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ABSTRACT

Nicotinamide phosphoribosyltransferase (NAMPT) is a key metabolic enzyme in
NAD* synthesis pathways which is found upregulated in several tumors, depicting
NAD(H) lowering agents, as the NAMPT inhibitor FK866, an appealing approach
for anticancer therapy. Like other anticancer small molecules, FK866 triggers
chemoresistance, observed in several cancer cellular models, which can prevent
its clinical application. Here, we unravel molecular mechanisms sustaining the
acquisition of resistance to FK866 in a model of triple-negative breast cancer —
TNBC - (MDA-MB-231 — MDA p.), exposed to increasing concentrations of the
small molecule (MDA r.). Acquired resistance to FK866 was not explained by the
increased activity of efflux pumps or by compensatory mechanisms of NAD*
production. Additionally, a chemical high-throughput screening approach with
FDA-approved drugs failed to identify potentially targetable MDA r. vulnerabilities.
Instead, these cells present an increased mitochondrial spare respiratory capacity
and a higher mitochondrial mass compared to the FK866-sensitive counterparts,
as well as a metabolic dependence on pyruvate and succinate for energy
production.

To gain deeper insights into metabolic adaptation in NAD(H) deprived conditions,
we focused on the Yes-associated protein (YAP), a cotranscriptional regulator
involved in metabolic rewiring. We showed that FK866 induces YAP nuclear
translocation in FK866-sensitive but not in FK866-resistant models. Moreover, the
up- or down-regulation of YAP levels modulates the sensitivity to the NAD(H)
depletion agent, as well as the differential expression of PGC1l-a, found
upregulated in the TNBC FK866-resistant cells.

Taken together, these results unravel novel mechanisms of cell plasticity to
counteract FK866 toxicity, which rely on mitochondrial rewiring. Moreover, we
described a correlation between YAP activation and sensitivity to NAMPT

inhibition, which can be further explored for clinical use.



ABBREVIATIONS

Only abbreviations that were repeated at least twice throughout the thesis are

mentioned in this section

AMPK AMP-activated protein kinase
AR Androgen receptor

ATL Adult T-cell leukemia/lymphoma
CHC a-cyano-4-hydroxycinnamate
CLL Chronic lymphocytic leukemia
CsA Cyclosporin A

CTGF Connective tissue growth factor
Drpl Dynamin-related protein 1
ECAR Extracellular acidification rate
EMT Epithelial to mesenchymal transition
ETC Electron Transport Chain

FAO Datty acids oxidation

FCCP Carbonyl cyanide-4(trifluoromethoxy) phenylhydrazone
GC Glucocorticoid

GDH Glutamate dehydrogenase
glycoPER | Glycolytic proton efflux rate
GLUT Glucose transporter proteins
GR Glucocorticoid receptor

G-3-P Glyceraldehyde 3-phosphate
HDAC Histone deacetylase

HIF-1 Hypoxia-induced factor 1

HK Hexokinase
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ABBREVIATIONS

LDHA Lactate Dehydrogenase A

LDHB Lactate dehydrogenase B

MCT1/4 Monocarboxylate Transporter 1/4

MDR Multidrug resistance

MMP Mitochondrial membrane potential
MPC1/2 Mitochondrial pyruvate carrier 1/2

MST1 Mammalian STE20-like protein kinase 1
MtDNA Mitochondrial DNA

NA Nicotinic Acid

NAD+ Nicotinamide Adenine Dinucleotide
NADH Nicotinamide Adenine Dinucleotide Hydrate
NADSYN NAD synthetase

NAM Nicotinamide

NAMPT Nicotinamide Phosphoribosyltransferase
NAPRT Nicotinic Acid Phosphoribosyltransferase
NMN Nicotinamide MonoNucleotide

NMNAT NAM/NA Mononucleotide Adenylyltransferase
NMRK Nicotinamide Riboside Kinase

NR Nicotinamide Riboside

nuclearDNA | Nuclear DNA

OCR Oxygen consumption rate

OMM Outer mitochondrial membrane

OPA1l Optic atrophy-1

OXPHOS Oxidative phosphorylation
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ABBREVIATIONS

PARP Poly (ADP-Ribose) Polymerase

PBEF Pre B-cell colony Enhancing Factor

PDH1EA Pyruvate dehydrogenase complex subunit 1
PDK1 Pyruvate dehydrogenase kinase 1

PEP Phosphoenolpyruvate

PFK Phosphofrutokinase

PGC1-a Peroxisome proliferator-activated receptor-gamma co-activator
PPP Pentose phosphate pathway

QA Quinolinic Acid

QAPRT Quinolinic acid PhosphoribosylTransferase

ROS Reactive oxygen species

SDH Succinate dehydrogenase

SRB Sulforodamine B

TAZ transcriptional co-activator with PDZ-binding motif
TBD TEAD-binding domain

TCA Tricarboxylic acids

TFAM Mitochondrial transcriptional factor A

TME Tumor microenvironment

TNBC Triple-negative breast cancer

TOMM20 Translocase of outer mitochondrial membrane 20
YAP Yes-associated protein
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INTRODUCTION

Cancer metabolism
Hallmarks of cancer: reprogramming of energy metabolism

Neoplastic cells present several distinctive features, gradually acquired by cell
transformation. These cells are often characterized by uncontrolled proliferation,
sustained by metabolic adjustments to fuel cell growth and division. In fact, the
reprogramming of energy metabolism is considered one of the “Hallmarks of
cancer”, an essential factor that progressively alter cell physiology until a stage of
malignant growth. Importantly, these alterations in cell metabolism can be
exploited for therapeutical purposes!?. Despite cancer heterogenicity, malignant
transformation at the bioenergetic level triggers alterations in metabolic enzymes
or oncogenic signaling that support core functions like anabolism, catabolism and
redox balance (Figure 1)3. Anabolic processes allow cancer cells use nutrients
and ATP for the biosynthesis of essentials macromolecules (like proteins, lipids

and nucleic acids).

Catabolis™

Figure 1 Malignant transformation. Normal cell malignant transformation includes alterations in
anabolism (byosinthesis of macromolecules), catabolism (ATP synthesis) and redox balance
(production of NAD(P)H equivalents).
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Instead, catabolic reactions drive the production of energy transfer molecules as
ATP through the oxidation of carbon sources by glycolysis and/or oxidative
phosphorylation®. Cytoplasmic and mitochondrial NAD(P)H are important to
sustain multiple antioxidant defense systems in cancer cells, thus preventing the
activation of ROS-mediated death pathways®. NADP(H) is further important for
cellular anabolic processes due to its role as electron surce for reductive synthesis
reactions, such as non-essential amino acids, nucleotides and streroids

synthesis®.

The Warburg Effect: Concept and regulation

One of the main building pieces of evidence of deregulated cancer metabolism
was described by Otto Warburg in the early 1920s. Under aerobic conditions,
normal cells fully oxidize glucose via respiration in the mitochondria, producing
CO2 as end product. This highly efficient process for energy production is known
as oxidative phosphorylation (OXPHOS) and offers a high yield of ATP
molecules’. Instead, the “Warburg effect”, describes the ability of cancer cells to
use glycolysis to produce ATP and macromolecules, even under aerobic (non-
hypoxic) conditions, resulting in the production of lactate from pyruvate, by lactate
dehydrogenase (LDH)3°. According to Warburg, this metabolic trait occurs due to
a mitochondrial disfunction, that are unable to carry out OXPHOS. However, even
if the Warburg phenotype constitutes a metabolic signature of 70-80% of human
cancers, nowadays that are clear evidence that mitochondria are not defective in
most of them. Instead, the “Warburg effect” is driven by major mechanisms that
include the induction of the hypoxia inducible factor 1 (HIF-1), the alteration of
growth factor signaling (PI3K/AKT), oncogene activation (MYC) and loss of
function of onco-suppressors (P53)%-12 (Figure 2).

HIF-1 activation up-regulate oxygen independent energy production pathways by
increasing the expression of glycolytic enzymes like hexokinase (HK) and
pyruvate dehydrogenase kinase 1 (PDK1); of glucose transporter proteins
(GLUTSs) and consequently the glucose-derived lactate production'415, Like HIF-1,

also the phosphoinositide 3-kinase (PI3K)/AKT pathway has diverse downstream
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effectors in cellular metabolism. Upon activation by insulin, growth factors or

cytokines, it regulates nutrient transporters and metabolic enzymes!416,

* Signalling
¢ Cell migration
. le«

Normal cell Malignant cell

E Transcription _/
@l activation

ctat

w7 D
NADH

Figure 2 The Warburg effect. Schematic representation of the metabolic differences between
normal (left side) and malignant/tumor cells (right side). In normal cells, glucose generates
pyruvate that enters the TCA and is used for mitochondrial ATP production with regeneration of
NADH to NAD*. In malighant cells, HIFla-dependent transcription activation, lead to the
upregulation of glucose transporters, glycolytic flux, and pentose phosphate pathway (PPP)
intermediates. Pyruvate is converted to lactate by LDHA, regenerating NAD™* in the cytoplasm
(Figure adapted from 88),

Of note, AKT promote GLUT1 and GLUT4-mediated glucose uptake!’*8 as well
as phosphorylation and activation of glycolytic enzymes like HK2 and
phosphofructokinase 1 (PFK1)'°2°, Importantly, AKT induce also the activity of
enzymes in the oxidative pentose phosphate pathway (PPP) through the SREBP
axis, contributing for the reduced nicotinamide adenine dinucleotide phosphate
(NADPH) pool in the cytoplasm and for the redox balance?. Instead, the loss of
expression of the tumor suppressor p53 results in a switch towards aerobic
glycolysis, while the MYC oncogene directly bind and activate HK2 and lactate
dehydrogenase A (LDHA)?2. Overall, the “Warburg effect” confers cells an

accelerated glycolytic flux and ATP synthesis with subsequent accumulation of
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glycolytic intermediates for biomass synthesis, that is essential for cancer growth
and progressiont415,

Additionally, the NAD*/NADH ratio also differs from normal to cancer cells. In
normal cells, pyruvate generated from glycolysis is preferentially oxidized in the
mitochondria, via the TCA cycle, balancing the NAD*/NADH in favor of NAD".
Instead, the increasing levels of cytoplasmatic LDHA allow the regeneration of
NAD* from NADH without taking part in the mitochondrial ETC, rendering aerobic
glycolysis efficient, and decreasing the NAD*/NADH redox ratio. The inability of
cells to regenerate NAD" pool would limit glycolysis by preventing the conversion
of glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate by glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

Lastly, it is relevant to mention the role of the lactate, which is not anymore seen
only as a “metabolic waste-product”, but as an oncometabolite with relevant roles

in the cellular energetic reprogramming (Figure 3).

Inmune supression

@

Metastatic
. dissemination

TME
acidify

Lactate

Fuel Therapy
energetic resistance

Figure 3 Lactate as an oncometabolite. Schematic view of the lactate role in cancer. This
molecule can directly fuel TCA, and upon release from cancer cells, contribute to TME
acidification, inhibition of the immune system, induce invasiveness, and metastasis and
contribute to the acquirement of resistance to therapy (Figure adapted from 25).
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Being the final product of aerobic glycolysis, lactate is excessively produced and
exported to the extracellular space, leading to an acidification of the tumor
microenvironment (TME), which favors metastasis, angiogenesis, therapy
resistance and immunosuppression?®-?>, HIF-1 and MYC induce aberrant
expression of the glycolytic enzymes, including LDHA and thus lactate production,
but also of the monocarboxylate transporters 1 and 4 (MCT1 and MCT4), that
participate in the lactate import from and export to the extracellular milleau®>26.
Moreover, lactate can be converted to pyruvate by the mitochondrial lactate
dehydrogenase B (LDHB) and incorporated in the TCA cycle for energy production

in normoxic cancer cells?’.

Pyruvate utilization: a bottleneck

Pyruvate remains at a central biochemical node connecting cytoplasmatic and
mitochondrial energy production, as glucose-derived carbons can either be
converted to lactate by LDHA, or imported into the mitochondria to enter the
tricarboxylic acids (TCA) cycle?®. In fact, several proteins that regulate pyruvate
synthesis and consumption present difference expression or activity in normal
versus cancer cells?°.

Pyruvate production in the cytoplasm for LDHA utilization is mainly promoted by
the enzyme pyruvate kinase (PK) that irreversibly catalyzes phosphoenolpyruvate
(PEP) to pyruvate. This enzyme present two different isoforms, M1 and M2, with
distinct enzymatic activities, being PMK1 the most active one®°. The most active
M1 is found predominantly in non-cancerous tissues with high ATP demand?®.
Instead, the less active PKM2 isoform is exclusively expressed in tumor tissues
and its overexpression leads to a glycolysis flux slowing down, allowing the
accumulation of upstream glycolytic intermediates to be used for anabolic
processes®! (Figure 4).

Differently, pyruvate entrance in the mitochondria is mediated by the mitochondrial
pyruvate carrier (MPC1 and MPC2). Pyruvate mitochondrial oxidation to acetyl-
CoA occurs in the mitochondrial matrix and is mediated by pyruvate
dehydrogenase (PDH) complex, that by its turn is regulated by PDH kinase 1
(PDK1)?°. PDH activity is negatively regulated by PDK1 phosphorylation. PDK1 is

frequently overexpressed in cancer, decreases pyruvate mitochondrial utilization,
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TCA cycle intermediates and redox stress, and has been strongly implicated with

oncogenesiss23,

Glucose

.
v

PEP

PK (M1/M2)
NADH/H* NAD'

v \ Z
Pyruvate Lactate

B ——————
LDHA

.1 "lr MPC 1/2
UL

PDH — PDK1

v
Acetyl-
CoA

OAA Citrate

TCA cycle *
A v

SucCoA a-KG
) SSHEOE

itochondria

Figure 4 Pyruvate as a bottleneck. Schematic representation of pyruvate usage by cancer cells.
Pyruvate is produced from glycolysis in a multistep reactions process, culminating in the oxidation
of phosphoenolpyruvate (PEP) by pyruvate kinase (PK) M1 or M2 isoforms. At the cytoplasm, it
can be oxidized by LDHA to produce lactate, with the concomitant regeneration of NAD* from
NADH. Alternatively, MPC-mediated imported pyruvate can be integrated in the TCA cycle upon
conversion to Acetyl-CoA by the pyruvate dehydrogenase complex (PDH), which is in turn inhibited
by pyruvate dehydrogenase kinase 1 (PDK1).

Mitochondrial pyruvate carrier (MPC)

Pyruvate transport into the mitochondria was initially measured in 1974, but MPC
was only formally identified in the last decade®*. It was described as an inner
mitochondrial membrane-located heterocomplex of two previously uncharacterized
protein family members conserved from yeast to mammals®>36. More recently, it
was classified as belonging to the SLC54 family of mitochondrial transport®’. MPC
is either lost or down regulated in variety of cancers (like colorectal cancer and

renal cell carcinoma), and these conditions have been mainly associated with pro-
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tumorigenic phenotype and poor clinical outcomes®:3°, It was shown that MPC
loss enhances mitochondrial metabolic flexibility, as it stimulates pathways that
fuel carbon utilization by the TCA cycle, like glutaminolysis and fatty acids or
amino acids oxidation40:41,

MPC can be regulated both at transcriptional and post transcriptional levels. In
prostate cancer, the direct binding of the transcriptional repressor chicken
ovalbumin upstream promoter-transcription factor 11 (COUP-TFII) to promoter of
the MPC1 gene reduced its expression2. Similar data was shown for glioblastoma
cells in vitro and in vivo*3. Peroxisome proliferator-activated receptor-gamma co-
activator (PGC1-a) levels is reported to differently modulate MPC expression in
cancer models. In kidney cell adenocarcinoma, PGC1-a silencing prevents its
interaction with estrogen-related receptor alpha (ERR-a) and consequent
recruitment to the ERR-a response element motif located in the proximal MPC1
promoter, leading to the downregulation of the MPC1 transcription4. Similar

results were shown for breast cancer cell models*®. Also in cholangiocarcinoma,
the overexpression of PGC1-a induces an upregulation of the PDHE1A and

MPC1 to increase the mitochondrial pyruvate influx*6. At the post-transcriptional
level, Sirt3-mediated acetylation of lysine 45 and 46 in MPCL1 has been associated
with decreased MPC activity in colon cancer, upon high glucose exposure?’.
Regarding MPC2, so far, it was only described lysine 19 and 26 acetylation as a
negative regulation of the transporter activity in the diabetic hearth*®,

The first identified and characterized inhibitor of the mitochondrial pyruvate
transport was a-cyano-4-hydroxycinnamate (CHC), that was able to block
pyruvate transport in a non-competitive fashion, without disrupting the
mitochondria®®. After, the CHC analogue UK5099 (a-cyano-B-(1-phenylindol-3-yl)-
acrylate) was developed to specifically modify a thiol group of the transporter, thus
inhibiting its activity®®. In 2005, while developing compounds to be used as
potential antidiabetic drugs, Hildyard et al. discovered two novel thiazolidine
compounds, GW604714X and GW450863X, and described them as potent
inhibitors of MPC5%. More recently, also thiazolidinediones (like rosiglitazone), a
class of insulin sensitizers were identified as acute, specific inhibitors of MPC in a

variety of cell types®2.
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Of note, MPC inhibitor’s therapeutic use could be envisioned under certain
circumstances. For instance, several cancer cell lines (squamous cell carcinoma ,
cervix and breast cancer cells) derived spheroids showed local reoxygenation
upon mitochondrial pyruvate transport inhibition with 7ACC2, which further
sensitize tumor xenografts to radiotherapy®3. Combination therapy of MPC
inhibitors and glutamate dehydrogenase (GDH) inhibitors were shown to be very
effective in preclinical models of liver cancer, as MPC inhibition-dependent GDH
activation increase cellular dependence on glutamine metabolism®*. Instead, MPC
overexpression in colon cancer cells is able to promote ROS production and
increase IFNy-induced apoptosis®®.

Mitochondrial plasticity in cancer

Glycolytic/OXPHOS cancer phenotypes

Aligned with Warburg’s initial observation, aerobic respiration can result from
mitochondrial disfunctions in a small set of cancers. For example, in gliomas and
acute myeloid leukemia (AML), mutations in the isocitrate dehydrogenase 1 and 2
(IDH1 and IDH2) lead to the production of the oncometabolite 2-hydroxyglutarate
(2-HG) and inhibition of the IDH decarboxylase activity of conversion of isocitrate
to a-ketoglutarate®®>’. Similarly, mutations in other Krebs cycle genes like
succinate dehydrogenase (SDH), in hepatocellular carcinoma, and fumarate
hydratase (FH), in renal cell carcinoma, results in impairment of the OXPHOS and
a metabolic shift towards aerobic glycolysis®85°.

However, increasing evidence shows a critical role for functional mitochondria in
tumor  progression, metastasis and therapy resistance, in  hybrid
glycolytic/OXPHOS cancer phenotypes!t96L In fact, accordingly with Yu et al.,
tumor tissues can be distinguished in at least three main metabolic phenotypes:
glycolytic, OXPHOS, and hybrid glycolytic/OXPHOS cells, that present the highest
level of metabolic flexibility (Figure 5)2.

