony results, which shows a combination-mediated stronger
and deeper outcome in limiting PDAC tumorigenicity. Additionally, either AdipoRon or
combination kept their therapeutic effectiveness even in MIA PaCa-2 cells that developed
resistance to Gemcitabine administration.

Although countless other compounds have been tested over the last years, only two Gemcitabine-
based combination therapies have been approved and employed in clinical for advanced PDAC
treatment, namely, Erlotinib and nab-Paclitaxel. (Elsayed and Abdelrahim, 2021) However, while
the successful rate of combination Gemcitabine plus Erlotinib is strictly dependent on the EGFR
status and other potential signatures, serious side effects have been reported in PDAC patients
treated with Gemcitabine plus nab-Paclitaxel, including neutropenia, peripheral neuropathy, and
fatigue. (Hoyer et al., 2021; Blomstrand et al., 2019) In addition to supporting its antineoplastic
role in PDAC, our findings first recognize AdipoRon as a novel potential candidate in
Gemcitabine-based multidrug therapy. If subsequently confirmed by in vivo and trial studies,
combination AdipoRon plus Gemcitabine could represent an additional pharmacological choice in
PDAC, especially for metastatic unresectable patients whose survival is currently under 1 year,
even with an optimal chemotherapy regimen.

Mechanistically, the combination action could be explained by a different capability in slowing
down cell cycle progression between AdipoRon and Gemcitabine. Although in different cancer
types, both Akimoto and Ramzan reported an AdipoRon-mediated GO/G1 phase delay, which
results in tumor growth arrest. (Akimoto et al., 2018; Ramzan et al., 2019) More recently, we also
observed a similar functional mechanism in the AdipoRon-induced osteosarcoma stunting. (Sapio
et al., 2020) In agreement with the exhibiting findings, our results confirmed the ability of this
compound in affecting GO/G1, as well as of Gemcitabine in blocking the S phase. (Miao et al.,
2016; Montano et al., 2017; Waissi et al., 2021) Surprisingly, each compound retains its respective
peculiarity even when combined. Indeed, the simultaneous administration showed intermediate

features between AdipoRon and Gemcitabine, wherein Gemcitabine is still arresting in S phase

27


https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B12
https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B18
https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B5
https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B1
https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B39
https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B43
https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B43
https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B28
https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B28
https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B29
https://www.frontiersin.org/articles/10.3389/fphar.2022.837503/full#B49

and AdipoRon in GO/G1. Therefore, rather than inducing cytotoxic effects, our findings could
suggest an experimental model in which a sum of different phase slowdown, mediated by single
agents, further reduces PDAC growth.

Signaling pathway examination revealed a possible involvement of p44/42 MAPK in the responses
elicited by AdipoRon plus Gemcitabine in PDAC cells. In this regard, while combination
stimulated p44/42 MAPK activation, PD98059-mediated p44/42 MAPK impairment partially
counteracted its effectiveness. Interestingly, analog results were also observed in reaction to
AdipoRon, thus supposing that a proficient activation of this pathway is functional for this
compound.

Different studies have reported an AdipoRon-mediated p44/42 MAPK hyperphosphorylation in
different pathological conditions, including in cancer. (Messaggio et al., 2017; Akimoto et al.,
2018) In this regard, in our previous study, we also reported how AdipoRon induces a robust
p44/42 MAPK activation in osteosarcoma cells. (Sapio et al., 2020) In accordance with Akimoto’s
results, herein we demonstrated that p44/42 MAPK activation is needed to allow a proper
AdipoRon antitumor action and combination outcome. Even though not in cancer models,
additional studies further support the functional p44/42 MAPK role in either AdipoRon- or
adiponectin-mediated effects. (Akimoto et al., 2018; Koskinen et al., 2011; Alvarez et al.,
2012; Wang et al., 2020) In this respect, Wang and coworkers have recently proved that
ameliorating cell viability, apoptosis, and reactive oxygen species (ROS) production, AdipoRon
stimulates bone regeneration in ATDC5 cells via p44/42 MAPK pathway. (Wang et al., 2020)
Interestingly, when p44/42 MAPK was irreversibly suppressed by PD98059, AdipoRon failed to
rescue impaired apoptosis and chondrogenesis of cells. Although our results recognize this
pathway as potentially involved in combination effectiveness; we cannot rule out that other
signaling pathways that might be involved in, especially because the PD98059-mediated action
just results in an incomplete combination rescue. In this respect, as far as known, the most common

multidrug resistances are related to ATP-binding cassette (ABC) transporters, which, regulating
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drug absorption, distribution, and excretion, play a crucial role in overcoming drug-induced
cytotoxicity. (Robey et al., 2018) Recently, different ABC family members have been reported to
be involved in Gemcitabine resistance, expressly in PDAC. (Xu et al., 2013; Lu et al., 2019; Okada
etal., 2021) Interestingly, a positive correlation between adiponectin and ABCA1 levels has been
observed in visceral adipose tissue. (Vincent et al., 2019) Moreover, adiponectin has been
described to increase both mRNA and protein levels of ABCALl in HepG2 hepatocellular
carcinoma cells. (Matsuura et al., 2007) Despite no evidence currently reports AdipoRon-induced
ABC modulation yet, this association could explain how this receptor agonist overcomes
Gemcitabine ineffectiveness in MIA PaCa-2-resistant cells. Therefore, targeting experiments

aimed at defining their relative engagement will be performed shortly.
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4 CONCLUSION

In conclusion, we first provide evidence of enhanced performances in constraining PDAC
progression when AdipoRon and Gemcitabine are combined. Apart from supporting the
antineoplastic feature, our results recognize an additional and newly AdipoRon therapeutic usage
in PDAC, potentially as a partner in Gemcitabine-based combination therapy.

Considering the current orphan status for this illness, finding out novel and more effective
pharmacological strategies could help in improving both PDAC prognosis and survival. In this
regard, our promising in vitro results may encourage the development of future supplementary
studies aimed at addressing the feasibility of AdipoRon plus Gemcitabine approval in clinical

practice.
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5 MATERIALS & METHODS

5.1 CHEMICALS & ANTIBODIES

Chemicals: AdipoRon (#SML0998; Sigma-Aldrich), Gemcitabine (#G6423, Sigma-Aldrich),
trypan blue (#T8154; Sigma-Aldrich), propidium iodide (#P4864; Sigma-Aldrich), crystal violet
(#COQ775; Sigma-Aldrich), PD98059 (#P215; Sigma-Aldrich), dimethyl sulfoxide (DMSO)
(A3672; AppliChem), and ethanol absolute anhydrous (308603; Carlo Erba). Antibodies: a-
Tubulin (#3873; Cell Signaling Technology), cyclin E1 (#4129; Cell Signaling Technology),
p44/42 MAPK (#9102; Cell Signaling Technology), phospho-p44/42 MAPK (#9101; Cell

Signaling Technology), cyclin Al (sc-751; Santa Cruz Biotechnology), vinculin (sc-73614; Santa

Cruz Biotechnology), and p27K|P1 (ab3203; Abcam).

5.2 CELL CULTURE AND EXPERIMENTAL PROCEDURES

MIA PaCa-2 and PANC-1 human PDAC cell lines were purchased by the American Type Culture
Collection (ATCC) and maintained at 37°C in a 5% CO humidified atmosphere, using Dulbecco’s
Minimum Essential Medium (DMEM) (ECMO0728L; Euroclone) supplemented with 10% fetal
bovine serum (FBS) (ECS0180L; Euroclone) and 1% penicillin/streptomycin (ECB3001D;
Euroclone) as culture medium. Typically, cells were equally seeded and kept under standard
growing conditions for 24 hours. The following day, AdipoRon and Gemcitabine were
supplemented to fresh media, either individually or in combination, and PDAC cells were
incubated for times and concentrations provided in each experimental condition. Ultimately,

adherent cells were trypsinized and collected with potential floating ones, before being centrifuged
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for 5 minutes at 1,500 RPM. Since AdipoRon and Gemcitabine were dissolved in DMSO and H20,

respectively, an equal solvent rate (% v/v) was used as a negative control.