Mitochondria use a range of metabolic sources, such as glucose, fatty acids and
glutamine, whose oxidation products replenish TCA cycle and enable not only the
maintenance of the ETC and consequently ATP production, but also provide

building blocks for macromolecules synthesis®®. Also some amino acids like
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alanine, proline, aspartate and glutamate participate in anaplerotic pathways to

fuel mitochondrial metabolism?®4.

Warburg (glycolytic) Hybrid phenotype OXPHOS phenotype
phenotype

Figure 5 Cancer cells metabolic phenotypes. Schematic representation of the Warburg effect
(left), with lactate production from pyruvate and released to the extracellular space. Glutamine can
be used as alternative carbon source for the mitochondria. Hybrid glycolytic/OXPHOS phenotype
(middle) with pyruvate sustaining both lactate production and the TCA. OXPHOS phenotype
(right), with pyruvate being produced through glycolysis or the conversion from extracellular
lactate, and consequently sustaining TCA (Figure adapted from ©2)

In fact, it is the existence of multiple circuitries centered on the mitochondria, that
ensure such a metabolic adaptation and a switch of substrate utilization®®. Several
cancer types like ovarian and pancreatic cancers, under hypoxic conditions and
aerobic respiration activation were reported to present an augmented
glutaminolysis®®7. Instead, reliance on the fatty acids oxidation (FAO) was
observed in a model of triple negative breast cancer (TNBC) despite its

dependence on glycolysis®8.

Beyond bioenergetics: mitochondrial dynamics

Mitochondria are essential organelles sensing the energetic stress, as fluctuations
on blood glucose and lipids, and promoting the adaptation to energy-deprived

environments. Beyond mitochondrial bioenergetics, several other aspects of
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mitochondrial biology support malignant transformation, particularly the modulation
mitochondrial mass and mitochondrial dynamics®®.

The mitochondrial mass is determined by the balance between two different
processes: mitochondrial biogenesis, that contributes to an increase of
mitochondrial mass and mitochondria turnover, through the selective autophagic
mitochondrial pathway (mitophagy).

PGC1-a interacts with several factors to maintain energy homeostasis, as NRF-
1/2, PPARa/B/6, and ERRa,B,y, and is the main regulator of mitochondrial
biogenesis’~74. However, this transcription factor presents an ambiguous role on
tumorigenesis™. PGC1l-a levels are usually positively correlated with tumor
reliance on mitochondrial respiration and mitochondrial-regulated processes, like
ROS detoxification, glutamine-derived lipogenesis, and fatty acid oxidation (Figure
6)"°.

Fatty acid Blicote
_
Acetyl-CoA
Siglfglsing 0, E Fatty acid !
H,0, T oxidation S W N =
- \ synthesis
Mitochondria TCA
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v \
ATP) ATI? )
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Figure 6 Biological functions of PGC1-a in cancer cells. Upon stress signaling, PGC1-a exerts
it’s transcriptional activity, promoting mitochondrial biogenesis and respirations, fatty acid and
glutamine metabolism, and preventing ROS accumulation, facilitating cancer metabolic
adaptation’®.
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However, for some type of tumors, like in colorectal and ovarian cancer, it is
considered a tumor suppressor as it induces Bax-mediated cell death’®77. Also in
clear clean renal cell carcinoma (ccRCC) and breast cancer, low PGCl-a
expression is associated with poor survival’®79,

c-Myc is also a strong regulator of mitochondrial biogenesis, as studies with Myc
gain/loss of function are associated with increased/reduced mitochondrial
mass®®l, It induces the expression of PGC1-a, but also of the mitochondrial
transcriptional factor A (TFAM), that is essential for mitochondrial DNA replication
and transcription8,

Unlike mitochondrial biogenesis, mitophagy prompts the clearance of damaged
mitochondria, and thus decrease of mitochondrial mass. This process is mainly
triggered via the PTEN-induced putative kinase 1 (PINK1) pathway, but alternative
autophagy induction is mediated by HIF-1a target genes like BCL27°. Similarly to
its antagonist process, mitophagy can be pro- or anti-tumorigenic based on the
tissue context and tumor stage®?.

Mitochondria dynamics is also dependent on the balance between fission and
fusion that determines gross mitochondrial morphology’®. Fission — division of the
mitochondria- is mediated by dynamin-related protein 1 (Drpl) that interacts with
outer mitochondria membrane (OMM) proteins, to cause a GTPase-dependent
mitochondrial membrane constriction. Instead, fusion — combination of two
mitochondria into an individual elongated mitochondrion - is mediated by
mitofusions, Mfn1 and Mfn2, along with optic atrophy-1 (Opal). Continuous cycles
of fission/fusion allow cells to maintain a healthy pool of mitochondria, while the
unbalance of these processes lead to fragmented or hyperfused pools of
mitochondria®® While hyperfused mitochondrial networks are described to present
enhanced OxPhos ability and lower mitochondrial trafficking, cells with fragmented
mitochondria are more glycolytic and less permissive for mitochondrial

trafficking®-26,

NAD(H) metabolome: NAD" biosynthesis and consumption

The pyridine nucleotides nicotine adenine dinucleotide (NAD*) and its reduced
form (NADH) play a central role in regulating biologic processes and cellular

homeostasis. As major components of bioenergetic and signaling pathways,
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NAD(H) regulate important cellular processes as transcription, DNA repair, cell
cycle progression, circadian rhythms, apoptosis and metabolic regulation®”:88,
Recently, it was described a role of NAD* in DNA ligation and RNA capping, by
serving as a nucleotide analogue®. Of note, NAD* can be converted to its
phosphorylated form (NADP), that by its turn is reduced to NADPH and
participates in fatty acid synthesis and maintenance of the redox balance®?.
At the metabolic level, NAD(H) works as a coenzyme, reversibly transferring
hydrogen in several redox reactions of glycolysis, TCA cycle and oxidative
phosphorylation®?. During glycolysis, the enzyme GAPDH catalyzes the
conversion of glyceraldehyde 3-phosphate (G-3-P) to 1,3-bisphosphoglycerate
(1,3-BPG) using NAD* as cofactor and converting it to NADH®3, Electrons from
NADH enter the mitochondria ETC through the malate-aspartate or the glycerol-3-
phosphate shuttles, as the inner mitochondrial membrane have always been
considered impermeable to NAD(H)®*%. More recently, the mitochondrial protein
SLC25A51 (also known as MCART1) was identified as a NAD* transporter in
mammals, able to restore its levels in the organelle®. Alternatively, NADH is
regenerated to NAD* by LDHA, thereby maintaining the cytoplasmatic
NAD*/NADH pool and active aerobic glysolysis®’. In the mitochondria, NAD*
accepts electrons from TCA cycle intermediates being converted to NADH, that
acts as an electron donor molecule to complex | (NADH: ubiquinone
oxidoreductase) of the ETC chain and drives oxidative phosphorylation, ultimately
leading to ATP synthesis®!.
NAD* serves as a substrate for several families of mammalian enzymes including
poly-ADP-ribose polymerases (PARPS), sirtuins and ectoenzymes. PARPs are a
family of 17 proteins that catalyzes the transfer of ADP-ribose unites from NAD®-
onto target proteins, to maintain cellular transcriptional regulation, apoptosis and
DNA damage response®-19, |mportantly, PARP-1 expression and activity are
found upregulated in several cancer, including ovarian cancer, colorectal cancer
and leukemia, which pave the way for PARP inhibitors’ clinical usage for cancer
treatment®8:101,102,
Sirtuins are a family of protein deacetylases and adenosine diphosphate (ADP)-
Ribosyltransferases belonging to the class Ill histone deacetylase family, which
requires NAD" for its function'®3, Similarly to PARPS, sirtuins also modulate pivotal
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cellular processes involved in cancer initiation and progression like DNA repair,
transcriptional regulation and metabolism04.105,

The cyclic ADP-ribose (cCADPRs) family of ectoenzymes, including CD38 and
CD73, hydrolyze NAD* to produce cADPRs, which are involved in Ca?
mobilization, regulation of the cell cycle and insulin signalling©6:197,

Of note, even if these enzymes patrticipate in different NAD*-dependent reactions,
they all involve the release of nicotinamide (Nam)®. The fact that signaling
pathways, unlike redox reactions, continuously consume NAD*, prompted the

interest on the understanding of NAD* biosynthetic pathways (Figure 7).

Tryptophan Nicotinic Acid
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Figure 7 Overview of NAD(H) biosynthesis pathways. Tryptophan-derived quinolinic acid is
used as substrate for NAMN synthesis. NAMN is also obtained by the NAPRT-mediated
conversion of NA. Instead, NAMPT and NMRK1/2 synthetize NMN, respectively using NAM or NR
as substrates. Formation of NAD" is the common step in all NAD+ biosynthetic routes. This
molecule can be used by PARPSs, sirtuins and ectoenzimes, like CD38, and regenerate NAM
(adapted from®s),

Several substrate-based pathways lead to NAD* synthesis. In the de novo NAD*
synthesis, the amino acid tryptophan is converted to nicotinic acid mononucleotide
(NAMN) through a series of reactions ending with the formation of quinolinic acid
(QA), the substrate of QA phosphoribosyl transferase (QAPRT). NAMN can be
also produced through the Press-Heindler pathway, with nicotinic acid (NA) being

used as substate for nicotinic acid phosphoribosyl transferase (NAPRT). NAMN is
31



further converted to NAD* by NMN adenyl transferases (NMNAT) and NAD
synthetase (NADSYN). Instead, the NAD* synthesis salvage pathway relies on
nicotinamide phosphoribosyl transferase (NAMPT), that catalyzes the conversion
of NAM to nicotinamide mononucleotide (MNM) and is the rate-limiting enzyme of
NAD* synthesis. NAM levels are sustained by dietary input, as well as by the
regeneration through NAD®*-consuming enzymes like PARPs, sirtuins and
CD38/157. NMN is also the product of the conversion of nicotinamide riboside
(NR) by nicotinamide riboside kinase (NMRK) and is the substrate of NMNAT for
NADT synthesis.

Targeting NAD™ synthesis in cancer cells

The requirement of NAD* for several reactions that sustain metabolic processes
and signaling, highlights its importance for the maintenance of -cellular
homeostasis. It is then conceivable that the metabolic rearrangement orchestrated
throughout tumorigenesis may be counteracted by limiting NAD* availability,
through the inhibition of the enzymes involved in its biosynthesis.

Recent studies showed that the major determinant of the cancer cells’
dependence on the NAD™* biosynthetic pathway is the tissue context: if tumors
arise from normal tissue types that highly express NAPRT, this will be the main
route for NAD* production. Instead, if NAPRT is not highly expressed in the normal
tissue, tumors will be dependent on NAD* salvage pathways'®®. To date, very few
NAPRT inhibitors have been reported, and 2-hydroxynicotinic acid (2-HNA) and
several non-steroidal anti-inflammatory drugs (NSAIDs) were the widely used
molecules to study the effects of NAPRT inhibition'?®1° More recently, two
additional chemical scaffolds that function as NAPRT inhibitors were identified
through an in silico screening?*t.

By the other side, potent NAMPT inhibitors have been developed throughout the

years, and revealed as promising anti-cancer drugs*'?.

NAMPT enzyme

NAMPT (also known as pre-B cell colony enhancing factor — PBEF — or visfatin)
was firstly described by Preiss and Handler in 1957, as a distinctive enzyme that
catalyze NAD* synthesis!!3. This phosphoribosyl transferase is expressed in
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several organs and cells, and its homozygous knockout in mice is embryonically
lethal, confirming it’s crucial role in cellular physiology*'*. Nowadays, it is reported
that the enzyme present both intracellular iNAMPT) and extracellular (eNAMPT)

forms (Figure 8)1%,
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Figure 8 Physiological roles of NAMPT. eNAMPT act as anti- or pro-inflammatory cytokine, but
its receptor is not yet identified. INAMPT maintains the intracellular levels of NAD* and participates
in the recycling of NAM, the product of sirtuins and PARPs. NAMPT expression is regulated by the
circadian regulators CLOCK and BMAL1122,

Samal et al. first described eNAMPT in 1994, as an active extracellular protein
secreted from pre-B cells, that promote colony formation in synergy with stem cell
factor and interleukin-7 (IL-7)6. Nowadays, it is known that eNAMPT is actually
produced by most cell types, and particularly cancer cells, even though the
understanding of its structure, function and biological roles are still poorly
understood!'’. In breast cancer, eNAMPT is described as a cytokine able to
activate TGFB signaling and induce epithelial-to-mesenchymal transition (EMT)8.
Accordingly, in chronic lymphocytic leukemia (CLL), it showed a role as a
modulator of the immune system in the tumor microenvironment, turning it

immunosuppressive and tumor-promoting. Its function is however independent of
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NAMPT catalytic activity!'®. Overall, eNAMPT is currently defined as a tumor-
promoting cytokine, released upon cellular stress, nutritional cues and
inflammation'’. Interestingly, increased levels of eNAMPT were found in serum or
blood of cancer patients, and its level is positively correlated with both tissue
NAMPT ones and cancer progression!®-121,

By its turn, INAMPT is expressed in nucleus, cytoplasm, and mitochondria of
several cells'?? and catalyzes the synthesis of NAD* from nicotinamide, that can
be used not only as an energy cofactor, but also as a signaling pleiotropic
molecule. In fact, INAMPT is the only enzyme of NAD*-biosynthetic pathways able
to recycle nicotinamide (produced in reactions mediated by NAD-dependent
enzymes like sirtuins, PARPs and ectoenzymes), and thus it's considered the rate-
limiting enzyme of this nucleotide biosynthesis? 123, Of note, NAMPT mediated
NADT synthesis is involved in the regulation of the circadian clock, as inhibition of
NAMPT releases CLOCK:BMAL1 from sirtuin 1-mediated supression!?4.
Additionally, NAMPT has also been associated with angiogenesis and
inflammation23:125,

Given the crucial role of this enzyme on the maintenance of cellular NAD* levels,
and the higher NAD* requirement of cancer cells, it is not surprising that NAMPT
has been found upregulated in several tumors'®*126.127  Therefore, NAMPT
targeting presents itself as a therapeutic anticancer strategy, potentially leading
not only to impairment of cancer cell metabolism but also bring about pleiotropic

antitumor effects, like undermining inflammation®.

NAMPT inhibitors
The first NAMPT inhibitor was reported in 2003. FK866 (APO866) was identified

as an apoptosis inducer with high specificity to NAMPT, in a NAD*-depletion
based screening in HepG2 (human liver carcinoma cells)??®. Crystallography
studies showed that FK866 directly compete with NAMPT substrate NAM for the
binding to the catalytic pocket (Figure 9)'2%130, Thus, FK866 is a specific,
competitive, and potent (nanomolar range) inhibitor of NAMPT that displays
cytotoxicity to a broad panel of cancer cells31-133,

The pharmacological signature of FK866 is characterized by intracellular NAD

depletion, that reduces GAPDH activity and consequently glycolytic rate, carbon
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supply to the TCA cycle and ATP levels'34135, Additionally, FK866 impairs the
mitochondrial membrane potential (MMP) and increase reactive oxygen species

(ROS) production in several models of leukemia and solid tumors36-138,

o)
XX N

| H
o

N

APO866

N
S
N

X N)\N/\/\/\/O
H H
Cl
CHS-828

Figure 9 Chemical structures of firstly described NAMPT inhibitors.  Structures of
APOB866/FK866 (above) and CHS-828 (below), revealing their chemical distinction!!®

Still, FK88-induced mechanism of cell death is still under debate in the literature
as it seems to be tumor-dependent. In multiple myeloma cells, FK866 is described
to decrease NAD* levels and consequently trigger autophagy but not apoptosis®®.
Similarly results were obtained for models of neuroblastoma, where NAMPT
inhibition led to the formation of LC3-positive vesicles that fused with the
lysosomes!4?14L  |nstead, in adult T-cell leukemia/lymphoma (ATL) and CLL ,
apoptosis is the cellular death pathway activated in response to NAD* depletion
through FK866 treatment!36.142. Also in TNBC, NAD* depletion triggers adenine
levels reduction that prime cells for apoptosis43.

In-vitro FK866 cytotoxic profiles in cancer cells encouraged its usage in phase |
clinical trials, where it revealed to be well-tolerated by patients with advanced solid
tumor malignancies refractory to standard therapies'44. However, owing to its short
half-time in circulation, anti-tumor benefits were barely observed. The requirement
of prolonged treatment regiments raised several side effects as lympho- and
thrombocytopenia. Accordingly, FK866 and other NAMPT inhibitors like CHS-828
(GMX1778) (Figure 9) and its prodrug GMX177, did not demonstrate sufficient

tumor-selectivity to achieve clinical success as single agents!t?145.146,
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Interestingly, combining FK866 with other drugs targeting metabolism may
enhance therapeutic efficacy of NAMPT inhibitors. It is reported that FK866, by
depleting cellular NAD/NADH, increases metformin sensitivity in pancreatic cancer
cells, resulting in a reduction of mitochondrial complex | activity and activation of
the p53 pathway and oxidative stress'4’. Also in prostate tumor spheroids, FK866
treatment increases doxorubicin retention and cytotoxicity, by interfering with the
cellular energy metabolism and the function of efflux pumps!®2. In glioblastoma,
cisplatin and etoposide effect is potentiated by cotreatment with subtoxic doses of
FK866, that increase their effect on DNA damage!®°. In leukemia cells, NAMPT
inhibition is reported to be synergistic with histone deacetylase (HDAC) inhibitors
and with the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)48149,
Strategies to deliver well-tolerated payloads of NAMPT inhibitors with reduced
secondary effects are also being developed. Currently, antibody-drug conjugates
(ADC) are being synthetized using biological active FK866 derivatives with
chemical functionality to allow the synthesis of enzyme-cleavable drug linkers®°.
Very recently, another NAMPT inhibitor was identified through a chemical library
screening to search for novel agents to selectively target hematological
malignancies. OT-82 is a small molecule with a pyrazole group, with low-
nanomolar range ICso for hematological malignant cancer cells. It presented no
cardiac, neurological or retinal toxicities in mice and non-human primates. A new
clinical trial (NCT03921879) is currently recruiting patients to test safety of OT-82
usage for relapsed and refractory lymphoma?!*2.151,

Additionally, efforts are being made to target eNAMPT. For example, Oita et al.
used NAMPT-neutralizing antibodies, to prevent NF-kB signaling activation via
TLR4 and increase sensitivity of lung endothelial cells to TNF-o—induced

apoptosist®?,
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Drug resistance

Chemotherapy is currently one of the main cancer treatments, as it improves
prognosis and overall survival of cancer patients. However, small anti-cancer
drugs are rarely curative, as tumor diversity and heterogeneity favors adaptation to
the therapeutic approach and thus the insurgence of chemoresistance!®3,

There are several mechanisms supporting drug resistance. The increased efflux of
drugs, primarily mediated by the overexpression of efflux pumps from members of
the ABC transporter superfamily. These permeability glycoproteins (P-gp)
decrease intracellular drug accumulation, and are considered one of the major
reasons for chemoresistance'®1%. The combination of the P-gp inhibitors
Verapamil or cyclosporin A (CsA), with other cytotoxic drugs like doxorubicin and
mitoxantrone, respectively, have actually been proposed to overcome multidrug
resistance!®”.158, Regularly used chemotherapeutics (like 5-FU or cisplatin) act by
inducing DNA damage on cancer cells and consequently activation of death
pathways, but the repairment of these lesions by a number of DNA repair
pathways promotes survival'®®, The utilization of targeted therapies rather than
conventional anti-proliferative chemotherapeutics is also prone to the development
of chemoresistance, as cells can induce the alteration of the drug target, either by
point mutations or changes in protein expression levels %9, In the recent years,
importance has been given to many other escaping mechanisms, like evasion of
senescence and influence of the tumor microenvironment€0.

Resistance to NAMPT inhibitors has been observed in several cancer cellular
models, upon prolonged exposure to the small molecules. Acquired resistance to
the NAMPT inhibitor GNE-618 was observed in vitro and in vivo due to the
presence of point mutations in the NAMPT gene sequence: mutation of Serl165
resulted in an a-helix unwinding and prevention of the NAMPT substrate 5-
phosphoribosyl-1-pyrophosphate (PRPP) binding; while mutations on Gly217
prevent the binding of GNE-618%6, Ogino et al. showed that human colon cancer
cell line HCT116 resistant to FK866 (HCT116RK866) exhibit cross-resistance to
other NAMPT inhibitors like CHS-828, GNE-617, and STF-118804. In this model,
NAMPT mutation H191R prevents its interaction with partner proteins of the POTE

ankyrin family member, and thus acquirement of resistance®?. Additionally,
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HCT116RFK86 presented an increased expression of the drug efflux
pumps/multidrug resistant proteins (MDR), whose inhibition (verapamil treatment)
led to the re-sensitization to FK86613,

Instead, studies with human fibrosarcoma cell line refractory to GMX1778
treatment, revealed a point mutation on NAMPT (Y18C) and an increased
dependency of these cells of QAPRT, a key enzyme of the NAD* synthesis'%4.
Similar results were observed in a model of T cell acute lymphoblastic leukemia
(CCRF-CEM cell model), where QAPRT overexpression allows the exploitation of
amino acids catabolism as a source for NAD* synthesis. Both in this model and in
breast cancer cells resistant to FK866, the NAMPT coding sequence was not
mutated, but a shift towards a glycolytic metabolism and dependence on LDHA
was observed!33,

Finally, it was recently demonstrated that tumors presenting NAMPT but not
NAPRT dependence are subject to resistant by NMRK1-dependent synthesis of
NAD*, which would explain the failure of NAMPT inhibitors°8.
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YAP and the Hippo pathway

Cell and tissue homeostasis maintenance is widely dependent on the regulation
and balance of key processes like cell proliferation and cell death, while disruption
of such mechanisms often drives pathologic conditions!®,

The Hippo pathway, named after the “big-headed” phenotype of drosophila
melanogaster mutants, regulates organ size by balancing cell proliferation and
survival signaling®®. In fact, these mutants were isolated in genetic screening for
genes regulating organ size, and the phenotype attributed to mutations on warts
(wts or large tumor suppressors, lats), salvador (sav or sharpei, shrp9) and hippo
(hpo or Drosophila mammalian Ste-20 kinase, dMst)67:168 |t was observed a
tissue overgrowth in somatic clones with loss of sav, hpo or wts, with concomitant
cell-autonomous increase of DIAP-1 (Drosophila inhibitor of apoptosis gene
product) and Cyclin E, a cell cycle regulator'®®. The Hippo pathway gained
particular attention upon Yorkie (Yki) identification in a yeast two-hybrid screen for
wts binding protein’®. Yki is the Drosophila homologous version of the
mammalian Yes-associated protein (YAP), previously identified on 1994, and
characterized as a proline-rich phosphoprotein able to bind to the Yes proto-
oncogene product!’t. Thus, YAP and its homolog, the transcriptional co-activator
with PDZ-binding motif (TAZ) are the major downstream effectors of the Hippo
pathway in mammals'’?2, Of note, YAP presents a N-terminal TEAD-binding
domain (TBD), as well as two WW domains and a C-terminal transactivation

domain (Figure 10) 3.
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Figure 10 Overview of YAP domain. From N- to C- terminus, YAP presents a proline rich
domain, a TEAD-binding domain, WW21 and WW?2 domains, a coiled coil domain, a
transactivation domain, and a PDZ-binding domain (Figure adapted from 173).

As it lacks a DNA-binding motif, YAP-dependent gene transcription is regulated
through its binding to transcription factors such as TEAD1-4, p73 and ZEB1173-176,

The translocation of YAP from the cytoplasm to the nucleus, where it can activate
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the expression of target genes, is a relevant step of the regulation of YAP
activity!’”. YAP translocation into the nucleus is mainly accomplished through its
phosphorylation in conserved HXRXXS motifs, including serine 127 (S127) and
serine 397 (S397) sites, mediated by the Hippo pathway signaling®’®17°, Shortly,
when the Hippo pathway is active (on), the mammalian STE20-like protein kinase
1 (MST1) or MST2 phosphorylate Salvador homolog 1 (SAV1). Their combined
action phosphorylates and activates both the MOB kinase activator 1A (MOB1A),
MOB1B, and the large tumor suppressor homolog 1 (LATS1) kinase and LATS2
kinase. Following the signaling cascade, the latest phosphorylates YAP and TAZ,
that remains sequestered in the cytoplasm through the binding with the 14-3-3
protein. As a consequence, phosphorylated YAP/TAZ is primed to proteasomal

degradation and unable to exert its transcriptional activity (Figure 11A).
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Figure 11 Schematic representation of the Hippo pathway. (A) When the Hippo pathways is
ON, YAP is phosphorylated by a kinase signaling cascade including MST1/2, LATS1/2 and
MOB1A/B. Phosphorylated YAP remains in the cytoplasm and it's degraded. Instead, when (B) the
Hippo pathway is OFF, YAP remains not phosphorylated and migrates to the nucleus, binds to
TEAD1-4 or other transcription factors, and activates the expression of its target genes'°,
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Instead, when the Hippo pathway is off, the kinase-dependent signaling cascade
is inactive, and the non-phosphorylated YAP/TAZ accumulates in the nucleus,
where it forms a complex with TEAD1-4 proteins or other transcription factors (p73
or ZEB1, as mentioned above) and promotes the expression of target genes,
including the connective tissue growth factor CTGF and CYR61 (Figure 11B)*0.

The activation of the Hippo pathway is reported to be regulated by the
microenvironment and via extracellular signaling through soluble extracellular
factors, cell-cell adhesions, mechanotransduction, and energy or endoplasmic
reticulum stress!’2181.182 |n fact, up to date more than twenty regulators that
intersect the core Hippo pathway at different levels have been identified, and
grouped in four branches: the Crumbs homolog (CRB) complex; regulators that
act upstream of the MST kinases; the actin cytoskeleton; and the adherent

junction?®,

Dual role of YAP in cancer

YAP as oncogene
Since initial studies in Drosophila where loss of the Hippo pathway activity was

leading to overgrowth phenotypes, this pathway have been thought to act as
tumor suppressori®®, Instead, YAP and its homolog TAZ which are activated upon
Hippo-signaling cascade deactivation, were initially classified as oncogenes!®3,
YAP/TAZ are described to regulate several functions that contribute to cancer
development and progression like proliferation, epithelial to mesenchymal
transition (EMT), cell migration, cell survival, drug resistance and stemness'®. In
fact, mice deficient of the Hippo kinases like MST1 and LATS1 showed tissue
overgrowth and tumorigenesis in the liver, skin, ovaries and intestine'®415,  |n
cholangiocarcinoma (CCA), high levels of nuclear YAP are correlated with poor
prognosis, while its silencing increase chemosensitivity and inhibit metastasis in
vivo and in vitro'®. Similar results were observed for oral squamous cell
carcinoma (OSCC), where YAP accumulation drives proliferation, migration and
survival in vitro'®’, In lung adenocarcinoma, YAP activation and consequent
expression of the antiapoptotic oncoprotein Survivin promotes the malignant
progression of the serine/threonine kinase LKB1-deficient tumors'®. Besides
upregulation of antiapoptotic proteins, YAP drives the transcription of cell cycle-
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promoting genes as CCND1 and FOXM1, resulting in malignant mesothelioma cell
proliferation!®. Resistance to the RAF- and MEK-targeting drugs vemurafenib and
trametinib, respectively, was also attributed to YAP in BRAF-mutated tumors, were
its increase expression is a biomarker of worse initial prognosis for tumors
harboring BRAF V600E*°.

YAP as tumor suppressor gene
Despite the clear role of YAP/TAZ in promoting tumorigenesis, increasing number

of studies report clinical evidence suggesting their context specific role as tumor
suppressors. For example, YAP and TAZ can mediate B-catenin degradation in
the absence of WNT, dampening the WNT signaling, that play important roles in
cell-cell communication, cell fate, proliferation and stemness. Similar effects were
observed for the YAP/TAZ-mediated B-catenin cytoplasmatic retention®%192,
Apoptosis is also a YAP-regulated process, as in some cancer cell lines like
H1299, HCT116, and MCF7, YAP was reported to promote the expression of
apoptotic genes in response to DNA damage!®31%4, Also in MCF7, the increased
expression of the proapoptotic gene puma is promoted by the RASSFI1A-
enhanced interaction between YAP an p73!%. Furthermore, in models of
hematologic malignancies, including multiple myeloma, lymphoma and leukemia,
the pervasive DNA damage activates a proapoptotic network, supported by low
YAP and consequently nuclear ABL1-induced apoptosis levels!%.

On non-small lung cancer, YAP function as tumor suppressor is mediated by the
downregulation of the antioxidant enzyme GPX2 and consequent accumulation of
.ROS™¥’, Recently, it was also shown that prostate cancer cell lines presented an
increased metastatic potential upon YAP knockdown, due to an activation of the
EMT pathway, further suggesting a YAP tumor suppressive role!%,

YAP and energy metabolism

Cancer cells high proliferative rate translates into an increased metabolic demand,
sustained by the enhancing of energy and biomass synthesis. Given the role of
YAP and TAZ in promoting cellular growth programs, several studies report their
involvement in metabolic regulation. By the other side, a plethora of metabolic
cues are also reported to regulate YAP/TAZ activity (Figure 12)182,
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Figure 12 YAP/TAZ regulate metabolic processes. YAP/TAZ enhance glucose , amino acid and
lipid metabolism, as well as mitochondrial fusion®2. Genes transcriptionally regulated by YAP are
in red boxes.

In alignment with the higher glycolytic dependence of cancer cells for proliferation,
YAP/TAZ are described to enhance glycolysis through the upregulation of key
glycolytic genes like GLUT3, HK1,HK2, PFKFB4, PFKP, GAPDH, PGK1, PGAM1,
LDHA, PDHA and PDHB'®°. Instead, it was shown that under low glucose
conditions or inhibited glycolysis, YAP is inactive, while presented the opposite
behavior in response to increased glucose levels.

In fact, glucose deprivation alters the AMP to ATP ratio, which is sensed by the
AMP-activated protein kinase (AMPK), that by its turn induces LATS1-dependent
YAP phosphorylation and inactivation°2°1, AMPK can mediate YAP inactivation
by angiomotin-like 1 (AMOTL1)-mediated LATS1 phosphorylation and
activation?®?. In conditions of high glucose levels, YAP/TAZ are O-GIcNAcylated
at serine 109 by the O-GIcNAc transferase (OGT), which prompts its nuclear

translocation and the transcriptional activation of target genes?203.204,
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YAP/TAZ is also critical for fatty acids metabolism. A recent study suggests that
YAP overexpression increases fatty acid oxidation on a melanoma mouse model,
which is critical for lymph node metastasis?®®. YAP was also reported to interact
with the nuclear forms of the sterol regulatory element-binding proteins (SREBPS),
that control fatty acid and cholesterol biosynthesis, enhancing their transcriptional
activity?%®. Instead, the palmitic acid was shown to induce both YAP inhibition or
activation, respectively, through its modulation via the cGAS-STING-IRF3-MST1
pathway, or via palmitoylation of TEAD?07:208,

Regarding amino acid metabolism, YAP/TAZ modulate the expression of
glutamine-metabolizing enzymes. For example, in breast cancer cells, YAP/TAZ
stimulates the overexpression of glutamic—oxaloacetic transaminase (GOT1) and
phosphoserine aminotransferase (PSAT1), and consequently the conversion of
glutamate to AKG, thus increasing the dependence on exogenous glutamine?°®,
Moreover, the uptake of amino acids is also affected by YAP and TAZ, as they
stimulate the transcription of SLC1A5, SLC7A5, and SLC38A1, higher-affinity
amino acid transporters210.211,

Finally, YAP/TAZ can modulate mitochondrial biogenesis and size. It was
observed larger mitochondria in cells overexpressing YAP, due to accelerated
fusion mechanisms?'2. Instead, forced mitochondria fission has been associated
with inhibition of YAP and TAZ?3
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The overall aim of this PhD is to decipher mechanisms of resistance to the
NAD(H) inhibitor FK866 in cancer cells. The results obtained and reported are

presented as two linked projects.

In the First Project, we aimed to characterize the metabolic rewiring of FK866-
resistant cells in comparison with their sensitive counterparts in a cellular model of

triple negative breast cancer.

In the Second Project, we unravelled the role of the co-transcriptional factor YAP

as a mediator of FK866 sensitivity in the same cellular model.

45



FIRST PROJECT

“Mitochondrial rewiring drives metabolic adaptation to NAD(H) shortage in triple
negative breast cancer cells”
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BACKGROUND

Reprogramming of energy metabolism has been considered a hallmark of cancer,
as neoplastic diseases are characterized by a deregulated control of cell growth
and division, that require adjustments of energy metabolism?'4. The metabolic
rewiring of cancer cells is often sustained by an increased glycolysis, in the
presence of oxygen, known as the Warburg effect, that allows both ATP and
biomass production due to an increased glucose uptake?!®>. However, aerobic
glycolysis does not always depend on dysfunctional or impaired mitochondria
functioning, but instead mitochondrial metabolism and ETC function are required
for tumor growth in nutrient-deprived conditions3216.217 |n fact, mitochondria
plasticity allows not only a switch of substrate utilization, with reliance on
glutaminolysis and fatty acid oxidation observed in a myriad of tumors, but also
alterations of mitochondrial mass and number, to sustain higher mitochondrial
respiratory capacity®®.

Nicotinamide adenine dinucleotide (NAD™) is fundamental for energy metabolism,
as it is a cofactor for enzymes involved in glycolysis, fatty acid oxidation and the
tricarboxylic acids (TCA) cycle?®-220, Additionally, NAD* plays a critical role as
substrate for NAD*-consuming enzymes like sirtuins, poly-ADP-ribose
polymerases (PARPs) and CD38/157, that among others, sustain DNA repair,
genomic integrity and regulation of transcription and signalling??'-223, Among the
enzymes involved in the synthesis pathways, NAMPT, that catalyzes the
conversion of NAM to NMN, is considered the rate-limiting enzyme of the NAD*
“salvage” pathway?24-226,

Due to its central role in NAD* synthesis and bioenergetics, NAMPT has been
found to be upregulated in many solid tumors, revealing the significance of the
development of NAMPT inhibitors for cancer treatment'?/227-229 Moreover,
NAMPT inhibitors like FK866 (APO866) have been extensively used in preclinical
cancer research to mimic cellular NAD(H) shortage, characteristic of the high

energetic demand of rapidly proliferating cancer cells?%.
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AIMS

My PhD project was performed within the scope of the H2020 Marie Skiodowska-
Curie ITN program INTEGRATA, an European Training Network (ETN) aiming to
promote a strong interaction between academia and industrial sectors to integrate
chemical and biological approaches to target NAD production and signaling in
cancer. Specifically, we aimed to unravel the molecular mechanism leading to
acquired pharmacoresistance to the NAMPT inhibitor FK866 in cancer cell
models, which can prevent the success of NAMPT inhibitors for clinical
application.

Moreover, previous work from our lab showed that cancer cells’ acquirement of
resistance to NAMPT inhibition, in absence of target gene mutation or
acquirement of multi drug resistance mechanisms, invariably induces dependency

of LDHA, but does not shift towards aerobic glycolysis?3!.

Thus, the main goal of the project is to characterize potential vulnerabilities of

FK866-resistant cancer cell models. We aimed to:

(1) Implement an HTS drug screening to deconvolute the vulnerabilities by a

chemical-biology approach.

(2) Deeper characterize the metabolic adaptation by:
(A) Understanding the potential role of the NAD*-biosynthetic enzymes on
counteracting FK866-induced NAD(H) shortage;
(B) Dissect the role of mitochondria in sustaining NAD(H) levels and ATP

production in FK866-resistant cancer cell lines.
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MATERIALS AND METHODS

Cell lines culture conditions

MDA-MB-231 (MDA p.) human breast cancer cell line was obtained from
American Type Culture Collection (ATCC). From these cells, it was developed the
FK866-resistant cell line (MDA r.) by increased exposure to FK866 during a 3
month period of time, as previously described?33. Cell lines were cultured in DMEM
(Gibco), and supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine,
and 100U/mL penicillin-streptomycin (all from Lonza). The culture media of MDA r.
and was additionally supplemented with 100nM of FK866. Cells were maintained
at 37°C under humidified conditions with 5% CO..

Prestwick High-Throughput Screening (HTS)

The primary screening was conducted on MDA p. and MDA r., using the Prestwick
chemical library (from Prestwick Chemical Libraries), composed of 1200 off-patent
FDA and EMA-approved compounds. Cells were seeded using the Tecan
EVO200 liquid handler, in Cellcarier 384 white plates (PerkinElmer) for
luminescence measurement. After 24 hours of attachment, cells were treated with
1uM of the each compound using the Echo 650 liquid handler (Beckman). Each
drug was tested in two replicates, in independent plates. Vehicle treated controls
(DMSO %) and positive controls treated with doxorubicin (Sigma, D1515) at the
concentration of 10 uM were added in the first and last two columns of the 384
plates. After 48 hours of incubation, cells were assayed for viability by measuring
ATP with CellTiterGlo kit (Promega) following the manufacturer’s instructions.
Cytotoxicity was quantified by the percentage of reduction of cells after treatment
(percentage of control, POC). For the confirmatory dose-response screening,
chlortalidone was assayed at 6 different concentrations (100nM to 100uM) in both
MDA p. and MDA r. cells, with or without FK866 co-treatment at 10nM and 100nM,
using the same protocol. The dose-response curves were analyzed with

GraphPad Prism with a non-linear regression curve fit.
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Drug treatments and in vitro cell viability

MDA p. and MDA r. cells were treated with FK866 (sc-205325, Santa Cruz
Biotechnology), CHS-828 (200484-11-3, Cayman Chemical), verapamil (V4629,
Sigma), antimycin A (A8674, Sigma), 5-FU (F6627, Sigma), cisplatin (PHR1624,
Sigma), UK5099 (5048170002, Sigma) and rosiglitazone (R2408, Sigma), for 48h.
In vitro drug sensitivity was assessed through two different assays: the OzBlue
Cell Viability kit (OzBiosciences) and the surforhodamide B (SRB) assay.
Fluorescent signal from the OzBlue cell viability assay was measured after 2 hours
of incubation, according to the manufacturer instructions. For the SRB assay, after
the 48h treatment, cells were fixed with 10% trichloroacetic acid for 30 minutes at
4°C. Thereafter, plates were washed in Milli-Q water, hair-dried and stained for 10
minutes with 0.4% sulforodamine B (SRB) in 1% glacial acetic acid. After rinsing in
1% glacial acetic acid for three times, and air-dried again, SRB was dissolved in
10mM Tris Base, and absorbance was measured at 560nm at the Tecan plate

reader.