5.3 DEVELOPMENT OF GEMCITABINE-RESISTANT MIA PACA-2 CELLS

MIA PaCa-2 cells were chronically exposed to increasing Gemcitabine concentration over a period
of 4 months. Specifically, starting from 1 nM, cells were cultured in media containing Gemcitabine
until they grew steadily. A higher cumulative Gemcitabine dosage was subsequently applied, and
the resistant procedure was repeated as long as a final concentration of 200 nM was reached. At
each step, cells were amplified, harvested, and cryopreserved in liquid nitrogen or an ultralow-
temperature freezer. The obtained MIA PaCa-2 Gemcitabine- resistant cells were finally cultured

in drug-free medium for up to 2 weeks before performing the reported experiments.

5.4 ASSESSMENT OF DRUG-MEDIATED EFFECTS ON ALIVE AND DEAD CELLS

A total number of 8 x 104 MIA PaCa-2 and 1 x 105 PANC-1 cells were moved in 6-well plates
and kept in a standard growing state for 24 hours. AdipoRon and Gemcitabine, either alone or in
combination, were subsequently added to new media and allowed to act in PDAC cells. Usually,
pelleted cells were resuspended in 1.5 ml DMEM and diluted 1:1 with trypan blue, which, crossing
damaged membrane, discriminates living from dead cells. Specifically, 10 puL of both media
containing cells and blue dye (0.4%, v/v) were mixed, and the relative cell content was established
using a Biirker chamber, where the number of unstained (living) and stained (dead) cells was

recorded. Each point has been counted at least twice in each experimental procedure.
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5.5 FLOW CYTOMETRY ANALYSIS

Cytometric analysis was performed to define the respective cell phase distribution in reaction to
different stimuli. For each experimental conditions, pelleted samples were resuspended first in 300

pL PBS (ECB40041L; Euroclone) and then in 700 pL ice-cold absolute ethanol. Fixed cells were

stored at —20°C until analysis. Before investigation, the samples were spun down for 5 minutes at
1,500 RPM and incubated with PI staining solution containing 15 pg/mL PI and 20 pg RNase A
(R5503; Sigma-Aldrich) in PBS for 10 minutes at room temperature in the dark side. For each
experimental condition, at least 20,000 events were acquired and analyzed by FACS-Celesta (BD

Biosciences).

5.6 COLONY FORMING ASSAY

PDAC cells were seeded in 6-well plates at a density of 1.5 x 103 per well (MIA PaCa-2 and MIA

PaCa-2 Gem-Res) or 2 x 103 (PANC-1) and exposed to different times and concentrations of
AdipoRon, Gemcitabine, and combination. At the established endpoint, media was discarded, and
newly formed colonies were stained with crystal violet solution (1% aqueous solution) for 10
minutes. The staining solution was later removed, and wells were washed several times in distillate
water. Colonies have been allowed to air dry naturally and acquired by photographic equipment.
Quantification analysis has been performed by determining the optical density (OD) of dissolved
colony-bound crystal violet staining in 10% acetic acid at 590 nm by an Infinite 200 PRO

Microplate Reader (Tecan Life Sciences).
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5.7 WESTERN BLOTTING

Depending on the target protein, an amount of 10-30 ug of total extracts was loaded and separated
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) for each sample.
Subsequently, sample proteins were transferred onto nitrocellulose membranes (GEH10600008;
Amersham) by the Mini Trans-Blot system (Bio-Rad Laboratories). After washing in tris-buffered
saline (TBS) supplemented with 0.05% Tween 20 (TC287; HIMEDIA), films were blocked 1 hour
in 5% no-fat dry milk (A0530; AppliChem) aimed at covering potentially free spots into the
nitrocellulose membrane. Incubation overnight at 4°C has been chosen for primary antibody
binding. In the following days, horseradish peroxidase (HRP)-conjugated secondary antibodies,
reacting against the related primary species, were applied to the membrane for 1 hour at room
temperature. Each incubation step was preceded and followed by three 5 minutes-rinses in T-TBS.
Finally, protein-related light signals were acquired by ChemiDocTM (Bio-Rad Laboratories) using
the enhanced luminol-based chemiluminescent substrate (E-IR-R301; Elabscience) as a detection

system for HRP.

5.8 PROTEIN EXTRACTION AND WESTERN BLOTTING SAMPLE PREPARATION

A number of 4.8 x 105 (MIA PaCa-2) or 6 x 105 (PANC-1) cells were plated in 100 mm plates and
left free to attach for 24 hours. In the next day, media was replaced with a fresh one containing
AdipoRon, Gemcitabine, and the combination in doses and timelines reported in the Results
section, and Figure legends. At every experimental point, cells were collected and spun down at
1,500 RPM for 5 minutes. Pellets were later resuspended in 3-5 volumes of RIPA buffer (R0278;
Sigma-Aldrich) supplemented with protease and phosphatase inhibitors cocktail (#5872; Cell

Signaling Technology). After 30 minutes, samples were further centrifuged at 14,000 RPM for 15

minutes at 4°C, and the supernatant was recovered and assessed for the relative protein content by
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Bradford Assay (39222; SERVA). Protein samples were first mixed 1:1 with Laemmli 2x (S3401;

Sigma-Aldrich) and later boiled at 95°C for 6 minutes.

5.9 STATISTICAL ANALYSIS

Results are indicated as average value = SD of biological independent replicates. Significance has
been defined using either Student’s t-test, to compare the mean of two samples, or analysis of
variance (ANOVA) followed by Turkey’s test, to discriminate differences between more than two
experimental groups. In both cases, values of less than 0.05 were recognized as significant.

Densitometric analyses have been carried out by ImageJ (NIH, Bethesda).

35



PART Il



6 INTRODUCTION TO THE INHERITANCE OF CENTROMERE IN GENOME

STABILITY

6.1 THE CENTROMERE

The centromere is a chromosomal locus essential for the equal and faithful segregation of genetic
material to daughter cells during cell division. It is defined as the "primary constriction” of the
chromosome and its principal function is to both provide the foundation for the assembly of the
kinetochore, the protein complex which connects chromosomes to microtubules of the mitotic and
meiotic spindles, and serve as the site of sister chromatid cohesion until proper chromosome
separation occurs. (Fukagawa and Earnshaw, 2014) Although the word “centromere” can be
translated as “central part”, centromeres are not necessarily positioned in the center of
chromosomes. In fact, only five chromosomes of the human set are defined metacentric with the
centromere located in the middle so that the chromosome is divided into two arms of equal length.
In the other chromosomes, the centromere is either submetacentric, close to the center, or
acrocentric, situated near the end determining that one arm is shorter than the other.

The size of a centromere varies largely between species. In S. cerevisiae, the centromere of each
chromosome counts 125 bps and it is known as point centromere. (Clarke and Carbon, 1980)
However, the centromeres of many eukaryotes are more complex and organized in a configuration
termed regional centromere. These centromeres are characterized by complex tandemly repeated

DNA sequences flanked by pericentromeric heterochromatin. In human regional centromeres, the

171 bp «-satellite DNA, which is organized in higher order repeats of AT-rich DNA, spans

regions from several 100 kbps to 5 Mbps and make up ~3% of the genome. (Manuelidis, 1978;
Fukagawa and Earnshaw, 2014) A third type of centromere, called holocentromere, exists in some

insects, lower plants and nematodes like Caenorhabditis elegans and extends along the entire
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length of the chromosome. (Marques and Pedrosa-Harand, 2016) Thus, point centromeres and
holocentromeres seem to be an evolutionary adaptation from the regional centromere
configuration.

The initial understanding of regional centromeres as repetitive o-satellite sequences was soon
challenged and has changed in a way that the underlying DNA sequence moved out of focus.
Although repetitive DNA sequences are a common feature of regional centromeres, several
findings raised doubt that the centromere is strictly specified by its underlying DNA sequence.
The most obvious evidence are the lack of repetitive DNA sequences in at least one chromosome
in various species, like chicken or orangutan, and the discovery of neocentromeres, which form at
non-centromeric loci due to de novo rearrangements of chromosomes. (Locke et al., 2011; Shang
et al., 2010; Amor and Choo, 2002)

The discovery of autoantibodies against centromeres in patients suffering from the autoimmune
syndrome CREST (Calcinosis, Reynaud’s syndrome, Esophageal dysmotility, Sclerodactyly,
Telangiectasia) represented the crucial turning point for the molecular understanding of the
centromere. (Moroi et al., 1980) In fact, three different antigens, which are respectively known as
CENP-A, CENP-B and CENP-C (where CENP stands for centromeric protein), were recognized
by the sera of these patients and, among them, CENP-A has been finally identified as a histone H3
variant. (Earnshaw and Rothfield, 1985; Palmer et al., 1987) Currently, CENP-A is considered the
molecular determinant of the centromere in eukaryotes since it is present in virtually all organisms
from S. cerevisiae (where CENP-A is called Cse4) to humans. As a consequence, the centromere
is defined rather epigenetically than by a specific DNA sequence.

The point centromere of S. cerevisiae is a notable exception, because it is genetically defined by
three centromere DNA elements (CDE) CDEI, CDEIIl and CDEIII forming together the 125 bp
centromere sequence. (Clarke and Carbon, 1980) The CDEIII element is specifically recognized
by CBF3, a critical complex necessary for proper kinetochore function and for the recruitment of

kinetochore proteins. (Lechner and Carbon, 1991) Quantitative chromatin immunoprecipitation
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experiments could detect one single Cse4 nucleosome present at each point centromere in S.
cerevisiae. (Furuyama and Biggins, 2007) Cse4 could furthermore be mapped to the 80 bp CDEII
element in all 16 budding yeast chromosomes. (Krassovsky et al., 2012) In contrast to budding
yeast, higher organisms with regional centromeres do not possess specific genetic elements which
define the centromere region. As consequence, in these organisms, centromeric DNA sequence is
not sufficient to maintain centromere position, but rather centromeres are epigenetically identified.

So, the histone H3 variant CENP-A is the epigenetic mark for centromere identity and function.

6.2 CENP-A

CENP-A is the molecular, epigenetic determinant of the centromere in all higher eukaryotes. It
functions as the foundation for kinetochore assembly given that it harbors specific features
recognized by members of the inner kinetochore, a meshwork comprising 16 centromere proteins,
which is termed constitutive centromere associated network (CCAN) given that most of its
components permanently reside at the centromere throughout the cell cycle (Figure 10). (Weir et

al., 2016; Musacchio and Desai, 2017)
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Figure 10. Organization of the Constitutive Centromere Associated Network (CCAN). (Adapted from Weir et al.,
2016)
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Furthermore, CENP-A is a variant of histone H3 found in the centromeric chromatin, wherein it
replaces its canonical nucleosome counterpart in a significant fraction of the nucleosomes. The
number of CENP-A nucleosomes is estimated to be approximately 200 per centromere in human
cells, with a CENP-A:H3 ratio of 1:25. (Bodor et al., 2014) Although more than two thirds of the
nuclear CENP-A pool were found at non-centromeric sites, taking into account the size of the
human genome, the quantified number of centromeric CENP-A nucleosomes still represents nearly

a 50-fold enrichment over non-centromeric CENP-A (Figure 11).
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Figure 11. The quantitative architecture of centromeric chromatin. (Adapted from Bodor et al.,2014).

CENP-A was identified as the first kinetochore protein by the sera of patients with CREST
syndrome in 1985 and, over the years, several provocative forms of the CENP-A nucleosome have
been postulated including tetrameric and hexameric forms, nucleosomes with opposite handedness
and heterotypic nucleosomes containing both H3 and CENP-A. (Dalal et al., 2007; Dimitriadis et
al., 2010; Furuyama and Henikoff, 2009; Mizuguchi et al., 2007)

The crystal structure of a reconstituted human CENP-A nucleosome revealed that CENP-A retains
several properties of histone H3 with only minor differences. (Tachiwana et al., 2011) It interacts
tightly with histone H4, and it is incorporated in vitro and in vivo into canonical octameric

nucleosomes with histones H2A and H2B that share many structural features of the canonical H3-
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containing nucleosomes. The DNA writhe is left-handed as for H3 nucleosomes, but CENP-A
nucleosomes have looser the terminal contacts allowing more flexible DNA ends and protect a
shorter DNA core (~100-120 bps compared to the 147 bp in nucleosome containing H3) in
nuclease protection assays. (Roulland et al., 2016) Therefore, given that the overall organization
of the CENP-A nucleosome does not seem to be very distinct from H3 nucleosomes, the only
substantial discriminants can be found in the CENP- A histone itself. In fact, compared to H3, the
N-terminal helix of CENP-A contains three residues less, which results in a smaller protected DNA
fragment in nuclease assays, and the N-terminal tail of CENP-A is highly variable due to several
posttranslational modifications. The residues Ser7, Ser16, Ser18 and Ser68 have been shown to be
phosphorylated, whereas Lys124 is a ubiquitination site. (Conde e Silva et al., 2007; Tachiwana
etal., 2011; Srivastava and Foltz, 2018) Instead, the N-terminal methionine of CENP-A is removed
and the Gly1 residue of the nascent CENP-A peptide is trimethylated. (Sathyan et al., 2017)

The CENP-A targeting domain, or CATD, is an important feature and consists of unique residues
within loop 1 and the a2-helix. It contributes to the rigidity of the CENP-A nucleosomes and is
necessary and sufficient for the centromere recruitment of CENP-A. (Ali-Ahmad and Sekuli¢,
2020) The loop 1 region contains two extra residues, Arg80 and Gly81, which form a surface-
accessible bulge. This bulge serves as a recognition motif by the kinetochore member CENP-N.
(Tian et al., 2018)

In addition, CENP-A displays a poorly conserved C-terminal tail but it has a considerably higher
proportion of hydrophobic residues than the C-Terminus of H3, which are specifically recognized
by the member of the inner kinetochore CENP-C. (Kato et al., 2013) Replacing the C-Terminus
of histone H3 with the C-terminal tail of CENP-A enables the recruitment of CENP-C in vitro and
in vivo. (Carroll et al., 2010; Guse et al., 2011) However, CENP-C can also be recruited to the
centromere in HeLa cells by H3 carrying the CATD, but not the C-Terminus of CENP-A. (Black
et al., 2007) Furthermore, both the CATD and the CENP-A C-terminus are required to recruit

CENP-C to a LacO array. (Logsdon et al., 2015)
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6.3 THE PROPAGATION OF CENTROMERIC CHROMATIN

The epigenetic specification of the centromere by CENP-A necessitates the pool of centromeric
CENP-A be maintained through cell division. In vertebrates, incorporation of new CENP-A at
centromeres takes place after mitotic exit, from telophase until to early G1 phase. The CENP-A
pool is then distributed, without new incorporation, to the sister chromatids during DNA
replication. Thus, sister chromatids enter mitosis with halved CENP-A content in respect of the
parental chromosome before replication. (Jansen et al., 2007) The resulting gaps are most likely
filled with histone H3.3, that act as a placeholder. (Dunleavy et al., 2011)