Cell proliferation assay

For proliferation assays, 30 K cells were seeded and counted every 24 hours
using 0.2% trypan blue exclusion to determine the number of viable cells.
Doubling time was calculated at the exponential growth phase, between 48 and 73

hours of seeding.

Determination of NAD(H) and ATP/AMP levels

For intracellular NAD(H) content determination, cells were lysed in 0.6 M
perchloric acid (PCA) (for NAD+) or in 0.1M NaOH (for NADH) at 4°C. Cell
extracts were centrifuged for 3 min at 16,000g and the supernatants were
collected for the determination of NAD(H) content, as described31. NAD(H)values
were normalized to protein content, determined through the Bradford assay.
To evaluate the ATP/AMP ratio as a marker of cellular energy status, intracellular
ATP and AMP content was assayed spectrophotometrically at 340 nm. ATP was
measured in a medium containing 0.02 ml of neutralized perchloric extract, 50 mM
Tris-HCI pH 8.0, 1 mM NADP, 0.5 mM MgCI2, 5 mM glucose, and 4 ug of purified
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hexokinase/glucose-6-phosphate dehydrogenase in 1 ml final volume, before and
after the addition of the hexokinase/glucose-6-phosphate dehydrogenase. For
AMP assay, 0.02 ml of neutralized perchloric extract was added to an assay
medium containing 50 mM Tris-HCI, pH 8.0, 0.2 mM NADH, 0.5 mM MgCI2, 1 mM
phosphoenolpyruvate, 0.2 mM ATP, 5 pg of purified pyruvate kinase/lactate
dehydrogenase mixture, and 2 pg of purified adenylate kinase32. ATP and AMP
concentrations were normalized to protein content, determined through the
Bradford assay.

For measurements of total ATP levels, the CellTiter-Glo Luminescent Cell Viability
Assay (G7571, Promega) was used, following the manufacturer’s protocol. Protein
content of the cell lysate was measured by the Bradford method and used for

normalization of the luminescent values.

Protein extraction and western blot analysis

Samples were lysed for 10 min on ice with RIPA lysis buffer supplemented with
Protease Inhibitor Cocktail (ThermoScientific), followed by sonication and
clarification. SDS-polyacrylamide gel loaded with equal amounts of proteins was
used for protein separation, followed by the transference to a PVDF membrane.
The primary antibodies used were: NAMPT/Visfatin (A300-779A, Bethyl
Laboratories), NAPRT (ab211529, Abcam), QAPRT (TA501520, OriGene),
NMRK1 (sc-398852, SantaCruz Biotecnhologies), MPC1 (PA5116938, Cell
Signalling), MPC2 (ab236584, Abcam), PDHlEa (sc-377092, SantaCruz
Biotechnologies), TOMM20 (HPA011562, Sigma), Actin (BK4970S CST) and
Calnexin (ab133615, Abcam). Actin and Calnexin were used as protein loading
controls. The anti-mouse and anti-rabbit secondary antibodies (111-035-003) used
were obtained from Jackson Immunoresearch Laboratories. Signal was revealed
with chemiluminescence detection kit reagents (Amersham ECL Select, GE
Healthcare) at ChemiDoc (BioRad). The relative density of protein bands was
analyzed using the ImageJ software and represented as the fold change of the
corresponding control. A representative western blot of three independent

biological experiments is shown.
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RNA extraction and real-time qPCR

TriZOL reagent (Invitrogen) was used for total RNA extraction, according to the
manufacturer’s instructions. cDNA synthesis was carried out with RevertAid RT
Reverse Transcription Kit (K1691, ThermoScientific) following manufacturer's
instructions. Real-time quantitative PCR (RT-gPCR) analyses were performed in
triplicate using the ExcelTag™ 2X gPCR Master Mix (SMOBIO) on a CFX96 Real-
Time PCR Detection System (Bio-Rad). The sequences of the primers employed
in the study are present in Table 1. ACq method was used for samples’ mRNA

guantification, with RPLPO or actin as housekeeping genes.

Gene Primers
 |FW: TTATGGAACGAAAGATCCTG
NAMPTVIStatin o A AAAGCATCTTTTTCATGGTC
NAPRT FW:CTATGCCTTGGCTTTTCCCC
RV:GAAGACCTTGCGGATCTCCT
OAPRT FW:CCCTCTGGGTCACACATCTT
RV:GTGCTCATTATCACCGCAGA
MRKL FW.TGTGTTTGGGAGGACTCGAA
RV:CACTGCAATTTGGGAGGTGT
. FW:CAGTGGGCGGATGACATTTG
RV:GCGTGGCATGCAAACAGAAG
pCo FW:ACCTACCACCGGCTCCTCGAT
RV:CCAGCACACACCAACCCCCATT
et FW: CAAAGGATGCGCTCTCGTTCA
RV: GGTGTCTGTAGTGGCTTGACT
A FW: CCGAGGTGGTTTTCATCTGT
RV: AGTCTTCAGCTTTTCCTGCG
-~ FW: CAGTGTCATGGTTCCTTTGC
RV: AAGACATCGAGGAAGTACCTG
L FW:CATTCTCGCTTCCTGGAG
RV:.CTTGACCTTTTCAGCAAGTGG
et FW: CTGGAACGGTGAAGGTGACA
RV: GGGACTTCCTGTAACAATGCA

Table 1: List of primers used to evaluate the expression of genes of interest by
RT-gPCR analysis.
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shRNA and siRNA transfection

HEK293T cells were used to produce lentiviral vector particles (LVP). Cells were
co-transfected with a A891 and a VSV-G encoding vector along with the
ShNMRK1 plasmid. PLKO vector was used as the transfer plasmid. Viral
supernatants were collected, filtrated, and quantified 72 hours post-transfection.
Selection with puromycin (Lug/mL) was performed on MDA r. stably infceted with
SshNMRK1.

Downregulation of MPC1 and/or MPC2 in MDA p. was performed with transient
transfection of sSIMPC1 (sc-95332, Santa Cruz Biotechnology) and/or siMPC2 (sc-
78813, Santa Cruz Biotechnology) using INTERFERIn in vitro siRNA transfection

reagent (Polyplus), according to the manufacturer’s instructions.

Glycolysis Rate and Mitochondrial Respiration

The glycolytic rate, spare respiratory capacity and the mitochondrial respiration
were assessed in both MDA p. and MDA r., respectively with the Seahorse
Glycolysis Rate assay kit (103344-100, Agilent) and with the Seahorse MitoStress
kit (103015-100, Agilent), following the manufacturer’s instructions. Shortly, cells
were seeded in the seahorse assay plates for 48h in Seahorse DMEM
supplemented with 10mM glucose, 2mM glutamine, 1mM pyruvate (all from
Agilent). The day before the assay, a cartridge was hydrated using Seahorse
calibrant XF (Agilent) and incubated overnight at 37°C in a CO:2 deprived
atmosphere. The oxygen consumption rate (OCR) and the extracellular
acidification rate (ECAR) were determined on a XF®96 Seahorse Bioanalyzer
(Agilent). The final concentration of injected compounds was: 1uM oligomycin;
2UM  FCCP (carbonyl cyanide-4(trifluoromethoxy) phenylhydrazone); 2uM
UK5099; 5uM of each rotenone and antimycin A; 10mM glucose; and 50mM 2-DG
(2-deoxy-glucose). OCR and ECAR were normalized to the samples’ protein
content using the Bradford reagent.

In other experiments, to assess the contribution of the pathways leaded by
respiratory complex | or Il, the OCR was measured with an amperometric
electrode (Unisense Microrespiration, Unisense A/S, Denmark) in a closed

chamber, at 25°C. For each experiment, 2 x 10° cells were resuspended in
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phosphate buffer saline (PBS) and permeabilized with 0.03 mg/ml digitonin for 1
min. To activate the pathway composed by respiratory complexes |, Ill, and 1V, 10
mM pyruvate plus 5 mM malate were added. To induce the pathway formed by
complexes IlI, 1ll, and IV 20 mM succinate plus 100 uM rotenone (the specific

inhibitor of complex I) were employed 232,

DNA extraction and mitochondrial mass determination

DNA was extracted from MDA p. and MDA r. to determine mitochondrial mass by
estimating the mitochondrial DNA (mtDNA) to nuclear DNA (nuclearDNA) ratio.
Cells were lysed in 100uL of lysis buffer (100 mM Tris-HCI pH 8, 200 mM NaCl,
5mM EDTA, 0.2% SDS, 0.2 mg/mL proteinase K freshly added) for 2h at 56°C.
Debris removal was obtained by centrifugation at 14000rpm for 10min at room
temperature, followed by DNA precipitation with 500uL of isopropanol. After
centrifugation at 14000rpm for 5min at room temperature, the pellet was washed
with 70% ethanol. Subsequently, samples were centrifuged at 14,000 rpom for
5 min at room temperature, the supernatant was discarded, and the DNA pellet
was dried at room temperature. Finally, the DNA pellet was resuspended in 50ul
DNase-free water and one hundred nanograms was used for further analysis. RT-
gPCR was performed in triplicate using the ExcelTag™ 2X gPCR Master Mix
(SMOBIO) on a CFX96 Real-Time PCR Detection System (Bio-Rad). The nuclear-
encoded gene, human B2M, and the mitochondrial-encoded gene, human
tRNALeu were used to calculate the relative mtDNA:nuclearDNA ratio using the
2-AACt method. The sequences of the used primers were: B2M FW:
TGCTGTCTCCATGTTTGATGTATCT, B2M RV:
TCTCTGCTCCCCACCTCTAAGT, tRNALeu FW: CACCCAAGAACAGGGTTTGT,
and tRNALeu RV: TGGCCATGGGTATGTTGTTA.

Mitochondrial substrate dependencies

Mitochondrial substrate utilization was assessed with Biolog MitoPlates S-1
(Biolog, Hayward, CA, USA, #14105), as suggested by the manufacturer. Briefly,
MitoPlates were incubated in Omnilog® at 37°C for 1h with Biolog Mitochondria
Assay Solution (MAS) containing Biolog redox dye MC and saponin (Sigma-
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Aldrich, 84510, 20ug/uL) to allow substrate rehydration and cell permeabilization,
respectively. Viable cell number was previously determined by trypan blue
exclusion and resuspended in Biolog MAS, after washing with PBS 1x. Cells were
added to the MitoPlates and the kinetic reading of the rate of purple color
formation was measured in Omnilog® system (ODsgonm) for 4h. The background
was corrected for the blank sample (no substrate).

Respiratory complexes activity

To determine the activity of respiratory complexes |, I, Il and 1V, 50ug of total
protein homogenate was used?33. The reactions were followed for 5 min, with 1
min-interval collecting data, and absorbance values were measured in a
spectrophotometer. Complex | (NADH-ubiquinone reductase) activity was assayed
in a medium containing 50mM Tris—HCI pH 7.4, 50mM KCI, 5mM MgClz2, 1ImM
EGTA, 0.6mM NADH, 0.8mM ferricyanide, and 50uM antimycin A. The reduction
of ferrocyanide in the presence of NADH was followed at 420 nm (¢ =
ImM~t.cm™). Similarly, Complex Il (succinate dehydrogenase) activity was
assayed in similar conditions but using 20mM succinate instead of NADH.
Complex Il (cytochrome c reductase) activity was assayed in a 50mM Tris buffer
pH7.4, 5mM KCI, 2mM MgClz, 0.5M NaCN, 0.03% oxidized Cyt C, 0.6mM NADH,
and 10mM succinate. The reduction of cytochrome c in the presence of NADH
was followed at 550nm (¢ = 19.1mM t.cm™). For Complex IV (cytochrome ¢
oxidase) activity assessment, the oxidation of reduced cytochrome c¢ was followed
at 550nm (¢ = 19.1 mM~t.cm™), in a 50mM Tris buffer pH7.4, 5mM KCI, 2mM

MgClz, containing 0.03% reduced cytochrome c.

ATP synthesis through Fo-F1 ATP Synthase

To evaluate the ATP synthesis through the Fo-F1 ATP synthase activity, cells were
incubated for 10 min at 37 °C in a medium containing: 100mM Tris-HCI pH 7.4,
100mM KCI, 1mM EGTA, 2.5mM EDTA, 5mM MgClz, 0.2mM di(adenosine-5)
penta-phosphate, 0.6mM ouabain, ampicillin (25 pg/ml), 5mM KH2PO4, and 10mM
pyruvate plus 5mM malate, used as respiratory substrates. ATP synthesis started
after the addition of 0.2mM ADP and was monitored for 2 minutes in a
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luminometer  (Glomax 20/20, Promega) by the luciferin/luciferase
chemiluminescent method (luciferin/luciferase ATP bioluminescence assay kit
CLSII, Roche, Basel, Switzerland). An ATP standard solution between 10-1° and
10" M was used for calibration. To assess the specificity of the method for ATP-
synthase assay, ATP synthesis was also evaluated in the presence of 10 uyM
Oligomycin, a specific inhibitor of ATP synthases Fo moiety?34.

Determination of the mitochondrial membrane potential (MMP, An)

The lipophilic cationic probe TMRE (ab113852, Abcam) was used to determine the
mitochondrial membrane potential (Aym). TMRE rapidly equilibrated between
cellular compartments due to differential membrane potential, and a decrease in
fluorescence indicated reduced Aym. Upon 48h treatment with FK866 and/or
UK5099, cells were rising with PBS and TMRE (800 nM) was added directly to the
assay wells. After 45 minutes’ incubation at 37°C, the fluorescent signal was
assessed in a microplate at the Spark (Tecan) plate reader, with excitation at 544
nm and emission at 590 nm. The uncoupling agent FCCP (20 pM) was used as

negative control.

Statistical analysis

Data was expressed as meantstandard error of mean (SEM) of three
independent biological experiments conducted in technical triplicates, unless
indicated otherwise. Statistical significance between control and test groups was
determined using Student’s t-test or one-way ANOVA, considering values of
*p<0.05, **p<0.01, and ***p <0.001 as significant. Data were plotted by Graph

prism 6 software.
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RESULTS

Results in the thesis body reflect my personal contribution to the work and
experiments performed by collaborators are properly acknowledged.

Development of FK866-resistant cell lines

To study the mechanisms of acquirement of resistance to NAMPT inhibition,
FK866-resistant MDA-MB-231 cells (MDA r.) were obtained by exposing the MDA-
MB-231 parental cells (MDA p.) to increasing concentrations of FK866, for over a
3-month period of time®*3. Both parental and resistant cell lines present the same
proliferative rate, respectively with doubling times of 37,14 + 1,56 and 33,04 + 2,32

hours in the growth exponential phase (Figure 13A).
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Figure 13 Resistance to FK866 is NAMPT-specific. Comparison of sensitivity of MDA-MB-231
cell lines to NAMPT inhibitors and chemotherapeutics. Sensitivity of MDA p. and MDA r. cells to the
small molecules FK866 (A) and CH828 (B) assessed by OzBlue assay after 48h of exposure to 0.1-
500 nM of the compounds. Cross-resistance of MDA p. and MDA r. to the chemotherapeutics 5-
Fluoruracil (5FU)(C), and cisplatin (D) in the same conditions. Viability assessed through OzBlue
assay. All the experiments were performed in triplicate. MDA r. were developed before the
beginning of my PhD project by Dr. Thongon?33,
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The sensitivity to FK866 treatment was assessed through OzBlue cell viability
assay after 48h of exposure to the NAMPT inhibitor. The complete insensitiveness
of MDA r. to FK866 did not allow the calculation of the ECso, while for MDA p. it
was calculated as 4.7nM (Figure 13A). Sensitivity to other NAMPT inhibitors as
CHS-828 was also tested, and both cell lines present similar sensitivity to CH-828
exposure as to FK866 (Figure 13B). The cross-resistance of MDA r. to CH-828
was not observed for other common chemotherapeutic drugs like 5-fluoruracil
(5FU) and cisplatin (Figure 13C-D), confirming a NAMPT-dependent resistance

mechanism.

Canonical mechanisms of pharmacoresistance: efflux pumps

The expression of ABC transporters prevents drug accumulation in
chemoresistance cells by improving drug efflux!®®. The treatment with inhibitors of
drug efflux pumps, like verapamil or CsA, failed to sensitize MDA r. to FK866,
excluding a role for the multi-drug resistance mechanisms in the acquirement of

resistance to FK866 in this cell model (Figure 14).
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Figure 14 Efflux pumps do not contribute to FK866-acquired resistance. MDA r. sensitization
to FK866 upon 48h of concomitant treatment with the efflux pumps inhibitors verapamil and
cyclosporine A (CsA). Viability assessed by OzBlue assay. Final concentrations: FK866 - 20nM ;
CsA - 5uM ; Verapamil - 5uM. The experiments were performed in triplicate. Repeated measures
one-way ANOVA was used to calculate statistical significance (ns- non significant) between DMSO
and experimental conditions.

Since the development of drug resistance to NAMPT inhibitors is commonly
conferred by gene mutation'61.162.164  NAMPT coding sequence was sequenced.

No mutations were found (Data not shown) in the resistant cell line. Therefore,

58



MDA r. developed alternative mechanisms, other than target mutation or activation

of multi drug efflux pumps to acquire FK866 pharmacoresistance.

Drug screening does not reveal targetable vulnerabilities of MDA r.

Drug repurposing is often an effective way to both increase the range of available
treatment options for several diseases , and provide clues regarding the molecular
basis underlying the pathological phenotype?3°236, Successful HTS to identify true
active compounds depends on the adequate choice of the outcome results (assay
to be performed) as well as on the choice of the relevant controls. The concept of
z-factor/z-prime (Z’) was firstly proposed by Zhang et. al in 1999, and provides a
statistical evaluation of the assay signal dynamic range, and consequently of the
differentiation between active (hits) and inactive compounds?®’.

To explore potential vulnerabilities of MDA r., acquired during the adaptation to
FK866 exposure, in comparison with their sensitive counterparts, a chemical high
throughput screening (HTS) using the Prestwick Chemical Library was performed.
The Prestwick Chemical Library is composed of around 1200 FDA-approved off-
patent small molecules, targeting several cellular pathways for a plethora of
therapeutic applications.

As FK866 treatment deprives cells of NAD(H) and consequently ATP, we decided
to use an ATP-based cell viability (Cell-Titter Glo - CTG) to assess the effect of the
library compounds on MDA p. and MDA r.. This luminescence-based assay
measures the ATP presence on metabolic active cells, and is ideal for HTS as the
single reagent CellTiter-Glo® Reagent can be added directly to serum-
supplemented medium.