Once the number of CENP-A nucleosomes drops to low, the chance of centromere loss increases
dramatically with severe consequences on the genomic stability of the cell. (Bodor et al., 2014)
Indeed, incorporation of CENP-A at non-centromeric sites has to be minimized to prevent the
formation of ectopic kinetochores causing chromosomal segregation aberrations and genomic
instability. (Sharma et al., 2019) Therefore, to guarantee the centromere identity and accordingly

ensure the genome stability, the original CENP-A concentration has to be restored (Figure 12).
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Figure 12. CENP-A deposition is uncoupled from DNA replication and takes place in early G1 phase. (Adapted

from Jansen et al., 2007)
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This spatial regulation of CENP-A inheritance is mediated by the pool of pre-existing CENP-A
nucleosomes recruiting. The CENP-A replenishment process, which is uncoupled from DNA
replication, happens in early G1 phase when the CENP-A specific chaperone Holliday Junction
Recognition Protein (HJURP) associates with Mis18a, Mis18p, and Mis18-binding protein
(M18BP1), also known as the Mis18 complex, to target centromeres and deposit new CENP-A.
(Pan et al.,2019) To note, the depletion of any member causes severe CENP-A loading defects.
(Mahlke and Nechemia-Arbely, 2020)

The CENP-A deposition process can be schematized into three main steps. (Musacchio and Desali,
2017) First, the Mis18 complex localizes at the centromere directly after mitotic exit and modifies
the chromatin to a permissive state for CENP-A deposition. In a second step, HIURP binds to the
Mis18 complex and recruits prenucleosomal CENP-A to the centromere. The prenucleosomal
CENP-A is a soluble complex made by one copy of HIURP binding to a CENP-A/H4 heterodimer.
After, CENP-A is deposited and incorporated into the final nucleosome structure and in the last
step of the replenishment process, these nascent CENP-A nucleosomes have to be stabilized or
maintained. Precisely, after their initial deposition in early G1 phase, CENP-A nucleosomes
require further stabilization to avoid their loss from the centromeric chromatin. Super-resolution
microscopy analyses revealed, that newly incorporated CENP-A forms rosette-like clusters with
HJURP being located in the middle as a nucleation point. Interestingly, in late G1 these clusters
have a shape similar to the clusters of pre-existing CENP-A due to a structural transition.
(Andronov et al., 2019) At this regard, several factors have been found to be involved in the
maintenance process of newly incorporated CENP-A nucleosomes. Particularly, the loss of
centromeric CENP-A over time is induced by the depletion of one of remodelling and spacing
factor (RSF) complex-subunits, which localizes at the centromere in mid G1 phase. (Perpelescu et
al., 2009) More generally, factors implicated in CENP-A deposition, or in its stable maintenance
at centromeres, also include the chromatin remodeling FACT complex, the histone chaperone

NPM21/nucleophosmin, the GTPase-activating protein MgcRacGAP, And-1, and Condensin II.
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Additionally, several DNA and histone post-translational modifications have been implicated in
CENP-A loading, including DNA methylation by DNMT3B, possibly through interactions with
the C-terminal region of CENP-C and with Mis18a, acetylation, and histone H3K4 dimethylation.
In analogy with the licensing events that limit the initiation of DNA replication to once per cell
cycle, several factors have been proposed to promote licensing steps that limit CENP-A deposition
to once per cycle. (Mahlke and Nechemia-Arbely, 2020) Among the factors required for
deposition, positive and negative regulation by the kinase activities of the polo-like kinase 1
(PLK1) and cyclin-dependent kinases 1 and 2 (CDK1/2), respectively, have emerged for their
prominence. In vertebrates, incorporation of new CENP-A is limited to telophase and early G1
phase, when CDK activity is suppressed. Inhibition of CENP-A deposition, implicating pre-mitotic
Cdk2 kinase activity in complex with Cyclin E and Cyclin A as potential negative regulators of
this process. A major target of this regulation is M18BP1, which CDKs phosphorylate at multiple
sites, preventing its interaction with Mis18 subunits and its kinetochore recruitment. Inhibition of
CENP-A deposition through phosphorylation of HJURP and CENP-A has also been described. On
the other hand, PLK1 associates with the Mis18 complex at kinetochores in telophase/early G1

phase, and its activity is required for deposition (Figure 13).
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Figure 13.Centromere protein A (CENP-A) deposition and maintenance are cell-cycle dependent. (A) CENP-A
synthesis, deposition and maturation occur in distinct cell cycle phases and are regulated by coordinated activity of
deposition, maturation factors and cell cycle kinases. (B) Cyclin-dependent kinase (CDK) regulation of Mis18
complex assembly. Phosphorylation of M18BP1 and HIURP by CDK1/2 renders them inactive, inhibits assembly of
the Mis18 complex, and prevents HIURP recruitment to centromeres, preventing CENP-A deposition. At anaphase,
low CDKZ1/2 levels result in active M18BP1 and assembly of Mis18 complex, recruitment of active HIURP and
deposition of new CENP-A at the next G1. (C) Phosphorylation of M18BP1 by PIk1 is required for the assembly of
the Mis18 complex and its localization to G1 centromeres. Once localized at centromeres by binding to CENP-C,
HJURP is recruited to centromeres by binding to the Mis18 complex, leading to the subsequent deposition of new
CENP-A. (Adapted from Mahlke and Nechemia-Arbely, 2020)

Lastly, CENP-C seems to be the most probable centromere receptor in human, but the concrete
binding site has not been identified. Since CENP-C has two nucleosome binding motifs, the
conserved C-terminal CENP-C motif, that has a lower binding affinity towards CENP-A than the
central motif, might be temporarily occupied by the H3.3 placeholder nucleosome, which is
recognized by the Mis18 complex and exchanged against CENP-A in early G1 phase. However,

the concrete molecular details remain to be investigated and the chromatin remodelling complexes,
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that promote the nucleosome exchange reaction, have not been identified yet. (Mahlke and

Nechemia-Arbely, 2020)

6.4 THE GENOMIC INSTABILITY

Faithful chromosome segregation is essential for the maintenance of genomic integrity. During
each cell cycle, cells duplicate their genetic material before cell division, so that genetic
information is equally distributed among daughter cells. (Pesenti et al., 2022) To permit this, all
eukaryotes have developed a strategy by which chromosomes are attached by microtubule fibers
organized in a spindle that physically pull the two sister chromatids towards opposite poles during
division. In this process, the functional centromeres are the key elements. Consequently, a
centromere subjected to alterations contributes to chromosome instability and so to the onset of
diseases. (Ovejero et al., 2020) Defects in any of the pathways which regulate centromere assembly
and function can lead to chromosome mis-segregation and aneuploidy, the common features of
cancer cells. Additionally, the repetitive centromeric DNA sequence is often prone to aberrant to
rearrangements, leading to structural abnormalities. These could potentially induce replication fork
stalling, topological problems causing sites of breakage. (Black et al., 2018)

Albeit it has widely known that alterations in chromosome number participate in early steps of
tumorigenesis and in cancer heterogeneity, the mechanisms underlying mitotic errors that lead to
structural chromosome alterations still remain elusive. Nevertheless, whole-chromosome arm
gain, loss, or translocation are in fact common alterations in tumors. (Barra and Fachinetti, 2018)
In this scenario, CENP-A is fully involved in health and diseased states playing a key role in the
identity of centromere. For this reason, both its expression and loading occur through a very tightly
regulated process. Varying expression levels of CENP-A has been shown to have opposite effects
on cells: while down-regulation promotes both cell proliferation arrest and senescence,
upregulation can lead to cancer transformation, although via molecular mechanisms which need
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to be clarified. Notably, overexpression of CENP-A increases rates of CENP-A deposition
ectopically causing mitotic defects, centromere dysfunction and chromosomal instability (CIN), a
typical hallmark of cancer. (Mahlke and Nechemia-Arbely, 2020) Generally, CENP-A and HJURP
protein levels are tightly co-regulated in accordance with cell cycle progression and CENP-A
overexpression is often accompanied by overexpression of its chaperone. CENP-A expression
might be regulated by tumor suppressor genes such as Retinoblastoma protein (pRB). Indeed,
increased levels of CENP-A and HJURP are found in several tumors like hepatocellular
carcinoma, breast cancer and colorectal cancer. Consistent with the fact that their genes are both
negatively regulated indirectly by p53, both CENP-A and HJURP are transcriptionally up-
regulated in p53-null human tumors. In addition, CENP-A and HJURP have reciprocal stabilizing
effects on each other. Specifically, sSiRNA-mediated depletion of CENP-A promote proteasome-
dependent degradation of HIJURP and HJURP stabilizes CENP-A. When expression of either
CENP-A or HJURP is reduced in normal cells, deposition of new CENP-A at exit of mitosis is
diminished, causing loss of centromere identity and increased segregation errors and micronuclei.
Additionally, degradation of HIURP in early S phase impairs retention of CENP-A at centromeres
throughout S phase. All of this demonstrates that co-regulation of CENP-A and HJURP is
important for maintaining a fine balance which preserves centromere identity. Alterations in
CENP-A posttranslational modifications are also linked to chromosome segregation errors and
CIN. Collectively, CENP-A is pivotal to genomic stability through centromere maintenance,

perturbation of which can lead to tumorigenesis. (Renaud-Pageot et al., 2022)

6.5 CENP-A IN CANCER CARE

Across the last two decades, several scientific evidence report CENP-A is closely correlated with
cancer progression and patient outcome. (McGovern et al., 2012; Wu et al., 2012; Li et al., 2011;
Guetal., 2014; Qiu et al., 2013; Tomonaga e al., 2003; Rajput et al., 2011; Sun et al., 2016; Amato
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et al., 2009; Xu et al., 2020; Saha et al., 2020) The CIN induced by CENP-A overexpression
provokes an incrementation in chromosomal rearrangements and mutagenesis which in turn
increase the heterogeneity of the cell population. This easily promotes the selection of
advantageous clones and cancer progression. In addition, the pivotal role of CENP-A in mitotic
progression strongly sustains the correlation between CENP-A and cancer progression. (Shrestha
et al., 2021; Giunta et al., 2021) At this regard, it has demonstrated that a partial or complete
depletion of CENP-A in cancer cells, which overexpress it, reduces proliferation, blocks cell-cycle
progression, promotes apoptosis and decreases invasiveness of cancer cells. (Renaud-Pageot et al.,
2022) So, the hyperproliferative cells need sufficient expression of CENP-A along with its
chaperone HJURP to proliferate resulting “addicted” to CENP-A. (Filipescu et al., 2017)

The correlation of high CENP-A levels with clear therapeutic response is not simple, instead.
Disagreeing evidence exit in this regard: i.e., a reduced therapeutic response is reported when
CENP-A is overexpressed in osteosarcoma while a better outcome correlates to its expression in
breast and lung cancers. (Gu et al., 2014; McGovern et al., 2012; Sun et al., 2016; Zhang et al.,
2016) To note, CENP-A overexpression promotes distinct fates in human cells, depending on p53
status. (Jeffery et al., 2021) In details, Jeffery and coworkers have demonstrated that CENP-A
overexpression strongly increased sensitivity to X-ray irradiation of several p53-WT cell lines but
not of p53-defective cell lines as well as the inactivation of p53 was sufficient to counteract the
CENP-A induced radio-sensitivity phenotype. Thus, CENP-A acts like a double-edged sword: its
overexpression enhances radio-sensitivity in cells with wild type p53 while p53-defective cells
show a more tolerant state to X-ray irradiation.

Furthermore, regarding CENP-A role in cancer care, it has been proposed as a biomarker for tumor
aggressiveness in ovarian, osteosarcoma, lung and breast estrogen receptor positive cancer. (Qiu
etal., 2013; Guetal., 2014; Wu et al., 2012; Liu et al., 2018; McGovern et al., 2012) Additionally,
also the localization of CENP-A seems a promising feature. At this regard, the subnuclear

distribution of CENP-A at the time of diagnosis of locally advanced head and neck squamous cell
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cancer is emerging as an independent predictive marker of local disease control and curability by
concurrent chemoradiation therapy. In the last year, Verrelle and colleagues have demonstrated
the feasibility of a strategy in this type of tumor enabled to reveal a nuclear CENP-A localization
pattern assessed by immunohistochemistry, as a predictive marker of local disease control at 2

years by concurrent chemoradiation therapy (CCRT) with 96% accuracy. (Verrelle et al., 2021)

6.6 OBJECTIVES OF THE PROJECT

CENP-A is the centromere-specific variant of histone H3 and plays a central role in both directing
kinetochore assembly and maintaining centromere function. Considering its great importance in
preserving genomic stability in eukaryote cells, CENP-A is continually the focus of intensive
research finalized to understand its intrinsic peculiarities and the mechanisms which involve itself
in tumorigenesis. For this reason, the project is finalized to study CENP-A nucleosome before and
after DNA replication to further gain other insights on CENP-A for helping to better clarify its
contribution to the maintenance of the centromere identity.

The cellular model used for the project is the human retinal pigment epithelial RPE-1 (hnTERT
RPE-1) cell line. RPE-1 cells are genetically stable with a near-diploid karyotype of 46
chromosome and largely accepted as a representative model for normal cell division studies. Given
that the CENP-A translation occurs during G2 phase and its deposition in the time-frame ranging
from telophase to early G1 phase, we want to distinguish the existing CENP-A-SNAP proteins in
cell at the end of G1 phase from the new ones produced in the subsequent G2 and deposited then
in the next early G1 phase, identifying them as “old CENP-A” and “new CENP-A” respectively.
This approach will allow to find out if the CENP-A nucleosome, which includes two copies of
CENP-A, reassembles so as to have one “old CENP-A” and one “new CENP-A” (mixed

nucleosome - 1% Hypothesis) or two “old” and two “new CENP-A” (non-mixed nucleosome — 2"
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Hypothesis) for each sister chromatids after the DNA replication which follows the deposition of

“new CENP-A” (Figure 14).
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Figure 14. Graphical abstract (1/2). In S-phase, the CENP-A nucleosome could reassemble in two different manners.
According to the 1%t Hypothesis, the nucleosome of pre-replication chromosome, which is made by two “old” copies
of CENP-A, split and each sister chromatid has both one “old” copy and “new” one of CENP-A respectively;
according to the 2" Hypothesis, the nucleosome of pre-replication chromosome does not split and it passes entirely to
one of sister chromatids, as a consequence the remaining sister chromatid has CENP-A nucleosome constituted by
two copies of “new” CENP-A protein. In the figure, a indicates nucleosome of pre-replication chromosome while b
indicates the nucleosome of sister chromatid.

To distinguish old and new form of CENP-A, we have generated RPE-1 cell line expressing
CENP-A covalently linked to SNAP-tag. This tag is based on human O6-alkylguanine-DNA-
alkyltransferase (hAGT), a DNA repair protein, which was re-engineered to allow covalent intra-
cellular labelling with various fluorophores (Dreyer et al., 2023). In this way, the two forms of
CENP-A will be labelled with different colours (fluorescent dyes) to be distinguished. This
requires development and standardization of a sophisticated synchronization protocol which
permits differential labelling in CENP-A-SNAP RPE-1 cells in correspondence with both
production and deposition CENP-A timing. In addition, it will enable to collect samples before
and after DNA replication for analysing and understanding the achieved results.

Due to the complexity of cellular model used, the individuation of fluorescent dyes for labelling
old and new CENP-A in these cells was also required. For this purpose, a screening of different
molecules, both commercial and non-commercial, was carried out to identify dyes capable of
overcoming cellular barriers and so marking CENP-A-SNAP on chromatin.