During screening optimization processes, different cell seeding concentrations
were tested, to have an approximately 90% confluent population of cells on the
day of the assay. Ideal cell seeding was determined as 600 cells/well. The DNA-
interfering agent doxorubicin was used as a positive control of the screening, as it
presents the same toxicity for MDA p. and MDA r. (Figure 15). A preliminary Z’
assessment was performed after 48 hours of cell lines exposure to doxorubicin,
followed by CTG measurement and Hoechst determination. For the CTG
assessment, the Z’ was calculated as 0,39 for MDA p. and 0,52 for MDA r., which

59



indicate a significant screening robustness and accuracy to detect hit compounds.
Also, FK866 was used as a positive control for MDA p. but not for MDA r..
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Figure 15 DRC of doxorubicin in MDA p. And MDA r. Sensitivity of MDA p. and MDA r. cells to
the small molecule doxorubicin assessed by OzBlue assay after 48h of exposure to 0.1-1000 nM of
the compound.

For the screening, MDA p. and MDA r. cells were treated for 48 hours with 1 uM of
each compound present in the library. Technical duplicates in different mirrored
plates were performed, and the Pearson correlation was determined. This
statistical value reflects the linear correlation between two data sets. As Pearson
correlation coefficient was determined as 0.871. the data obtained are linearly

correlated (Figure 16).

Correlation plot: CTG.poc

Pearson correlation = 0.871 . n= 1600
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Figure 16 Screening quality control. Correlation plot between the values of cell titter glo (CTG)
compared with the DMSO control condition, represented as percentage of the control, POC. The
linearity between the CTG.POC of both replicates, was calculated using the Pearson correlation.
Results for both MDA p. And MDA r. Are shown in the graph. Screening data was obtained with
the support of CIBIO HTS facility.
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The Z’ of doxorubicin for the different plates used for the CTG assay ranged from
0,47 to 0,77 for MDA p. and 0,32 to 0,84 to MDA r.. Thus, the screening was
considered suitable to detect hits?®’.

To identify hits, a threshold of 70% of the CTG values in comparison with the
DMSO control was selected. From all the 120 compounds in this condition, only
the drug chlortalidone presented higher cytotoxicity to MDA r. than to MDA p (69,4
% vs 92,45%) (Figure 17).
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Figure 17 Screening results. CTG.POC values for MDA p. (green) and MDA r. (red) were
obtained upon treatment with the ~1200 compounds of Prestwick Library, as well as for the DMSO
(upper black dot lined) and Doxorubicin (DOXO — purple) controls. DMSO and DOXO values
represented the average of the CTG.POC values for all the plates. The screening threshold was
defined as 70% of the CTG.poc, and is represented by the bottom black dotted line. The effect of
chlortalidone on the CTG.POC of MDA p. (blue d and MDA r. (yellow) are evidenced in the graph.
Screening data was obtained with the support of CIBIO HTS facility.

Chlortalidone is a FDA-approved drug used for the treatment of hypertension. It
inhibits the NA*/CI- symporter in the distal convoluted tubule cells in the kidney,
which prevents the water absorption in this organ, thus improving the blood
pressure?38.239,

Validation screening was performed using the same protocol of the primary
screening, and chlortalidone was assayed at concentrations ranging from 0.1 to
100 pM in both cell lines. The dose-response curves were also assessed in the
presence of 10nM (for MDA p.) and 100nM of FK866 (for MDA r.) (Figure 18).
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Figure 18 Hit validation. Screening’s results were confirmed by performing a DRC of
chlortalidone in both MDA p. (left) and MAD r. (right). Cells were treated with increasing ranges of
chlorthalidone (0.1-100 pM), either as single-treatment or in combination with FK866. The effect of
FK866 treatment (10nM for MDA p. and 100nM for MDA r.) is represented by the black dotted
lined. Screening data was obtained with the support of CIBIO HTS facility.

However, data obtained from the validation screening did not confirm the primary
screening results, as chlorthalidone as equally toxic to MDA p. and MDA r..
Moreover, no synergy was observed with the cotreatment of chlorthalidone and
FK866, for both cell lines. Overall, we considered the screening unsuccessful to

unravel MDA r. vulnerabilities.

Resistance to FK866 is not dependent on compensatory NAD+ biosynthesis
pathways

One of the main pathways of mammalian intracellular NAD(H) biosynthesis is the
salvage pathway from nicotinamide, sustained by NAMPT as the rate-limiting
enzyme of the reaction. Additional NAD™* biosynthesis pathways use nicotinic acid,
tryptophan, and nicotinamide riboside, as substrates for NAPRT, QAPRT and
NMRK, respectively (Figure 7).

Thus, given the role of these enzymes in the maintenance of intracellular NAD(H),
we hypothesized that upon NAMPT inhibition through FK866, they could sustain
intracellular NAD(H) levels by compensatory mechanisms of NAD* biosynthesis.
We observed that the acquirement of resistance to FK866 leads to a
downregulation of the target NAMPT. Similarly, also NAPRT expression levels
were decreased, while NMRK1 was up-regulated. These results were consistent

both at the protein and transcripts level (Figure 19 A-B).
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Figure 19 Expression of NAD*-biosynthetic enzymes. (A) Western blot showing endogenous
levels of NAMPT, NAPRT, QAPRT and NMRK1, as well as it quantification, in MDA p. and MDA r..
Actin was used as a loading control. Representative image and quantification of 3 replicates are
shown. (B) RT-gPCR to determine NAMPT, NAPRT and NMRK1 expression in MDA p. and MDA
r. RPLPO was used as a house-keeping gene. All the experiments were performed in
triplicate. Repeated measures one-way ANOVA was used to calculate statistical significance (ns-
non-significant, *P<0.05, **P < 0.01, between control and experimental conditions.

Since both NMRK1 and NAMPT catalyze the production of the NAD* precursor
Nicotinamide Mononucleotide (NMN), we hypothesized that NMRK1 up-regulation
could compensate NAMPT down-regulation.
NMRK1 expression was analyzed during several steps of the acquirement of
resistance to the NAMPT inhibitor, namely in cells exposed and resistant to the
2nM (MDA 2), 20nM (MDA 20) or 40nM (MDA 40) of FK866. We observed that
NMRKL1 expression increased in the initially FK866-exposed populations of cells
and decreased slightly in final fully resistant population (MDA r.), although
remaining higher than basal level (MDA p.) (Figure 20A). Based on these data, we
generated an MDA r. cell line stably silenced for NMRK1 (Figure 20B). NMRK1
silenced cells did not significantly changed their proliferation ability. The doubling
time for MDA r. shSCR was quantified as 31,82 + 4,14 hours, while for MDA r.
shNMRK1 it was 32,82 + 4,14 hours (Figure 20C).
Further characterization of these cell lines revealed an unaltered cellular viability
upon 48h of exposure to FK866 by OzBlue assay (Figure 20C). Total NAD(H)
levels, NADH/NAD* ratio and ATP/AMP ratio were measured in the same
conditions. Upon treatment, the total NAD(H) levels decreased in resistant cells
independently of the NMRK1 silencing while the NADH/NAD™ ratio increased.
Instead, the ATP/AMP ratio followed the same fashion as the total NAD(H) levels
(Figure 20D-F).
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Figure 20 Resistance to FK866 is not dependent on compensatory NMRK1 expression.

(A) Western blot showing the NMRKZ1 levels in MDA p., MDA r. and three intermediate cell lines of
the process of acquirement of resistance to FK866. FK2, FK20 and FK40 are respectively resistant
to 2, 20 and 40nM of FK866 (B) Development of NMRK1 stable silenced MDA r. cell line.
shNMRK1 did not sensitize MDA r. after 48h of FK866 treatment (20nM), through OzBlue assay,
nor altered cell proliferation. (C) Total NAD(H) levels, (D) NADH/NAD* ratio and ATP/AMP ratio (F)
were also not modulated by NMRK1 stable silencing. All the experiments were performed in
triplicate. Repeated measures one-way ANOVA was used to calculate statistical significance (ns-
non-significant) between control and experimental conditions. Experiments to determine NAD(H)
levels and ATP/AMP ratio were performed in collaboration with Dr. Santina Bruzzone and Dr. Silvia
Ravera, respectively.

Therefore, the silencing of NMRK1 did not sensitize MDA r. to FK866 in any of the
assays tested, leading to the conclusion that compensatory NMRK1-mediated
NAD* biosynthesis is not relevant for the fully resistant phenotype. However, a
potential contribution of this enzyme activity for the initial steps of acquirement of

resistance to NAMPT inhibition cannot be discarded.
Evaluation of glycolytic and mitochondrial functions in MDA r.

NAMPT inhibitors’ mechanism of action leads to an overall decrease of
intracellular NAD*, which is an essential coenzyme for the glycolytic enzyme
GAPDH. Similarly, this molecule is also involved in the TCA cycle reactions, and
further converted to NADH to be used electron donor to Complex I. Thus, we

performed real-time cell metabolic analysis using the Seahorse XF Analyzer to
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directly measure the ECAR and the OCR, indicators of the two major energy-
producing pathways: glycolysis and oxidative phosphorylation.

To understand if MDA r. presents a modulation of the glycolytic flux, we used the
Seahorse Glycolytic Rate Assay, to determine the glycolytic proton efflux rate
(glycoPER), an indirect measure of glycolysis. The conversion of glucose to
pyruvate and the consequent extrusion of protons into the extracellular media
gives a major contribution for the ECAR, quantified in this assay. Additionally, the
OCR was used to subtract the mitochondrial-derived CO2z contribution to the
extracellular acidification.

Both basal glycolytic level at physiological rate and compensatory glycolysis were
measured. Rotenone and antimycin A, complex | and Il inhibitors, respectively,
were injected, followed by the addition of 2-Deoxy-D-glucose (2DG). 2DG is a
glucose analog and inhibitor of glycolysis first enzyme hexokinase that shuts down
glucose oxidation and consequently the proton efflux, allowing to determine the
contribution of other sources of extracellular acidification that are not attributed to
glycolysis or OXPHOS. In this assay, we did not observe a significant difference of

either basal or compensatory glycolysis between MDA p. and MDA r. (Figure 21).
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Figure 21 Metabolic evaluation of glycolytic rate. Glycolysis rate assay of MDA p. and MDA r.
Was assessed to determine basal and compensatory glycolysis. The experiment was performed in
triplicate, using the XFe96 Seahorse Bioanalyzer. Data was analyzed with Wave Software 2.6.3.
Repeated measures one-way ANOVA was used to calculate statistical significance (ns-non
significant) between MDA p. and MDA r..

We then assessed the mitochondrial function using the Seahorse MitoStress
Assay, in which the OCR is measured after injection of modulators of cellular

respiration. Initially, oligomycin, an ATP synthase inhibitor, was injected, leading to
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a decrease of the electrons through the ETC and consequently of the
mitochondrial respiration and OCR. Instead, FCPP present the opposite effect:
being an uncoupling agent, it leads to proton leakage into the mitochondria, that is
counteracted by an increase activity of complex I-1V, resulting on an increased
OCR. FCCP injection is used to calculate the spare respiratory capacity, an
indirect measure of the ability of cells to respond to increase metabolic demands.

It is important to titrate FCCP as its unspecific effects can lead to cell toxicity and
paradoxical inhibition of mitochondrial OCR. MDA p. and MDA r. were titrated with
increasing concentrations of the uncoupling agent, and an inflection point was
observed at the concentration of 2uM for both the cell lines (Figure 22A-B). This

value was used for further OCR experiments.
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Figure 22 FK866 continuous exposure induces increase of spare respiratory capacity in
MDA r.. Maximal respiration of MDA p. (A) and MDA r. (B) assessed by Seahorse XF Analyzer
upon acute injection of the uncoupling agent FCCP at the indicated concentrations. (C)
Representative MitoStress test to determine (D) basal respiration, maximal respiration and spare
respiratory capacity of MDA p. and MDA r.. Abbreviations: Oligo - Oligomycin; FCCP -Carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone; Rot/AA - Rotenone and Antimycin A. FCCP titration
experiment was performed only once, with 8 technical replicates. The MitoStress test was
performed in triplicate. Repeated measures one-way ANOVA was used to calculate statistical
significance (ns- non significant, *P<0.05, **P < 0.01, ***P < 0.001) between MDA p. and MDA r..
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Lastly, rotenone and antimycin A are concomitantly injected to inhibit the
mitochondrial dependent oxygen consumption. Representative Seahorse analysis
for MDA p. and MDA r. are shown (Figure 22C). It is possible to observe that MDA
r. present a significant higher maximum respiratory capacity than MDA p.. As both
cell lines show approximately the same basal OCR values, the spare respiratory
capacity (difference between maximum and basal respiration) is higher in MDA r.,
reflecting the induction of an adaptation of the mitochondrial function to the

continuous exposure to FK866 (Figure 22D).
MDA r. presents a higher mitochondrial biogenesis and mass

The increased mitochondrial spare respiratory capacity in FK866-resistant cells
pinpoint a potential role of mitochondrial rewiring during the acquirement of
resistance to the small molecule, that we further decide to dig deeper into. In fact,
several mitochondrial stress adaptations, like increased mitochondrial biogenesis,
have been described to mediate drug resistance?*.

Interestingly, when comparing MDA r. to MDA p., we observed an increase in the
tRNAleu/B2M ratio, which corresponds to mitochondrial and nuclear genes,
respectively. Likewise, the mitDNA/nuclearDNA ratio was augmented after the
acute treatment of MDA p. with 10nM of FK866 for 48h, suggesting that increased
amount of mitochondrial DNA is an immediate mechanism of cell adaptation to
NAMPT inhibition (Figure 23A).

In line with these findings, MDA r. showed enhanced expression of the nuclear
gene encoding the translocase of outer mitochondrial membrane 20 (TOMMZ20), a
proxy for mitochondrial mass?*! (Figure 23B). We also determined the expression
of genes associated with mitochondrial enhanced metabolism. PGC-1la, an
activator of mitochondrial biogenesis, was found 4-fold upregulated in MDA r.
compared with MDA p., as well as TFAM (Figure 23C).

Collectively, these data indicate that acute FK866 treatment induces an immediate
cell response leading to increased amount of mitochondrial to nuclear DNA ratio,
that during long term FK866 administration results in increased mitochondrial

mass and increased spare respiratory capacity.
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Figure 23 Mitochondrial function is improved in MDA r. (A) RT-gPCR to determine tRNAleu
and B2M expression in MDA p. (non treated - NT - and treated for 48h with 10nM of FK866) and
MDA r.. The ratio between these genes reflect the mitDNA/nDNA ratio (mitochondrial versus
nuclear DNA). RPLPO was used as a house-keeping gene. (B) Western blot showing upregulation
of TOMM20 in MDA r.. Representative image shown. (C) RT-gPCR to determine PGC1-a and
TFAM expression in MDA p. and MDA r.. RPLPO was used as a house-keeping gene. All the
experiments were performed in triplicate.. Repeated measures one-way ANOVA was used to
calculate statistical significance (*P<0.05, **P < 0.01, ***P < 0.001) between MDA p. and MDA r..

MDA r. show a dependency on pyruvate as carbon source for the TCA cycle

Similarly to mitochondrial function modulation, rearrangement of mitochondrial
bioenergetics is also observed in chemoresistance?#°. To dig deeper into the role
of mitochondrial energetic hubs in the adaptation to FK866 exposure, we
performed a mitochondrial substrate dependency assay with Mitoplate S-1. This
assay measures the real time kinetics of electron flow rates upon oxidation of
substrates that produce NADH or FADH2. The rate of substrate oxidation is a
measure of the reduction of a tetrazolium redox dye (MC) that acts as a terminal
electron acceptor. For this experiment, MDA p. and MDA r. were permeabilized
with saponin and incubated in a Mitoplate S-1 already containing the diverse
mitochondrial substrates and the redox dye. The initial rate of substrate oxidation
during the first three hours of the assay was used to identify mitochondrial
metabolic dependencies.
Both cell lines presented an almost null background (no substrate) that was
subtracted to every tested condition. The TCA cycle substrates a-keto-glutaric
acid, succinic acid, fumaric acid and malic acid presented the highest levels of MC
reduction, as they directly enter TCA cycle to produce NADH and FADH2. These
conditions are the positive control of the assay, assuring the successful cell
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permeabilization without mitochondrial disruption. However, no differences were
observed between the cell models tested. Of notice, MDA r. presented a decrease
in fatty acids oxidation in comparison with MDA p, that is significant for the
combination of palmitoyl-DL-carnitine and malic acid (Figure 24A). Instead, MDA r.
shows a significant increase in pyruvic acid oxidation when in combination with
lower doses of L-malic acid?*?. We also observed a tendency of pyruvic acid alone
to increase the initial electron flow rate in MDA r. when compared with MDA p.
(Figure 24A).

This result indicates a shift of mitochondrial substrate’s dependencies, namely
towards the utilization of pyruvate, upon FK866 long term exposure.

To confirm these observations, we performed a mitochondrial function assay using
the Seahorse Mitostress Kkit, in the presence of UK5099, a MPC inhibitor, that will
prevent the MPC mediated import of pyruvate into the mitochondria. This
compound was acutely injected after the measurement of the cellular basal OCR
levels, followed by the sequential addition of oligomycin, FCCP and
rotenone/antimycin A. We observed that MDA p. cells are sensitive to MPC
inhibition (Figure 24B) but MDA r. cells showed a stronger decrease of the
maximal respiration in the cells exposed to UK5099 in comparison to the vehicle
DMSO control, confirming the importance of the MPC-dependent pyruvate import
for mitochondrial functioning (Figure 24C).

We hypothesized that an increase in pyruvate oxidation rate could be related with
an increased expression of the pyruvate dehydrogenase complex or with an
increase of the pyruvate import to the mitochondria. However, MDA r. cells did not
show a modulation of the PDH1Ea subunit nor of the mitochondrial pyruvate
carrier 1 and 2 (MPC1 and MPC2) when compared to MDA p. cells (Figure 25A-
B).

Taken together, these data unravel the metabolic dependency of pyruvate as

carbon source for the mitochondria in long term exposure to FK866.
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Figure 24 MDA r. show a dependency on pyruvate as carbon source for the TCA. (A)
Assessment of mitochondrial dependencies through the Mitoplate S-1 to determine the initial
mitochondrial substrate oxidation rate between MDA p. and MDA r.. Assay performed on OmniLog®
ID System and analyzed on . Repeated measures one-way ANOVA was used to calculate statistical
significance (*P<0.05, **P < 0.01, **P < 0.001) between MDA p. and MDA r..
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Figure 25 Expression of proteins involved in pyruvate metabolism. (A) Western blot showing the
basal levels of MPC1 and MPC2 and (B) PDH1Ea in MDA p. and MDA r.. Either calnexin or actin
were used as loading controls. All the experiments were performed in triplicate. Repeated measures
one-way ANOVA was used to calculate statistical significance (*P<0.05, *P < 0.01, ***P < 0.001)
between MDA p. and MDA r..

The uncoupling of glycolysis and mitochondrial respiration favored by
MPC2 blockage induces a FK866 resistant-like phenotype in MDA p. cells

To gain some insights on whether MPC modulates the acquirement of resistance
to FK866 in triple negative breast cancer, MDA p. and MDA r. cells were exposed
to increasing concentrations of UK5099 for 48h. Both cells showed the same
sensitivity to the drug (ICso > 100 uM, Figure 22).
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Figure 26 MDA p. and MAD r. present the same sensitivity to UK5099. Dose-response curve of
UK5099 upon 48 hours of exposure assessed by the OzBlue assay. Three biological replicates
were performed.

However, the treatment of the parental cells with UK5099 in combination with

FK866 lead to a significant increase in cell viability when compared to FK866
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single administration (Figure 27A). Instead, no significant differences were
observed for the co-treatment of MDA r. cells with both small molecules (Figure
27B).
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Figure 27 The uncoupling of glycolysis and mitochondrial respiration favored by MPC2
blockage induce a FK866 resistant-like phenotype in MDA p. cells. Co-treatment of MDA p.(A) and
MDA r. (B) with UK5099 (0.1-100) uM and FK866 as well as with FK866 single administration (Final
concentrations: 5nM for MDA p. and 20nM for MDA r.). Viability assessed by OzBlue assay after 48h
and compared with DMSO condition. Effect of MPC1 (siMPC) and/or MPC2 (siMPC2) transient
silencing in MDA p. in terms of cell viability (C) and relative ATP level (D), in combination with FK866
5nM. All the experiments were performed in triplicate. Repeated measures one-way ANOVA was used
to calculate statistical significance (*P<0.05, **P < 0.01, **P < 0.001) between DMSO and
experimental conditions.

To understand if the acquirement of a FK866-resistant like phenotype in the
parental cells was specifically dependent on pyruvate transport, cells were
transiently silenced for MPC1 and/or MPC2 and viability and ATP levels were
assessed after 48h of FK866 treatment. FK866 treatment reduced both viability
and ATP levels in the control condition. Interestingly, the treatment of FK866 upon

the silencing of MPC2 partially but significantly rescued the FK866 toxic effect
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observed in the control condition. The same trend was obtained for the ATP level
measurements. Instead, the silencing of MPC1 or MPC1 and MPC2 did not lead to
a significant rescue of FK866 toxicity for the analyzed parameters, even if the dual
silencing approach showed an increasing trend (Figure 27C-D). Taken together,
this data unravels the pivotal importance of regulating the pyruvate import to
mitochondria via MPC2 as a mediator of the adaptation of triple negative breast

cancer cells to FK866 exposure.

Acquired resistance to FK866 induces dependency on succinate, even in
pyruvate-deficiency conditions

To dig deeper into mitochondrial bioenergetic dependencies, we questioned if the
observed mitochondrial function in MDA r. was associated with a differential
activity of the ETC complexes. The ETC complexes uses NADH and FADHz,
produced through the oxidation of carbon sources on the TCA cycle, and generate
the MMP to sustain mitochondrial ATP production.

Cells were treated with FK866, UK5099 or the combination of both for 48h, and
enzymatic activity of the uncoupled complexes was assessed and normalized to
the sample protein content. Complexes I-1V presented the same enzymatic activity
for all the treatments performed and among the two cell lines (Figure 28A-D).
Conversely, the activity of ATP synthase (Complex V), induced by the
pyruvate/malate addition, decreased similarly in MDA p. and MDA r. cells, during
either the single treatment with FK866 or UK5099. Instead, combining the
exposure of cells to both small molecules, we observed that Complex V activity
was less affected in MDA r. cells compared to MDA p. cells (Figure 28E).

We further confirmed that the increased ATP synthase activity is sustained by the
maintenance of the MMP, determined spectrophotometrically through the
measurement of TMRE fluorescence. This dye accumulates in active mitochondria
according with their membrane potential. The co-treatment of MDA r. cells with
FK866 and UK5099 did not decrease MMP, indicating a continued mitochondrial
ATP production. Instead, in MDA p. cells we observed a significant decrease of
the fluorescent counts in the same condition, associated with a diminished ability
of these cells to produce energy in the mitochondria when uncoupled from
glycolysis. As the ionophore uncoupler of the oxidative phosphorylation, FCCP
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was used as positive control. FCCP determined a decrease of MMP for cell lines
(Figure 28F).
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Figure 28 MDA r. present a higher ATP synthase activity even in pyruvate-deprivation
conditions. Assessment of Complex I-IV and ATP synthase activities, and Mitochondrial
Membrane Potential (MMP). The activities of Complex I-IV (A-D) in MDA p. and MDAr. were
measured upon treatment with FK866 and/or UK5099. (E) ATP synthase activity and (F)
mitochondrial membrane potential (MMP) were determined in the same conditions. FCCP was
used as positive control for the MMP determination. Final concentrations: FK866 - 10nM for MDA
p. and 100nM for MDA r.; UK5099 - 100uM for both cell lines. All the experiments were performed
in triplicate. Repeated measures one-way ANOVA was used to calculate statistical significance
(*P<0.05, **P < 0.01, **P < 0.001) between MDA p. and MDA r..

These data show that the long-term exposure to FK866 increases the fitness of
mitochondria in ATP synthesis through an increase in ATP synthase activity, that
is not only sustained by the MPC-dependent pyruvate import, but potentially by
alternative metabolic mechanisms that maintain the MMP in pyruvate-deprivation
conditions.

Thus, we decided to investigate mitochondrial substrate dependence in the
presence of pyruvate/malate and succinate/rotenone during the silencing and
inhibition of MPC subunits to identify the pathways led by Complex | and Complex
I, respectively (Figure 29).
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Figure 29 FKB866 long-term exposure model increases succinate metabolism. OCR
measurements of cells permeabilized with digitonin and treated with UK5099 and/or FK866, in the
presence of pyruvate/malate (P/M) or succinate/rotenone (Succ + Rotenone) were also
determined. . Final concentrations: FK866 - 10nM for MDA p. and 100nM for MDA r.; UK5099 -
100uM for both cell lines. All the experiments were performed in triplicate. Repeated measures
one-way ANOVA was used to calculate statistical significance (*P<0.05, **P < 0.01, **P < 0.001)
between MDA p. and MDA r..

The OCR measurements revealed that mitochondria of MDA r. presented a higher
OCR than MDA p., showing a preferential utilization of pyruvate/malate. Reduction
of pyruvate entrance into the MDA p. mitochondria, by pharmacological means,
decreased the pyruvate plus malate-induced OCR but increased the succinate-
dependent respiration, suggesting an attempt to compensate the oxygen
consumption decrement through Complex I. In the presence of FK866, however,
mitochondria are deprived of the ability to activate both Complex | and II, either in
the presence or absence of UK5099. In MDA r. mitochondria, MPC blockage
reduced pyruvate dependent OCR, and did not increase succinate utilization, that
is already higher than in MDA p.. Interestingly, FK866 treatment was not affecting
neither pyruvate nor succinate dependent OCR, further confirming the insensitivity
of these cells to NAMPT inhibition. Upon cotreatment with UK5099 and FK866, we
still observed succinate exploitation that sustained OCR. Therefore, resistant cells
show a higher mitochondrial function than parental ones, sustained by both

pyruvate and succinate oxidation.
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DISCUSSION

Metabolic rearrangement offers cancer cells the plasticity to respond and adapt to
toxic insults®*3. We used a triple negative breast cancer cell line that is resistant to
the NAMPT inhibitor FK866 (MDA r.) to dissect molecular mechanisms sustaining
the cellular adaptation of prolonged NAD(H) shortage and found that we found that
mitochondria rearrange in term of substrate utilization and increase spare
respiratory capacity and mass. This model present cross-resistance to CHS-828,
another NAMPT inhibitor?*4. However, for some classes of chemotherapeutics
commonly used in the clinics for cancer treatment, like 5-fluoruracil
(antimetabolite) and cisplatin (alkylating agent), MDA p. and MDA r. presented the
same sensitivity, differently from other FK866-resistant models, whose sensitivity
to these drugs are increased upon the acquisition of the FK866-resistant
phenotype!®3, Canonical mechanisms of pharmacoresistance differ depending on
the drug but can often include the increase of transporter pumps, target mutation
and mitochondrial alteration, as described for other FK866 resistant
models163245246 |n MDA r. cells, NAMPT is not mutated. Similarly, the treatment
with the drug efflux pumps’ inhibitors verapamil and cyclosporine A, did not
sensitize MDA r. cells to FK866, excluding the role of multi-drug resistance (MDR)
mechanisms in the acquired resistance to FK866 in these cells. Thus, MDA r.
present a NAMPT-dependent acquired resistance to FK866, that is not dependent
on the canonical mechanisms of acquired resistance.

Importantly, cancer cells’ dependency on other enzymes for NAD(H) synthesis like
QAPRT or NAPRT can bypass the NAMPT inhibitors’ dependent NAD(H)
depletion164.231.247-249 " In our model, QAPRT is not expressed but NMRK1
expression is positively modulated in MDA r., in opposition to NAPRT, that
presents the inverse trend. This data is aligned with a recent study that showed
that dependence of NAMPT is subject to resistance by NMRK1-dependent
synthesis of NAD(H), which can explain the failure of NAMPT inhibitors®8.
However, the stable silencing of NMRK1 in MDA r. did not sensitize these cells to
FK866 treatment, and NAD(H) and ATP were kept unaltered. Nevertelhess it is
important to notice that our experiments were inspired by the expression levels of

these enzymes, and only NMRK1 was found upregulated in MDA r.. Thus, it would
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be important to access the activity of these enzymes rather than its expression
levels to understand to which extent FK866 is inhibiting NAMPT activity in the
resistant model; and if NMRK1 knockdown indeed results in a relevant loss of its
activity.
Furthermore, we found that the acquisition of resistance to FK866 determines
specific mitochondrial adaptation. Real-time cell metabolic analysis revealed that
MDA r. have an increased spare respiratory capacity (SRC) sustained by a higher
maximal respiration. Indeed, SRC is a critical component of cellular bioenergetics
as it correlates with mitochondrial plasticity and its ability to adapt in response to
energetic stress conditions?%2%1 with several studies reporting a positive
correlation between high levels of SRC and resistance to anti-cancer drugs?°22%3,
Similarly, mitochondrial-mediated chemoresistance has also been associated with
an increase in the mitochondrial mass?®4-2%, Aligned with these studies, we
observed an increase in the mitochondrial DNA versus nuclear upon parental
cells’ treatment with FK866, revealing a FK866-depedent increase of
mitochondrial mass. The mtDNA/nDNA ratio was further augmented once cells
became fully resistant. An increase of the expression of PGC-1a, TFAM and Sirtl
transcripts and of TOMM20 protein levels were also observed. These results
corroborate the hypothesis that prolonged NAD(H) shortage led to an increased
mitochondrial biogenesis and content.
Alterations on mitochondria physiology imply the maintenance of the import of
carbon sources to sustain the TCA cycle, ETC and ultimately ATP synthesis.
Using a Mitoplate-Sl, we questioned the mitochondrial substrate dependences of
MDA r. and revealed that these cells metabolize pyruvate in combination with low
doses of malic acid faster than the parental ones, but this phenotype was not
recapitulated by either pyruvate or malic acid alone. In fact, it is described that
malic acid acts as a spark for the TCA cycle to have optimal oxidation rates?#?,
which confirms that MDA r. present a higher dependence on pyruvate metabolism.
Mitochondrial dependence on pyruvate was further confirmed through the
inhibition of its uptake by the mitochondrial pyruvate carrier (MPC). MDA r. treated
with the MPC inhibitor UK5099 failed to achieve the same levels of maximal
respiration as the control, which implied a lower spare respiratory capacity.
Although not strictly correlated with differential activity, as the expression of both
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subunits of the MPC complex was not altered between the parental and resistant
cells, the increased pyruvate oxidation seems not to be associated with an
augmented pyruvate uptake through MPC.

Given the role of MPC for the mitochondrial adaptation to NAD lowering agents
observed in MDA r., we questioned the effect UK5099 treatment on the sensitivity
to FK866 in these cell lines. The cotreatment with the MPC inhibitor and FK866
led to an increase of cellular viability, counteracting FK866 toxicity in parental
cells. Moreover, by transient silencing of MPC1 and/or MPC2, we were able to
associate the resistant phenotype observed with the subunit 2 of MPC (MPC2)
and not with MPCL1. Instead, sensitivity to FK866 was not modulated upon MPC
inhibition in MDA r.. These data revealed that MPC inhibition is likely important for
the immediate/chronic response to FK866 exposure in triple negative breast
cancer but does not entirely sustain the resistant phenotype. The blocking of
pyruvate entrance into the mitochondria would rather stimulate LDHA activity,
allowing the recycling of NAD* cytoplasmatic levels, as previously observed in
MDA r.257,

Additionally, we observed that complexes I-IV activities, measured in an
uncoupled way, were not altered either with the single or combination treatment of
FK866 and UK5099, confirming that the respiratory complexes are not the target
of these molecules, and that the FK866 and UK5099 effect of OxPhos function
depend on the altered pyruvate and NAD(H) availability. These data might indicate
an additional mitochondrial rearrangement not previously considered, in which the
presence of respiratory supercomplexes might sustain the higher OCR in MDA
r_258.

We showed that the combination of FK866 and UK5099 treatments in MDA r. led
to a higher activity of ATP synthase (Complex V), and consequently ATP
production, compared with the parental cells. The increased ATP synthase activity
is sustained by the maintenance of the mitochondrial membrane potential (MMP),
in the same conditions. Collectively, this data show that MDA r. mitochondria are
adapted to maintain MMP and ATP synthesis in MPC-blockage dependent
pyruvate-deficiency conditions. Of note, the pyruvate import to the mitochondria is

coupled with the symport of one proton??. Blocking MPC would prevent not only
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the import of pyruvate but also of the proton, which favor the maintenance of a
higher MMP and ultimately ATP production by Complex V.

Further analysis of mitochondrial function revealed that MDA r. present higher
basal OCR than MDA p. in the presence of succinate, suggesting a mitochondrial
adaptation during NAD(H) shortage. Indeed, upon MPC blockage, MDA p. can
exploit succinate utilization as carbon source for the TCA cycle. Taken together,
our data suggest that acquired resistance to NAMPT inhibition is likely developed
through several steps. Initially, the blockage of MPC2, and thus the uncoupling of
glycolysis and mitochondrial respiration, results in higher pyruvate cytoplasmatic
accumulation. In alignment with previous work from our group, cytoplasmatic
pyruvate can be used by LDHA, to keep NAD* levels high in the cytoplasm. The
lack of pyruvate leads mitochondria to adapt to be able to keep OxPhos, namely
through the exploitation of succinate as a carbon source for the TCA cycle and
increase of mitochondrial mass. In the last stages of the acquisition of a stable
FK866 resistant cell line, both pyruvate and succinate are used to sustain ATP
synthesis.

Taken together, our data show that mitochondrial plasticity provides a metabolic
advantage to cells’ adaptation to NAD(H) shortage.
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CONCLUSIONS

In the first project, we developed a model of triple negative breast cancer cells that
are resistant to FK866, to dissect the molecular adaptations of cells to NAD(H)
shortage. We observed that the acquired resistance to NAMPT inhibition is not
sustained by canonical mechanisms of drug resistance or to a compensatory
synthesis of NAD* by salvage or de novo NAD* biosynthesis pathways. Instead,
MDA r. presented an overall metabolic rewiring sustained by mitochondrial
adaptations. These cells presented a higher pyruvate dependency than the
parental ones, that sustains an increase of the mitochondrial spare respiratory
capacity and mitochondrial mass.

We also showed that the uncoupling between glycolysis and mitochondrial
respiration, through the inhibition of MPC2, favors mitochondrial ATP synthesis
and allow the parental cell line to acquire a FK866 resistant-like phenotype, during
the acute and initial phase of the treatment.

Aligned with previous data from our group, showing that these cells rely on LDHA
to overcome resistance to FK8662%%, we suggest that MDA r. can modulate the
activity of MPC2 and control pyruvate uptake by the mitochondria. Pyruvate is
both the substrate of LDHA and the main carbon source for the mitochondrial TCA
cycle. During resistance acquisition, the blockage of MPC2 provides a double
metabolic advantage to cancer cells experiencing NAD(H) shortage. From one
side, pyruvate in the cytoplasm provides the substrate to LDHA allowing the
maintenance of NAD(H) levels. From the other side, the initial lack of
mitochondrial pyruvate import stimulates a mitochondrial adaptation that can allow
OxPhos to proceed. When resistance is acquired, mitochondrial rewiring and
concomitant increase of the mitochondrial mass, allow to metabolize pyruvate and
succinate more efficiently and sustain ATP synthesis.

Taken together, these data give some insights on the mechanisms developed by
cancer cells in response to NAD(H) shortage, which can challenge the NAMPT

inhibitors usage in the clinics.
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SECOND PROJECT

YAP modulates sensitivity to FK866 in a triple negative breast cancer cell line
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BACKGROUND

Disruption of the balance between cell proliferation and cell death disturb cell and
tissues homeostasis and often drive pathological conditions'®®. YAP, together with
TAZ, are the downstream effectors of the Hippo pathway, and function as
transcriptional co-activators of target genes via interaction with the TEA domain
family members (TEAD)'’2. YAP/TAZ translocate between cytoplasm and nucleus
according with the activation of the Hippo kinases: when the Hippo pathway is
‘on”, a signaling cascade culminate in LATS1/2-mediated YAP phosphorylation at
serine 127 and its sequestration in the cytoplasm and degraded. Conversely,
inactivation of the Hippo pathway prevents YAP phosphorylation, leading to its
nuclear translocation and interaction with TEAD to modulate transcription®,

YAP has been historically related with increased cell proliferation, a necessary
condition for tumor growth. In fact, hyperactivation of YAP and TAZ is widely
spread in cancers, which lead to its classification as oncogenes!8%25°
Nevertheless, in the recent years YAP has been reported to present tumor
suppressor functions in a context-dependent condition.. Particularly, in TNBC,
YAP plays an oncogenic function: it was founded to be upregulated in TNBC but
not in estrogen receptor alpha positive breast cancer, whilst its depletion inhibited
cell invasion and proliferation?6°.

Aligned with the role of YAP/TAZ on the maintenance of energy-consuming
processes as cell proliferation and growth and tissue homeostasis, it emerged as
a critical node in metabolic regulation'®?. YAP and TAZ coordinate several NAD*-
dependent processes like glycolysis, fatty acid oxidation and glutaminolysis in
nutrient-deprivation conditions?%l. However, correlations between NAD(H) levels
and YAP/TAZ metabolic function are still poorly understood.
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AIMS

Recent studies regarding the Hippo signaling and YAP/TAZ role in tumorigenesis
highlighted its contribution to mediate metabolic adaptation to sustain highly
energy-consuming cellular processes like glycolysis, fatty acid oxidation and
glutaminolysis'®. Of note, all these energy-producing traits depend on the activity
of dehydrogenases (as GAPDH, LDHA, FDH, SDH) and consequently of NAD(H)
availability. Nevertheless, a correlation between NAD(H) cellular levels or
response to NAD(H) depletion agents, and YAP/TAZ activity are poorly
understood.