Finally, CENP-A mononucleosome will be purified from the chromatin, co-immunoprecipitated
and the fluorescence of each mononucleosome will be visualize for verifying the nature of
nucleosome. If the 1% Hypothesis is true, the immunoprecipitated CENP-A will show both
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different fluorescent signals used for labelling, otherwise, the fluorescence signal will be unique
and the mononucleosome is constituted only by “the old CENP-A” or “the new CENP-A” in

according to the signal colour (Figure 15).
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Figure 15. Graphical abstract (2/2). Our strategy permit to distinguish the two forms of CENP-A thanks to a

differential labelling of the “old” (in purple) and “new” (in green) CENP-A by two fluorescent dyes. In the figure, a
indicates nucleosome of pre-replication chromosome while b indicates the nucleosome of sister chromatid.
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7 RESULTS

7.1 GENERATION OF A STABLE CENP-A-SNAP RPE-1 CELL LINE

Human retinal pigment epithelial RPE-1 (nTERT RPE-1) cells are genetically stable, near diploid
cells widely used as model to study cell division in a non-transformed context. (Scott et al., 2020)
For our studies, we needed RPE-1 cell line expressing CENP-A as a fusion protein with a tag
permitting sequential labelling of CENP-A required to distinguish old and new CENP-A. To this
end, we chose the SNAP-tag system, which is based on a 20 kDa mutant of DNA repair enzyme
O6-alkylguanine-DNA-alkyltransferas. The SNAP tag reacts specifically and rapidly with
benzylguanine derivatives, leading to irreversible covalent labelling of the SNAP-tag with a
synthetic probe, including probes coupled to a fluorophore.

First of all, we generated a stable RPE-1 cell line expressing CENP-A with SNAP-tag through
CRISPR/Cas9 system following the protocol published by Ghetti and colleagues and the strategy
illustrated in figure 16A. (Ghetti et al., 2021) For genome-editing, two different RNA guides were
tested. Guide #2 proved to be the one with the highest cutting efficiency (Figure 16B). After knock-
in, the electroporated cells were cultured and selected for antibiotic resistance. The isolated clones
were characterized by PCR reactions of their genomic DNA to identify those with insertions of
the expected molecular weight (Figure 16C). This allowed us to select three potential candidate
clones, namely clones #35, #42, #45, respectively. The expression level of CENP-A was imaged
using SNAP-Cell® 647-SiR fluorescent labelling and using a Deltavision Elite fluorescence

microscope. Clone #42 was found to have the best signal quality (Figure 16D).
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Figure 16. Generation of the stable CENP-A-SNAP RPE-1 cell line. (A) Genome-editing was performed following
the strategy illustrated in panel A. (B) Two different guides were tested for the knock-in. (C) The characterization of
clones was performed by PCR reactions of their genomic DNA for identifying those with inserted site at the expected
weight. (D) Representative image of the selected clone was obtained at Deltavision Elite System using SNAP-Cell®
647-SiR for labelling.

7.2 LABELLING OF CENP-A-SNAP IN RPE-1CELLS

To identify two dyes capable of labelling CENP-A in RPE-1 cell line expressing CENP-A-SNAP,
we screened different commercial and customized reagents. At the beginning, we aimed to identify
two substrates which, in addition to labelling CENP-A, could also be used to immuno-precipitate
the resulting adducts with CENP-A. For this reason, we screened three dyes, including the
commercial SNAP-Cell® Oregon Green® and two additional fluorophores generated in
collaboration with the Department of Chemical Biology at the Max Planck Institute for Medical
Research in Heidelberg. These molecules were chosen because the first could be
immunoprecipitated using the Fluorescein/Oregon antibody, the other two using Streptavidin or

Biotin antibody thanks to the presence of Biotin in their structure.
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First, cells were seeded on coverslips and synchronized in G1 phase. Then, SNAP labelling was
performed for each benzyl-substrates at different times and concentrations. After the labelling
reaction, cells were fixed and imaged using a Deltavision Elite System. We also repeated these
experiments with cells synchronized in mitosis, so to verify if the labelling efficiency would be
facilitated by dissolution of the nuclear membrane during mitosis. Unfortunately, as a result of
these screens, we concluded that only SNAP-Cell® Oregon Green® was suitable for CENP-A-
SNAP labelling finalized to immunoprecipitation (Figure 17).

OREGON GREEN CREST DAPI TUBULIN MERGE

Figure 17. Fluorescent signal of CENP-A-SNAP labelled using SNAP-Cell® Oregon Green®. Representative
image showing fluorescence of CENP-A labelled with SNAP-Cell® Oregon Green® (OREGON GREEN in green).
Centromeres were visualized by CREST sera (red signal), DNA was stained by 4',6-diamidino-2-phenylindole (DAPI)
and cytoskeleton was recognized by tubulin. Scale bars, 10 um.

The ability of SNAP-Cell® Oregon Green® to label CENP-A was also confirmed by Co-

Immunoprecipitation as shown in figure 18.
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Figure 18. Co-Immunoprecipitation of CENP-A-SNAP labelled using SNAP-Cell® Oregon Green®. The purified
chromatin of CENP-A-SNAP RPE-1 cells labelled and not (control) with SNAP-Cell® Oregon Green® (0.G.) was
co-immunoprecipitated after incubation with Oregon Green antibody using protein A beads. The presence of CENP-
A was evaluated by western blotting visualizing the chemiluminescence of CENP-A antibody (A) and Oregon Green
antibody (B) in the different fractions. Two representative images are reported in figure.

As an alternative to the biotinylated compounds, we tested SNAP-Cell® 647-SiR, even if this
compound does not allow precipitation of the labelled target protein. Also in this case, cells were

seeded on coverslips and synchronized in G1 phase. Then, SNAP labelling was performed to
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define both the right concentration and reaction time. After labelling, cells were fixed and imaged
using the Deltavision Elite microscope (Figure 19A). Furthermore, we verified the presence of the
SNAP-Cell® 647-SiR fluorescence signal in purified chromatin, as shown in figure 19B.
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Figure 19. Fluorescent signal of labelled CENP-A-SNAP. (A) Representative image showing fluorescence of CENP-
A labelled using SNAP-Cell® 647-SiR (SNAP-647 in magenta). Centromeres were visualized by CREST sera (cyan
signal), DNA was stained by 4',6-diamidino-2-phenylindole (DAPI) and cytoskeleton was recognized by tubulin.
Scale bars, 10 um. (B) The fluorescence of CENP-A-SNAP labelled with SNAP-Cell® 647-SiR (SNAP-647) and
SNAP-Cell® Oregon Green® (0.G.) was evaluated in purified chromatin after electrophoresis on acrylamide gel.
Two representative images are reported in figure.

Taken together, these results demonstrate that SNAP-Cell® Oregon Green® and SNAP-Cell®

647-SiR are suitable partners for CENP-A-SNAP labelling in CENP-A-SNAP RPE-1 cell line.

7.3 STANDARDIZATION OF THE SYNCHRONIZATION PROTOCOL FOR

LABELLING OF CENP-A-SNAP IN RPE-1 CELLS

The differential labelling of CENP-A is particularly important to figure out its fate during DNA

replication. For the purpose of discriminating the old form of CENP-A from the newly deposited
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one, a synchronization protocol in CENP-A-SNAP RPE-1 cells is required to label CENP-A
according to the timing of its production and deposition on chormatin. For this, pre-existing CENP-
A on chromatin should be labelled before the synthesis of new protein. Thus, the first labelling
should happen in a timeframe ranging from late G1 phase, in which deposition has already occured,
to S phase. Conversely, the second labelling should be performed immediately after production of
new CENP-A, from G2 phase to the subsquent G1 phase. To achieve this, we tried to implement
treatment blocking cells sequentially in the appropriate cell cycle phases. This synchronization
takes approximately 5 days (Figure 20).

1st generation cells 2nd generation cells
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Figure 20. Schematic representation of synchronization protocol for CENP-A-SNAP RPE-1 cell line.