Previous unpublished data from our lab revealed a potential role of YAP in
mediating the sensitivity to the NAMPT inhibitor FK866 in prostate cancer (PC).
Nowadays, the standard of care for PC treatment relies initially on prostatectomy
and radiotherapy, followed by androgen-deprivation therapy and administration of
AR antagonists. Despite the drastic improvement of PC diagnostics and treatment,
around 20% of the patients invariably develops metastasis resistant to AR
inhibition (metastatic castration-resistant prostate cancer - mCRPC), which lacks
therapeutical options?62,

Importantly, we observed that the AR-positive cell line LNCaP was less sensitive
to FK866 than the AR-negative, castration resistant cell line PC3. Upon FK866
exposure, PC3 but not LNCaP presented a decreased level of pYAP, consistent
with YAP nuclear translocation and transcription of target genes as CTGF and
CYR61. Of note, the stable silencing of YAP in PC3 rescued FK866 toxicity in
anchorage-independent growth conditions (Annex 1).

Given the mention data obtained for PC cancer models, we hypothesized that
YAP could play a role in the acquirement of resistance to FK866 in triple negative

breast cancer.

Thus, we aimed to expand the characterize FK866-resistant cancer cell models

by:
(1) Confirming the effect of FK866 in YAP phosphorylation status in FK866-

sensitive and less sensitive/resistant cancer cell lines.
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(2) Modulate YAP levels and evaluate the presence of a mechanistic
correlation with FK866 sensitivity.

(3) Investigate the role of YAP on the metabolic rearrangement observed in the
FK866-resistant TNBC model.
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MATERIALS AND METHODS

The Materials and Methods applied for the second project of the thesis is very
similar to the one of the first project. To avoid repetitions, references will be made
to the Materials and Methods section of the first project.

Cell lines culture conditions

Culturing of MDA p. and MDA r. were described for the first project. The
pancreatic ductal adenocarcinoma cell line PK9 resistant to FK866 (PK9 r.) were
obtained from their sensitive parental cells (PK9 p.) using the same strategy?%s.
PK9 p. and PK9 r. were cultured in RPMI (Gibco) and supplemented with 10%
fetal bovine serum (FBS), 2mM L-glutamine, and 100U/mL penicillin-streptomycin
(all from Lonza). The culture media of PK9 r. and was additionally supplemented
with 100nM of FK866.

YAP knockdown or overexpressing cells were kept in the same conditions as the
original ones. Cells were maintained at 37°C under humidified conditions with 5%
COo..

Drug treatments and in vitro cell viability

FK-866 sensitive and resistant cells were treated with FK866 (sc-205325, Santa
Cruz Biotechnology) for 48h. As described for the first project, in vitro drug
sensitivity was assessed through the OzBlue Cell Viability kit (OzBiosciences) and
the surforhodamide B (SRB) assay.

Protein extraction and western blot analysis

Protein extraction and western blot analysis were performed with the same
protocol used for the first project. The primary antibodies used were: YAP (sc-
101199, Santa Cruz Biotechnologies), pYAP Serl27 (4911S, CST), and actin
(BK4970S, CST). Actin was used as protein loading controls. The anti-mouse and
anti-rabbit secondary antibodies (111-035-003) used were obtained from Jackson
Immunoresearch Laboratories. A representative western blot of three independent

biological experiments is shown.
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Lenti- and retroviral transfection

HEK293T cells were used to produce lentiviral vector particles (LVP) and retroviral
particles (RVP).

For YAP silencing, HEK293T cells were co-transfected with a A891 and a VSV-G
encoding vector along with the shYAP plasmid. PLKO vector was used as the
transfer plasmid.

For YAP overexpression, the plasmid pQCXIH-Myc-YAP5SA was purchased from
Addgene. The negative control pQCXIH-Myc-empty was obtained by removing the
YAP5SA cassete by digestion with the restriction enzyme BamHI. Digested
plasmid was run on 1% agarose gel, extracted and purified. Ligation was carried
out with T4 ligase. Plasmids were amplified and sequence was confirmed through
Sanger sequencing. HKE293Tcells were co-transfected with pC9 GAG pol and
VSV-G encoding vector, along with the pQCXIH-Myc-YAP5SA (YAP5SA) or the
transfer plasmid pQCXIH-Myc-empty (empty) to produce the RVP.

Viral supernatants were collected, filtrated, and quantified 72 hours post-
transfection. Selection with puromycin (1ug/mL) and hygromycin (500ug/mL) were
performed, respectively, on MDA p. stably infected with shSCR/shYAP, and on
MDA r. stably infected with empty/YAP5SA plasmids.

Colony formation assay (Soft agarose)

Soft agar assay was carried out in 6-well plates with a double coating of agarose.
The base agarose layer presented 0,7% of agarose in 10% FBS supplemented
DMEM. 5000 cells per condition were resuspended in 1mL of 0,35% agarose in
10% FBS supplemented DMEM and seeded. Cells were cover with 1mL of media
and treated with different concentrations of FK866 (range 1-500nM) every 3 days,
for 2 weeks; and constantly kept under selection with either puromycin (1ug/mL) or
hygromycin (500ug/mL), for YAP silencing or overexpression, respectively. Total
colony number and colony diameter were measured using Operetta and Harmony

3.5.2 software.
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RNA extraction and real-time qPCR

RNA extraction, cDNA synthesis and real time gPCR were performed as

described for the first project. The sequences of the primers employed in the study

are present in Table 2. ACq method was used for samples’ mRNA quantification,

with RPLPO as housekeeping genes.

Gene

Primers

PGC1a

FW: CAAAGGATGCGCTCTCGTTCA

RV: GGTGTCTGTAGTGGCTTGACT

RPLPO

FW:CATTCTCGCTTCCTGGAG

RV:CTTGACCTTTTCAGCAAGTGG

Table 2: List of primers used to evaluate the expression of genes of interest by

RT-gPCR analysis.

Statistical analysis

Data was expressed as meantstandard error of mean (SEM) of three

independent biological experiments conducted in technical triplicates, unless

indicated otherwise. Statistical significance between control and test groups was

determined using Student’s t-test or one-way ANOVA, considering values of

*p<0.05, **p<0.01, and ***p <0.001 as significant. Data were plotted by Graph

prism 6 software.
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RESULTS

Results in the thesis body reflect my personal contribution to the work and
experiments performed by collaborators are properly acknowledged. In this
second project, some of the biological replicates were performed by the Bachelor
students Arianna Buongiorno and Elia Franceschi.

YAP phosphorylation is decreased in FK866-sensitive cancer cell models
upon treatment

Phosphorylation at Serl27 is the most common post-translational modification of
YAP and it controls its cellular localization: YAP phosphorylation leads to its
cytoplasmatic retention, while YAP dephosphorylation allow its migration into the
nucleus to activate the expression of its target genes. To assess YAP
phosphorylation status as a proxy of its cellular localization and activation, MDA p.
and MDA r. were treated for 48h with FK866. Western Blot analysis revealed a
decrease of YAP phosphorylation at serine 127 (pYAP) in a dose-dependent
fashion, upon MDA p. exposure to the 5 and 10nM of the small molecule. Instead,
PYAP levels were not modulated in MDA r., even at the higher concentration of
100nM (Figure 30A). To increase the robustness of the result, we decided to

replicate the experiment in a pancreatic ductal adenocarcinoma cell line (PK9).
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Figure 30 FK866 decrease pYAP (Ser127) in sensitive models. Representative western blot of
phosphorylated YAP on serine 127 in MDA p. and MDA r. (A) and PK9 p. and PK9 r. (C) upon 48

hours of exposure to FK866 at the determined concentrations. (B) Dose-response curve of FK866
in PK9 p. and PK9 r. in the same conditions. Three biological replicates were performed
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Like the triple negative cancer cell model, also PK9 p. were exposed to increasing
concentration of FK866 until resistance was reached (PK9 r.) and NAMPT gene
was not mutated. However, in this case, full resistance to FK866 could not be
obtained (Figure 30B).

FK866-toxicity was assessed for this model upon 48h of exposure to the small
molecule and ICso was determined as 10nM for PK9 p. and 150nM for PKO9 r.
(Figure 30B). pYAP was similarly decreased in PK9 p. when exposed to FK866 at
5 and 10nM, but not on the resistant counterparts (Figure 30C). Taken together,
these data confirm the FK866 effect on the modulation of YAP phosphorylate
status, and consequent nuclear translocation, on triple negative breast cancer and
pancreatic ductal adenocarcinoma, as previously observed for castration-resistant
prostate cancer cell models. Moreover, these experiments seem to depict YAP
phosphorylation status as an important determinant of FK866 sensitivity, and
consequently as a potential mediator of the acquirement of resistance to NAMPT

inhibition.

YAP silencing induces a FK866-resistant like phenotype

Hypothesizing a role of YAP in mediating FK866-acquired resistant, we decided to
modulate YAP expression levels, through lentiviral-mediated stable silencing of
this protein. The FK866 sensitive cell lines MDA p. ad PK9 p. were infected with
lentiviral particles containing pLKO shYAP and selected with puromycin for 5 days
before starting the experiments. YAP silencing was confirmed by western blot
(Figure 31).

MDA p. PK9 p.
shSCR  shYAP shSCR  shYAP
v o

Actin S — — Gm—

Figure 31 Confirmation of YAP silencing. Representative western blot image of the expression
levels of YAP in MDA p. (left) and PK9 p.(right) stably expressing pLKO-shSCR (shSCR) or
pLOKO-shYAP (shYAP). Actin was used as loading control.
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To assess the effect of YAP silencing on FK866 sensitiveness, both OzBlue and
SRB assays were used. While the first measures the activity of dehydrogenase on
metabolic active cells, the second determines the total amount of attached cells, in
a metabolic-independent fashion. Upon 48 hours treatment with FK866, it was
observed an increase of cell viability in cells silenced for YAP, in comparison with
the control (shSCR) condition, in both OzBlue (Figure 32A) and SRB assays
(Figure 32B). The rescue of FK866-toxicity was more pronounced for the TNBC
cell model, as MDA p. shYAP resemble MDA r. phenotype (Figure 13A).
Nevertheless, rescue of FK866 toxicity upon YAP silencing was also observed for
the pancreatic cancer model, with PK9 p. shYAP viability curve resembling the
one of PK9 r (Figures 30B and 32C-D).
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Figure 32 YAP knockdown decreases sensitivity of TNBC cells to FK866. Dose-response
curve of 48 hours FK866 treatment in (A-B) TNBC and prostate ductal adenocarcinoma (C-D)
cells, stably silenced for YAP, through OzBlue and SRB viability assays. Three biological replicates
were performed.

To gain a deeper inside on the effect of YAP silencing on FK866 sensitivity, we

performed an in vitro clonogenic assay. This experiment determines the ability of
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cells to grow into a colony, in attachment-independent conditions, that is a trait of
cancer cells with tumor-initiating capabilities?%4.

After two weeks of culturing with FK866 treatment every three days, the number of
colonies was assessed. We observed that exposure to this NAD(H) depletion
agent decreased colony number in a dose-dependent manner in MDA p. shSCR,
confirming the sensitivity of these cells to NAMPT inhibition obtained in 2D with
the viability assays. Instead, no significant alterations were observed on colony
number derived from MDA p. shYAP cells, upon exposure to the small molecule.
Interestingly, no significant difference was observed in the non-treated conditions,
meaning that YAP silencing per se do not affect MDA p. colony formation ability in

this cell line (Figure 33).
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Figure 33 Effect of FK866 treatment on colony formation upon YAP silencing. Representative
images of soft agarose assay of MDA p. shSCR (A) and MDA p. shYAP (B) lines. Cells were treated
with different concentration of FK866 (5 nM, 10 nM, 20 nM) every three days for a period of three
weeks. DMSO was used as negative control. (C) Quantification of normal colony number exposed
to the described concentrations of FK866. Colony number was quantified with Operetta and
analyzed on Harmony 3.5.2 software. Three biological replicates were performed (*p < 0.05, ***p <
0.001 compared to DMSO condition).



Of note, the clonogenic assay was also performed for PK9 p. shSCR and shYAP,
but colonies never fully developed, and no data was acquired.

Overall, these data confirm the role of YAP on the mediation of the cytotoxic
response to FK866 treatment both in attachment (2D) and in anchorage-

independent conditions (3D).

YAP overexpression rescues FK866-induced toxicity in 2D but not in 3D

The confirmation that YAP activation mediates FK866 cytotoxic effect in vitro,
reveals its potential role as mediator of the acquirement of resistance to FK866 in
TNBC. To confirm the hypothesis, we stablished MDA r. cell lines stably
overexpressing a YAP phosphorylation-defective mutant, in which the five
individual serine residues within the phosphorylation motifs are replaced by
alanine residues. Therefore, YAP phosphorylation on the ectopic protein is
prevented, as well as its cytoplasmatic retention, which induces its nuclear
translocation and the activation of YAP-dependent transcriptional programs.

MDA r. empty and MDA r. YAP5SA were selected with hygromycin for 5 days
before starting the experiments. YAP overexpression was confirmed by western

blot (Figure 34).
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Figure 34 Confirmation of YAP overexpression. Representative western blot image of the
expression levels of YAP and pYAP (serine 127) in MDA r. stably expressing pQCXIH-Myc-empty
(MDA r. empty) or pQCXIH-Myc-YAP-5SA (YAP5SA). Actin was used as loading control.

Cell viability upon 48 hours of FK866 exposure was once again assessed through
OzBlue and SRB assays and similar results were obtained. MDA r. empty
presented a lower sensitivity to the NAMPT inhibition for both assays while the
overexpression of exogenous non-phosphorylated YAP sensitizes cells to FK866

treatment. Of note, for both assays, the viability curve for MDA r. YAP5SA do not
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reach the 0% and presents a plateau for a value of cell viability of approximately
50% of the control (Figure 35).
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Figure 35 YAP overexpression increases sensitivity of TNBC cells to FK866. Dose-response
curve of 48 hours FK866 treatment in MDA r. cells overexpressing YAP, measured through
OzBlue (A) and SRB (B) assays. Three biological replicates were performed.

The ability to grow in anchorage-independent conditions was also assessed
through the soft agarose assay. Like for the cells silenced for YAP, MDA r. empty
and MDA r. YAPSA were grown for two weeks and treated with FK866 every three
days (Figure 36). We observed that exposure to this NAD(H) depletion agent had
no effect on the colony number in both cell lines, comparing with their
correspondent DMSO-treated control. Instead, significant difference was observed
in the non-treated conditions, meaning that YAP overexpression per se affects
MDA r. colony formation ability (Figure 36).

Overall, these data are not aligned with the results obtained for the 2D viability
assays, as YAP overexpression do not affect the colony formation ability on a
FK866-dependet fashion.

Role of YAP on cancer cells adaptation to NAD(H) shortage: a metabolic
perspective

YAP has been widely involved in cellular metabolic regulation. Taking into
consideration the data obtained for the first project of this PhD thesis, describing
the mitochondrial rewiring in the adaptation to NAD(H) shortage, we decided to
further characterize the cancer cell lines modulated for YAP expression at the

metabolic level.
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Figure 36 Effect of FK866 treatment on colony formation upon YAP overexpression.
Representative images of soft agarose assay of MDA r. empty and YAP5SA cell lines. Cells were
treated with different concentration of FK866 (10 nM, 100 nM) every three days for a period of two
weeks. DMSO was used as negative contro (top). Quantification of normal colony number exposed
to the described concentrations of FK866 (bottom). Colony number was quantified with Operetta
and analyzed on Harmony 3.5.2 software. Only one biological replicates was performed so far.

Initial preliminary data revealed that the silencing of YAP in MDA p. induce the
expression of the mitochondrial biogenesis regulator PGC1-a in more than 2-fold
change, which is further stimulated by 48 hours of FK866 treatment at 10nM
(Figure 37A). This gene has been already found upregulated in MDA r (Figure
23C).

PGC1-a expression was also assessed in the cells line overexpressing YAP, MDA
r. YAP5SA, but no significative difference was observed either in FK866-treated or
non-treated conditions (Figure 37B).

Overall, these data suggests PGC1-a as a factor involved in the response to the
energetic stress induced by the FK866 and that can be involved in the process of

resistance acquisition. However, it's functional role is yet to be investigated.
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Figure 37 PGC1- a expression is increased in cancer cells with FK866-resistant phenotype.
RT-gPCR to determine PGC1-a expression in MDA p. silenced for YAP (A) and in MDA r.
overexpressing YAP (B) and treated with FK866. (non treated - NT - and treated for 48h with the
determined concentrations of FK866). RPLPO was used as a house-keeping gene. All the
experiments were performed in triplicate. Repeated measures one-way ANOVA was used to
calculate statistical significance (*P<0.05, **P < 0.01, ***P < 0.001) .
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DISCUSSION

YAP, the downstream effector of the Hippo pathway, is historically described to
promote cell proliferation and tissue homeostasis. Given the indispensability of
cellular energy and metabolites for survival and growth, correlations between YAP
and metabolic regulation have recently gain interest in the cancer bioenergetics
field182261 | ijkewise, the NAD*-producing enzyme NAMPT is widely found
upregulated in several solid tumors, reflecting its importance for NAD(H) and
consequently cancer cell bioenergetics maintenance. Here, we find a correlation
between the activation of YAP and the sensitivity to the NAMPT inhibitor FK866 in
a cellular model of TNBC, that can play a role on the acquirement of resistance to
this small molecule.

YAP activity to promote the co-transcriptional activation of its target genes
depends on its cellular localization and consequently of its phosphorylation status.
We showed that the treatment with FK866, in TNBC and PDAC cells sensitive to
this small molecule but not in their resistant counterparts, decrease YAP
phosphorylation at serine 127 (Figures 30A and 30C), which is aligned with YAP
nuclear translocation. However, YAP phosphorylation can occur at other sites
rather than at serine 127, like at serine 61,109, 164 and 397, either in a LATS1/2-
dependent (and consequently Hippo-dependent) or independent fashion?%®, Thus,
further experiments, like immunofluorescence and expression of target genes
must be performed to confirm YAP nuclear translocation and activity upon FK866
exposure.

Proceeding with the hypothesis that YAP activation results from FK866 exposure,
which would be prevented in the resistant cell models, we modulated the levels of
YAP (Figures 31 and 34). In fact, we were able to show that the silencing of YAP
on the FK866-sensitive cell lines (MDA p. and PK9 p.) decrease the sensitivity to
the NAMPT inhibitor in attachment (2D) conditions (Figure 32).