RPE-1 are normal cells highly sensitive to stress, which complicates the synchronization protocols.
Experiments to improve cell survival and and decreasing the undesired effects of cell cycle
checkpoint are in progress. The preliminary results, reflecting optimization of the use of different
drugs over multiple attempts, show that the most promising starting point is the implementation
of a G1 phase arrest with the inhibitor of cyclin-dependent kinase 4 (Cdk4) and Cdk6 Palbociclib,
as shown in Figure 20. Although Palbociclib is known for blocking RPE-1 cells in G1 phase, the
concentrations used and duration of treatment had to be optimized for our conditions. (Trotter and
Hagan, 2020) We first tested three concentrations of Palbociclib, 150, 500, and 1000 nM (Figure
21). Accumulation of cells in G1 phase after 24 hours was clearly visible already at the lowest

dose tested (with an increase of G1 cells approximately close to 30% relative to control). Notably,
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500 nM and 1000 nM of Palbociblib caused about 90% of the cell population to be arrested in G1,

with no substantial difference between these two concentrations.
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Figure 21. Representative cell cycle profiles of Palbociclib screening in CENP-A-SNAP RPE-1 cells. RPE-1 cells
were treated and not (control also indicated as “ctrl””) with 150, 500 and 1000 nM of Palbociclib for 24 hours.

As reported by Trotter and Hagan, HeLa cells are unresponsive to Palbociclib treatments (Trotter

and Hagan, 2020). We therefore used HeL a cells as a negative control, confirming these previous

results.
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Figure 22. Representative cell cycle profiles of Palbociclib screening in HeLa cells. HeLa cells were treated and not
(control also indicated as “ctrl””) with 150, 500 and 1000 nM of Palbociclib for 24 hours.

Based on these results, we chose 500 nM Palbociclib as working concentration and further refined
the protocol by setting different additional factors, such as confluence, treatment, release time and
so on. Remarkably, almost the entire G1-arrested population following the treatment with 500 nM
Palbociclib and release from the drug was found to be blocked in mitosis after an additional 24
hours in presence of 330 nM Nocodazole, which reversibly interferes with the polymerization of
microtubules, or in presence of 5 uM STLC, which prevents the formation of mitotic spindle. No
significant differences in the fraction of mitotic cells were observed among these two inhibitors.
Given that cells round up during mitosis and are less firmly attached to the culture substratum, we
were able to separate the mitotic fraction from non-mitotic cells by gently shaking and washing
(mitotic shake-off), thus allowing us to select mitotic cells before reseeding them in a medium

devoid of spindle poisons. Representative cell cycle profiles showed that at least 90% of reseeded
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cells were in the G2/M peak after mitotic shake-off, underlining the efficiency of the method

(Figure 23 — Day 3). After 6 hours from reseeding, cells had re-attached and the majority of the

cell population was in G1-phase. Precisely, about 76% and 60 % of the cell population was in G1

after release from a Nocodazole or an STLC arrest, respectively (Figure 23 — Day 3). For our

purposes, this sample could be considered as “Pre-Replication sample”.
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Figure 23. Representative cell cycle profiles of the time-points of interest.
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Overall, these results demonstrate the feasibility of a synchronization protocol in CENP-A-SNAP

RPE-1 cells as shown in figure 24.
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Figure 24. Scheme of the study protocol. The protocol takes at least 4 days. At day 1, RPE-1 cells are seeded in
presence of 500nM of Palbociclib. After 24 hours, cells are release for 1 hour and then arrested in mitosis to collect
only the mitotic cells (mitotic shake-off) and reseed them in order to exclude non-synchronized cells in day 3. After
6 hours, the “Pre-Replication” sample is fixed. Red samples are fixed for cytofluorimetric analysis.
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8 DISCUSSION AND FUTURE PERSPECTIVES

CENP-A is a centromere-specific variant of histone H3. It plays a central role in directing
kinetochore assembly and maintaining centromere function. (Musacchio and Desai, 2017)
Specifically, CENP-A interacts selectively with proteins collectively identified as the constitutive
centromere associated network (CCAN), which constitute the “inner” kinetochore and are
necessary to build the microtubule-binding interface in the “outer” kinetochore. Recent structural
work illuminated the organization of the CCAN subunits. (Pesenti et al., 2022) How CCAN
interacts with CENP-A, however, has remained unknown. Several previous studies indicate that
CENP-A, similarly to H3, interacts with histone H4 and can be assembled into “classic” octameric
nucleosomes. (Tachiwana et al., 2011; Roulland et al., 2016) The localization of these CENP-A
nucleosomes to centromeres, however, does not depend on any specific DNA sequence. Rather, it
has been shown that CENP-A is inherited through an “epigenetic” mechanism (i.e., a mechanism
that does not depend on a particular DNA sequence) that requires a dedicated CENP-A histone
chaperone, HJURP, and additional machinery, the MIS18 complex. In human cells, deposition of
new CENP-A by HJURP and the MIS18 complex occurs in the G1 phase of the cell cycle, and is
therefore temporally uncoupled from the replication of DNA. The amount of new CENP-A
deposited in G1 is similar to the amount of the existing CENP-A, suggesting that the existing
CENP-A directs (“templates”) the deposition reaction. This concept is consistent with an
epigenetic mechanism, in which the pre-existing CENP-A, rather than any specific DNA sequence,
directs new CENP-A deposition. This mechanism explains why the levels of CENP-A remain
largely constant during successive cell divisions. (Pan et al., 2019)

The mechanism of CENP-A deposition remains poorly characterized. Prior to new deposition, the
existing CENP-A on chromosomes is likely to be embedded in an octameric nucleosome

containing two molecules (protomers) of CENP-A. Is the newly deposited CENP-A also part of a
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nucleosome or does it adopt an unusual organization? Second, what happens to the newly
deposited CENP-A during DNA replication, which is temporally disjoint from CENP-A
deposition? Does new CENP-A mix with the pre-existing CENP-A in new hybrid nucleosome
particles, or does it remain in distinct nucleosomes? These questions have very important
implications for understanding the molecular basis of centromere inheritance and | tried to shed
light on them. These questions are also of great importance when considering the crucial role of
CENP-A in preserving genomic stability in eukaryotic cells. (Renaud-Pageot et al., 2022) It is
important to understand how CENP-A performs its function, and how its deregulation may cause
tumorigenesis. Thus, we are investigating CENP-A nucleosome composition before and after
DNA replication.

To shed light on this problem, we wanted to find a method to distinguish the pre-existing CENP-
A protein from the new CENP-A protein deposited in the early G1 phase (identified as “old CENP-
A” and “new CENP-A” respectively). This, in turn, would allow establishing if the CENP-A
nucleosomes on sister chromatids after DNA replication reassemble to have one “old CENP-A”
and one “new CENP-A” (mixed nucleosome - 1% hypothesis), or they are rather inherited by sister
chromatids as two “old” and two “new CENP-A”, respectively, for each sister chromatids (non-
mixed nucleosome — 2" hypothesis) (Figure 14). To start the project, we used the CRISPR/Cas9
system to generate an hTERT RPE-1 cell line expressing a fusion protein of CENP-A and a small
protein tag, the SNAP tag, which allow covalent intra-cellular labelling with various fluorophores.
(Dreyer et al., 2023) CENP-A translation occurs during G2 phase and its deposition occurs in the
time-frame ranging from telophase to early G1 phase. To succeed in our goal, we standardized the
label of new and old forms of CENP-A with SNAP-Cell® Oregon Green® and SNAP-CelI® 647-
SiR dyes. To overcome the impossibility of immunoprecipitated CENP-A with two different
substrates, we will label first “old CENP-A” and then “new CENP-A" by Oregon Green® to check