As previously described, the cellular ability to survive and grow in anchorage-
independent conditions (resistance to anoikis) is a necessary condition for cancer
cell metastasis and a hallmark of the YAP activation?®, Thus, to reinforce our
data, we decided to mirror the viability experiment in a 3D setting, by performing a

clonogenic assay in soft agar (Figure 33). Interestingly, the silencing of YAP per
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se did not decrease the number of colonies formed, as would be expected from an
inactivation of the YAP signaling, suggesting that anchorage-independent growth
ability in this model is not sustained exclusively by YAP. Nonetheless, it confirmed
the results of the cell viability experiments in 2D, with MDA p. shYAP cell rescuing
FK866 cytotoxicity. The fact that YAP silencing did not decrease the colony
number was previously described in breast cancers. YAP knockdown rendered
MDA-MB-231 resistant to anoikis and slightly increased the colony formation
ability, confirming that YAP loss also promotes anchorage-independent growth?6,
Overall, it is conceivable to assume that in MDA-MB-231 cells YAP-independent
transcriptional programs can sustain their ability to grow in anchorage-
independent conditions, as indeed can be explained by the metastatic origin of
these cells.
As the knockdown of YAP decreased the sensitivity to FK866, a potential role of
this co-transcriptional factor in mediating the acquirement of resistance to the
NADH(H) depletion agent is suggested. The overexpression of the mutant non-
phosphorylatable YAP in MDA r. indeed sensitizes the cells to FK866 treatment in
attachment conditions, pinpointing its importance for the maintenance of the
resistant phenotype (Figure 35). Even if only one biological replicate was
performed, surprisingly, different results were obtained for the 3D culturing in soft
agar. MDA r. YAP5SA cells showed fewer colonies compared with the control
ones expressing the vector plasmid, but the FK866 treatment did not further
reduce this parameter. These data revealed that YAP activation indeed deregulate
cellular responses involved in the acquirement of resistance to FK866 in MDA r.,
but it is not the only mediator of this process, as FK866 did not reacquire its full
toxicity.
Finally, we checked the expression level of PGC1-a, that we had previously
shown to be overexpressed in MDA r. to investigate downstream effects of YAP
modulation on the acquirement of resistance to FK866 in TNBC, at the metabolic
level. In fact, we were able to confirm that PGC1l-a is differentially expressed
according with YAP activation, being upregulated upon YAP silencing, which is
once more consistent with the FK866-resistant phenotype. Interestingly, PGC1-a
expression levels reflect the results obtained in anchorage-independent
conditions: cells overexpressing mutated YAP present a lower number of colonies
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and a lower expression of PGC1-a; while the treatment with FK866, at each
concentration, is not affecting none of the parameters (Figures 36 and 37).
Overall, these data seem to highlight a role of YAP on the acquisition of resistance

to FK866, but not as the main player of its maintenance.
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CONCLUSIONS

In the second project, we investigated the potential role of YAP in the modulation
of the sensitivity to FK866 in cancer cell models.

We showed that FK866 treatment decrease YAP phosphorylation status at serine
127, thus increasing its nuclear translocation and target gene expression, in
cancer cell models of triple negative breast cancer (MDA p.) and pancreatic ductal
adenocarcinoma (PK9 p.), that are sensitive to the NAMPT inhibitor. These
results were in agreement with previously unpublished data from our lab, using
prostate cancer cell models.

Additionally, we demonstrated that stable silencing of YAP in FK866-sensitive cell
lines, rescued its toxicity both in 2D and in 3D culturing, promoting a dose
dependent FK866-resistant like phenotype. By the other side, the overexpression
of YAP in FK866-resistant TNBC cells only rescued the cytotoxicity of the NAD(H)
lowering agent in attachment, but not in anchorage-independent conditions.
Moreover, the silencing of YAP on MDA p. induces the FK866-dependent
expression of the mitochondrial biogenesis gene PGC1-a, previously associated
with TNBC FK866-resistant phenotype.

In conclusion, we were able to identify a connection between YAP activation and
sensitivity to FK866, that can in part sustain the acquirement of resistance to

FK866 in TNBC, likely through the modulation of mitochondrial metabolic traits.
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CONCLUSIONS AND FUTURE PERSPECTIVES

Until the 2000’s, cancer biology was focused on the characterization of two distinct
classes of cancer genes, that could either result in cellular gain or loss of function,
and thus be characterized as oncogenes or oncosupressors, to explain cancer
initiation and progression. Hanahan and Weinberg were the first to propose an
organized list of biological traits that sustain the multistep development of human
tumors, which has been lastly updated in 20222. Nonetheless, it is since 2011 that
the deregulation of cellular bioenergetics has been considered an hallmark of
cancer?4. However, this reprogramming of energy metabolism is context-
dependent and goes far beyond the Warburg effect, as initially proposed?.
In our model of FK866-resistant TNBC, obtained by increasing exposure to the
NAD(H) depletion agent, we indeed observed a hybrid glycolytic/OXPHOS
phenotype. Previous published data from our lab showed that FK866 resistance,
namely in the TNBC model, invariably induces dependence on LDHA, but not a
shift towards a Warburg-like metabolism!33, As LDHA recycles NAD* through the
conversion of pyruvate to lactate, contributing for the maintenance of NAD/NADH
pool in the cytoplasm, which could explain its increase expression in MDA r..
In fact, pyruvate utilization is a critical node for the maintenance of cellular
bioenergetics due to double usage as substrate for LDHA or as carbon source for
the TCA cycle. We showed that the acute treatment of MDA p. with the MPC
inhibitor UK5099 counteracts FK866 cytotoxicity and induces a resistant like
phenotype, presumably because MPC blockage increases pyruvate cytoplasmatic
availability. Similar results were obtained for MPC2 but not to MPC1 silencing.
Nevertheless, we were not able to demonstrate that loss of function of MPC
sustain the observed FK866 acquired resistance. Instead, we showed that MDA r.
are more dependent on pyruvate metabolism than MDA p., and that pyruvate
contributes to the maintenance of their higher mitochondrial respiration. Apart from
pyruvate, these cells also present a higher OCR in the presence of succinate, the
substrate of Complex Il of the ETC, similarly revealed as a metabolic dependency
of MDA r.. It is however not excluded that additional anaplerotic reactions might
contribute to mitochondrial bioenergetics, by sustaining the TCA cycle. This
hypothesis should be further explored.
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Interestingly, the activity of the uncoupled ETC complexes was not different
between MDA p. and MDA r..
In line with the observed rewiring of mitochondria in response to FK866, we further
showed an increased expression of the mitochondrial biogenesis genes PGC1-a
and TFAM, as well as of the mitochondrial versus nuclear ratios, indicative of an
increased mitochondrial mass. These results are aligned with the literature, that
reports increased PGC1-a, and consequently mitochondrial mass, to counteract
nutrient stress conditions?®®. Although the importance of PGC1-a to sustain the
acquired-resistance to FK866 is yet to be confirmed through loss of function
assays, it seems to be a marker of the stress response induced by FK866 as
observed in the second project of this thesis.
Giving the observed hybrid glycolytic/OXPHOS phenotype in the FK866-resistant
model, through the contribution of both cytoplasmatic and mitochondrial
compartments for the maintenance of bioenergetics, further characterization of the
model should focus on their mechanistic connection, and on the relevance of
MPC.
Nevertheless, the results of this thesis highly emphasize the role of mitochondria
for metabolic adaptation to stress stimuli. In fact, mitochondria have been
historically seen as the powerhouse of the cells, but its functions in cancer
initiation, growth, survival and metastasis goes far beyond energy production.
More than alterations in fuel utilization, mitochondria offers cancer cells the
flexibility to adapt to adverse conditions like starvation and exposure to
chemotherapeutics, by modulating cell death susceptibility and oxidative stress’.
FK866 treatment has been previously described to induce ROS production in
several cancer models?%°. Similarly, it was shown that cytotoxic stress inducing
ROS production can subsequently activate YAP in TNBC cell models, leading to
mitochondrial disfunction®’°. Importantly, the formation of the mitochondrial
supercomplexes are indeed described to reduce the production of ROS apart from
their role in increasing the ETC efficiency?®®. Thus, it is of our interested to
understand how oxidative stress is managed in FK866-resistant cancer cells and
as well as its response to YAP modulation.
Furthermore, it is important to note that with our experimental settings, we are not
studying the progressive acquirement of resistance to FK866, but rather
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comparing the initial and final timepoints. The response to chronic FK866
exposure, acquisition of the resistance and its maintenance, shall be considered
as temporal process, with specific contributions for the ultimate FK866-resistant
phenotype. This means that we can’t exclude a potential role of MPC or NMRK1 in
the acute phase of the treatment. One can hypothesize that the first cellular
responses to the FK866-induced metabolic stress is the blockage of MPC and the
upregulation of NMRK1 to maintain the NAD/NADH cytoplasmatic pool. In fact, the
compartmentalization of the NAD/NADH is mainly sustained due to the
impermeability of the mitochondria outer membrane®2. NAD* concentrations in the
mitochondria is around 400uM, while in the cytoplasm is 100uM; and the
NAD/NADH ratio are, respectively 60-700 in the cytoplasm and 7-8 in the
mitochondria?’-273, This compartmentalization of the NAD/NADH pools leads to
different responses to genotoxic stress in the distinct subcellular compartments,
with  NAD* being usually firstly observed in the cytoplasm and later in
mitochondria®2. This way, we can hypothesize that upon acute treatment with
FK866, cells respond by stimulating processes that maintain the cytoplasmatic
NAD/NADH pools, as the increase activity of LDHA through the blocking of MPC2,
and eventually NMRK1 gain of function. FK866 also induce the nuclear
translocation of YAP and activation of its target genes, likely pro-apoptotic, in line
with its role of oncosupressor gene observed in this model. We hypothesize, that
the FK866-induced decrease of the cytoplasmatic NAD/NADH pools and
consequent utilization of the mitochondrial ones would stimulate the exploitation of
pyruvate and succinate as carbon sources to keep the TCA cycle and
mitochondrial respiration running. Additionally, we observe that FK866-sensitive
cells knocked-down for YAP present an overexpression of PGC1-a, reported to
promote mitochondrial biogenesis and increase of the mitochondrial mass to
sustain mitochondrial NAD/NADH pools. Thus, specifically measuring the basal
NAD*/NADH pools in the cytoplasm and in the mitochondria, as well as upon
FK866 treatment, rather than the total cellular content, could give some clues on
both cytoplasmic and mitochondria roles to sustain the FK866-resistant
phenotype.
The data present in this thesis also supports a connection between the YAP
activation and the sensitivity to FK866 in cancer cell models of breast, prostate
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and pancreatic tumors, but upstream and downstream YAP signaling is yet to be
assessed.
Taking together this assumption and the previously reported role of YAP on
metabolic reprogramming, we would further like to explore the YAP downstream
metabolic targets. We were able to show that an upregulation of PGC1-a, found
upregulated in the FK866-resistant phenotype (MDA r.), is observed in a FK866-
dose dependent manner in the YAP silenced cells but not in the control ones.
Moreover, the overexpression of YAP in MDA r. leads to a decrease in both colony
number and PGC1- a expression. Interestingly, the upregulation of mitochondrial
proteins and, particularly PGC1-a, was identified through proteomic analysis of
breast cancer cell lines grown in anchorage-independent conditions?’4. Aligned
with these data, the mitochondrial rewiring observed in the FK866-resistant
phenotype and mimicked by YAP silencing can play a role on the anchorage-
independent growth ability of these models. By the other side, the upregulation of
YAP and consequent downregulation of PGC1- a in MDA r. would explain the
decrease of colony number in MDA r. YAP5SA. Once more, PGC1-a functional
loss and gain of function assays still have to be performed to confirm its
expression and function modulation by YAP. Additional metabolic experiments to
determine mitochondrial spare respiratory capacity, metabolic dependency and
mass could potentially reveal supplemental similitudes between the two cell
phenotypes with different FK866 sensitiveness: MDA p./MDA r. YAP5SA and MDA
r./MDA p. shYAP.
Furthermore, we are interested in deciphering the YAP upstream signaling
cascade. In TNBC, YAP is reported to be activated by the glucocorticoid receptor
(GR) signaling?’®, whose relevance is likewise reported in the acquirement of
resistance to AR targeted therapies in prostate cancer. As members of the steroid
receptor superfamily of ligand-regulated transcription factors, both the AR and the
GR present similar structural, functional, and consequently, compensatory
properties?’®, In fact, the synthetic glucocorticoid (GC) dexamethasone
suppresses the proliferation and migration of the AR" prostate cancer cell line
PC3, but not of the AR* LNCaP?"”.
These reports are aligned with previous nonpublished data from our lab, in which
we observed that leukemia cells resistant to FK866 are co-resistant to
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glucocorticoids. Thus, we hypothesize that the acquirement of resistance to FK866
and the inactivation of the GR signaling and consequently of YAP are related
events, that we would further like to explore.

Finally, it will be of crucial importance to validate the data obtained in this thesis
with other NAMPT inhibitors, as FK866 was prevented to be used in the clinics
due to its poor pharmacokinetic profile and secondary effects. Nonetheless, other
NAMPT inhibitors are currently being developed and tested for clinical application
(like OT-82), and chemoresistance is a common problem of the usage
chemotherapy for anti-cancer treatment. Thus, the insights obtained can be used
for improved rational design of these small molecules. The validation of the data
obtained on different FK866-resistant cancer cell models would also be of
relevance to increase the robustness of the results and the transversal exploitation
of the identified fragilities on other FK866-resistant tumors.

To conclude, we would like to emphasize that the characterization of the molecular
mechanisms of resistance to FK866 reveals cancer cells strategies to counteract
and adapt to NAD(H) depletion, a common feature of highly proliferating tumors,

that can be further explored for anti-cancer therapy.
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CONTRIBUTION PROJECTS

During my PhD | have also been involved in four other side projects, two in the
host laboratory and two in collaboration with Prof. Dr. Vincent Timmerman and Dr.

Michele Cea, respectively. A brief description of the projects is presented.

15t project: development of an novel method to isolate extracellular vesicles from

serum (Annex 2).

2nd project: in vitro validation of small molecules targeting the RAN translation,
with clinical applications for the treatment of Amyotrophic Lateral Sclerosis (ALS).

3'd project: collaboration with Prof. Dr. Vincent Timmerman to identify modulators
of autophagy through a high-throughput screening, clinically relevant for the
treatment of Charcot-Marie-Tooth type 2L (CMT2L) disease.

4% project: on going collaboration with Dr. Michele Cea and Dr. Debora Soncini to
develop multiple myeloma cancer cell lines resistant to ARQ531, to further study

the mechanisms of acquired resistance to this small molecule.
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ANNEX 1

Results in this Annex reflect my personal contribution to the work.
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Figure 38 Effect of FK866 treatment on colony formation upon YAP silencing. Representative
images of soft agarose assay of PC3 shSCR and PC3 shYAP lines (left). Cells were treated with
different concentration of FK866 (5 nM and 10 nM) every three days for a period of three weeks.
DMSO was used as negative control. Quantification of normal colony number exposed to the
described concentrations of FK866 (right). Colony number was quantified with Operetta and
analyzed on Harmony 3.5.2 software. Three biological replicates were performed (*p < 0.05
compared to DMSO condition).
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ANNEX 2

Results in this Annex reflect my personal contribution to the work.

Extracellular vesicles (EVs) are lipid-bilayer structures secreted by cells to the
extracellular spaces. EVs mediate cell-to-cell communication by transferring
biological cargo (proteins, lipids, nucleic acids) from donor to receiving cells, thus
mediating both physiological and pathological processes?’®-28, In fact, these
structures have been widely reported to have critical roles in cancer development
by sustaining the growth, invasion and metastasis of cancer cells in a myriad of
cancer types?81-284 |mportantly, EVs can be found on and isolated from biological
fluids like blood, urine and cerebrospinal fluid (CSF), and applied as biomarkers
for the diagnosis, prognostication, and surveillance of cancer, as well as response
to treatment, making them an important tool for liquid biopsies and precise
medicine?85-287, The gold-standard method for EVs isolation is ultracentrifugation,
even if other methods based on polymer-based precipitation, size-exclusion
chromatography, or density gradient centrifugation are currently being optimized
and applied?®8. Nonetheless, a plethora of challenges are still to be addressed,
namely the optimization of the isolation protocol duration, the separation of EVs
from serum proteins and non-EVs particles, and the reduction of the amount of
sample needed for the analysis?8%:2%,

EVs isolation procedures exploiting the negative charges of this structures were
proven to reduce protein contaminants in comparison with ultracentrifugation?°-
293 Behind these approaches rely the premise that EVs display negative
fluctuations of zeta potential (ZP), under physiological conditions (pH>5) and thus
are able to bind to positively charged specimens, and further released by
modulation the pH and the ionic strength in the elution buffer 294,

Thus, we developed a graphene-based magnetic isolation (GBMI) method to
isolate EVs from serum samples. This method explores the positive-charge of
polyethyleneimine (PEI), covering the surface of graphene-coated magnetic

beads, to bind and capture heterogenous EVs population from limited amount of
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serum. A graphical illustration of the procedure used for the optimization of the
method with FBS samples is shown (Figure 39).

Beads regeneration and re-utilization
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Figure 39 GBMI protocol. Schematic representation of GBMI protocol.

Shortly, 20puL of commercial FBS (Gibco) were aliquoted and diluted in 180 pL of
PBS. An equal volume of graphene magnetic beads solution were added and the
mix was incubated for 30 minutes on a circular rotating wheel. The samples were
then placed in a magnetic rack to immobilize the graphene-beads bond to the FBS
EVs, and the supernatant was discarded. Tubes were collected and incubated for
15 minutes at 28°C with the elution solution on a shaking thermoblock. Ended the
incubation time, samples were again placed on the magnetic rack and the EVs-
enriched supernatant was collected and stored at 4°C. The remaining magnetic
beads are then washed with the regenerating solution and PBS and can be reused
for further isolations.

To assure that GBMI was indeed able to grab a high number of EVs from the FBS
samples, we measured EV number eluted with increasing concentrations of urea
through Nanoparticle Tracking Analysis (NTA), using NanoSight. We confirmed
that the number of eluted EVs was proportional to the urea concentration on the
elution buffer in a range from 0 to 8M. Moreover, at the highest urea concentration
used, the yield of recovered EVs is 92% of the EVs present on the 20 pL FBS
input (Figure 40A).

Regardless the confirmation of the method ability on grabbing the EVs from FBS,
elution buffers with high concentration of urea are not suitable for further EVs
biological characterization or application. Thus, we proceed for the optimization of
the EVs elution process.
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Figure 40 Quality control of GBMI protocol. FBS EVs were eluted with different elution buffer.
(A) The number of EVs recovered is directly correlated with the concentration of urea used as
elution buffer, and represent a percentage of the initial FBS input. (B) EVs quantity obtained from
the elution with a containing chelating agents is lower than the number of EVs on the FBS input,
even presenting the same mean and mode diameter (C). The usage of NaCl as elution buffer allow
the recovery of high percentage of EVs (compared with the FBS input) and is directly proportional
to the concentration of NaCl (D).

As a first approach, we used an elution buffer with chelating agents, as described
in 23, but a low yield of EVs was recovered. NTA revealed that only around 25%
of the EVs present in the FBS input were isolated (Figure 40B). Nonetheless,
GBMI allowed the isolation of sample’s representative and heterogenous EVs
populations, as confirmed by the similar mean and mode diameter of the EVs
presented in the elution solution and in the FBS input (Figure 40C).

We further optimized the elution solution by selecting a biological compatible salt,
sodium chloride (NaCl), to compete with EVs for the binding with the
functionalized magnetic beads, and promote it's elution. NaCl concentrations

ranging from O to 2M enable EVs isolation and a full recovery (99%) of the FBS
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sample EVs at 2M (Figure 40D). It is important to notice that physiologic sodium
concentration is around 1,4 mM, meaning that the utilization of NaCl 2M may
induce osmotic pressure and consequent disruption of the EVs, which may
become challenge for further EVs applications?%.

Given the satisfactory preliminary data obtained for the development of the
method, we are now assessing the presence of co-eluted contaminants, as well as
the integrity of the EVs. Further validation of the method is expected to be
performed in clinical samples, to evaluate its potential to isolate EVs from serum,

as well as it’s usage for biomarker detection.
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