if the results is the same in both cases.
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This task requires development and standardization of a sophisticated synchronization protocol for
differential labelling of old and new CENP-A in hTERT RPE-1 cells expressing CENP-A-SNAP,
providing a predictable labelling schedule for additional validation experiments. However, albeit
they are genetically stable, near diploid cells, and widely used as model to study cell division in a
non-transformed context, hTERT RPE-1 cells are highly sensitive to stress. This feature
complicates the synchronization protocols taking a long time for setting up. (Scott et al., 2020) In
this regard, minimal variations of cell number, treatment timing as well as the number of washes
and releasing time strongly influnce the progression of cell cycle in RPE-1 cells and constitute the
main obstacles to the finalisation of such a long protocol. For these reasons, further experiments
are necessary to complete the protocol and also monitorate the expression levels of proteins like
p53 and p21 for excluding a blockage of cell cycle. (Kumari and Jat, 2021) Finally, we intend to
purify CENP-A mononucleosomes from the chromatin, and then visualize the fluorescence of each
mononucleosome to verify whether old and new CENP-A mixed or not. We reasoned that if the
1%t hypothesis were true, the immunoprecipitated CENP-A mononucleosomes will show both
fluorescent colours used for labelling. Else, the immunoprecipitated CENP-A mononucleosomes

will show only one of the two colours.
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9 MATERIALS & METHODS

9.1 CHEMICALS & ANTIBODIES

Chemicals: Palbociclib ( PZ0383; Sigma-Aldrich), Eg5 inhibitor S-trityl-L-cysteine (STLC)
(164739; Sigma-Aldrich), Nocodazole (M1404; Sigma-Aldrich), SNAP-Cell® Oregon Green®
(S9104S; New England Biolabs), SNAP-Cell® 647-SiR (S9102S; New England Biolabs),
Benzonase (E8263; Sigma-Aldrich), Ethanol (BP2818100; Fisher Scientific), Methanol (322415;
Sigma-Aldrich) 4',6- diamidino-2-phenylindole (DAPI) (18860; Serva), Vybrant DyeCycle green
(V35004; ThermoFisher), Mowiol (475904; Calbiochem). Antibodies: Oregon Green (A#889;
Invitrogen), CENP-A (#2186; Cell Signaling Technology), CREST (15-234; Antibodies

Incorporated) and Tubulin (T9026; Sigma-Aldrich)

9.2 CELL CULTURE AND SYNCHRONIZATION

Retinal pigmented epithelium (hTERT) RPE-1 cells were purchased by ATCC and CENP-A-
SNAP cell line was generated by CRISPR/Cas9 genome editing as described in Ghetti et al., 2021.
The cells were cultured in DMEM-F12 (BE12-719F; PAN-Biotech), supplemented with 10% FBS
(P30-3306; PAN-Biotech,), 100 U/mL penicillin and 100 pg/mL streptomycin solution (DE17-
602E; PAN-Biotech,) at 37°C with 5% CO..

In some experiments, cells were synchronized in different phases of the cell cycle. To synchronize
cells at the G1/S phase border, cells were treated for 24 hours with Palbociclib at the concentrations
reported in “Results” section. A mitotic arrest was induced by treating cells with 5 uM of STLC

or with 330 nM of Nocodazole.
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9.3 IMMUNOFLUORESCENCE

The cells on coverslips were fixed with ice-cold Methanol for 1 minute. Afterwards, the cells were
first washed with 500 pL PBST three times and then blocked using the PBST solution
supplemented with 5 % BSA for 20 minutes. The coverslips were incubated with 80 uL of master
mix including primary antibody of interest for overnight. After the incubation, the coverslips were
washed three times with PBST and the secondary antibody solution was added for 30 minutes to
the samples. For the DNA staining was used 0.5 ug/mL of 4’,6- diamidino-2-phenylindole (DAPI).
Lastly, the coverslips were washed thrice with PBST and once with ultrapure water and were
mounted with Mowiol. The samples were let dry at room temperature for at least 16 hours and
subsequently stored at 4 °C protected from light. Cells were imaged using a Deltavision Elite
System (GE Healthcare) equipped with an 1X-71 inverted microscope (Olympus). For each image,
a z-stack containing 16 layers with a distance of 200 nm was acquired using the software softWoRx
(GE Healthcare). The raw data were deconvolved and converted into average intensity projections
for illustrative and quantification purposes. The images were edited and analyzed using the

software FIJI.

9.4 CHROMATIN PURIFICATION

For each experimental point, cells were collected and spun down at 1,500 RPM for 5 minutes.
Pellets were later resuspended in 5 volumes of lysis buffer in order to have a single-cell suspension.
The samples were incubated for 2 minutes at room temperature and successively 10 minutes on
ice. Then, 0.1% NP-40 was add to cells and the samples was mixed by gentle vortexing.
Successively, the cytoplasmatic fraction was removed after centrifugation at 1,500 RPM for 10
minutes while the pellet, which is constituted by low purity nuclei, was resuspended in 5 volumes

of washing buffer and sonicated for 5 cycles (1 cycle = 30 sec on/off) at low power. For chromatin
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digestion, Benzonase was add to samples (0.1 uL of Benzonase for 200 uL of sample), which is

mixed and incubated at 37°C for 5 minutes and then at 4°C with mild shaking. After 1 hour, NaCl
was added to a final concentration of 420 mM and the samples were left in shaking for another 1
hour yet. Finally, the samples were spun-down at max speed for 20 minutes and the supernatant,

or purified chromatin, was recovered. The protein concentration was evaluated using Nanodrop

and the samples were stored at -20°C.

9.5 CO-IMMUNOPRECIPITATION AND SAMPLE PREPARATION

For each sample, 1 mg of purified chromatin was incubated in mild rotation with Oregon Green
antibody at 4°C overnight. The following day, 25 uL of protein-A beads was add to samples and
they were incubated at 4°C with mild rotation for 1 hour. 6. Once the incubation was completed,

the samples were spun-down at 1,500 RPM for 5 minutes at 4°C and the supernatant was recovered

as “unbound” fraction. The pellets were washed thrice using washing solution by centrifugation at

1,500 RPM for 5 minutes at 4°C. 8. After the final wash, the supernatant was removed and 50 pL

of 2X Leammli buffer were added to both pellets (“bound” fraction) and “unbound”. In the end,

all samples were boiled at 95 °C for 6 minutes and stored at -20°C until to western blotting.

9.6 WESTERN BLOTTING

Generally, an amount of about 50 pg of chromatin was loaded and separated by SDS-PAGE. Then,
sample proteins were transferred onto nitrocellulose membranes (GEH10600008; Amersham) by
the Mini Trans-Blot system (Bio-Rad Laboratories). After washing in tris-buffered saline (TBS)

supplemented with 0.05% Tween 20, membranes were blocked for 1 hour in 5% no-fat dry milk
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(M7409; Sigma-Aldrich) and incubated overnight at 4°C with primary antibody. In the following
days, HRP-conjugated secondary antibodies solution, reacting against the related primary species,
were added to the membrane for 1 hour at room temperature. Each incubation step was preceded
and followed by three 5-minutes washes in T-TBS. Finally, protein-related light signals were
acquired by ChemiDocTM (Bio-Rad Laboratories) using the enhanced luminol-based

chemiluminescent substrate (12994780; Cytiva Amersham) as a detection system for HRP.

9.7 FLOW CYTOMETRY ANALYSIS

Cytometric analysis was performed to define the respective cell phase distribution in reaction to

different stimuli. Pelleted samples were resuspended first in 300 pL PBS and then in 700 pL ice-

cold ethanol. Fixed cells were stored at —20°C until analysis. Before investigation, the samples
were spun down for 5 minutes at 1,500 RPM and incubated with Vybrant DyeCycle green
according manufacturing instruction. For each experimental condition, at least 20,000 events were
acquired and analyzed by a BD LSRFortessa flow cytometer. Data were analyzed using FlowJo

software.
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