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Abstract

Mitochondria are dynamic organelles that participate in various cellular processes such as
bioenergetic homeostasis, signaling cascades and redox state control, ultimately influencing cell fate
decisions. The diversity of mitochondrial functions resonates in the dynamic nature of their
morphology. Indeed, both mitochondrial ultrastructure and network organization influence
mitochondrial function and are both highly dynamic to respond to cellular demands quickly. As
signaling organelles, mitochondria communicate with other cellular compartments through several
mechanisms, including the release of metabolites, ROS production, and changes in their localization
and shape. These alterations occur in response to environmental cues making mitochondria essential
cellular stress sensors. In cancer, where low nutrient and oxygen levels often characterize local
microenvironments, mitochondria play a central role in adaptation to stress, facilitating cancer cell
proliferation in harsh conditions. This is well exemplified in pancreatic ductal adenocarcinoma
(PDAC), which is one of the deadliest cancers worldwide and is characterized by a prominent
desmoplastic reaction and a near avascular microenvironment that hampers nutrient/oxygen supply.
Notably, over the last years, a compelling body of work has shown that metabolism is profoundly
altered in PDAC.

My thesis aims to dissect the significance of the rewiring of mitochondrial function and morphology
during PDAC progression to identify potential targetable mechanisms driving tumor aggressiveness.
Quantitative analysis of the mitochondrial proteome in cellular models of stepwise pancreatic
carcinogenesis revealed increased levels of proteins involved in metabolic pathways, protein import,
and mitochondrial translation. These alterations included unexpected upregulation of components of
the oxidative phosphorylation pathway, validated by the increase in mitochondrial respiration in late-
stage PDAC cells. Changes in mitochondrial respiration correlated with modifications in
mitochondrial ultrastructure both in vitro and in vivo. Further investigation identified members of the
NDPK family, including NME4, as drivers of these changes in mitochondrial ultrastructure. Indeed,
NME4 has been associated with the regulation of the GTPase activity of OPA1, the master regulator
of cristae stability. NME4, in a complex with OPA1, has a crucial role in the regulation of
mitochondrial ultrastructure, as its silencing in HeLa cells disrupts mitochondrial cristae.
Accordingly, NME4 loss reshapes mitochondrial ultrastructure and impairs mitochondrial respiration
in pancreatic cancer cells.

High protein levels of either NME4 or OPAIl are associated with poorer survival outcomes,
highlighting their clinical relevance. These data highlight the crucial role of mitochondrial

ultrastructure in promoting pancreatic carcinogenesis, but mechanisms remained elusive.



We leveraged both functional genomics to manipulate Opal expression and autochthonous mouse
models of pancreatic carcinogenesis. Our results demonstrated that OPA1 elevation promotes active
DNA duplication, histone hyper-acetylation, and cellular proliferation both in vitro and in vivo. These
phenotypes have all been linked to PDAC development. Accordingly, OPA1 overexpression
accelerates PDAC progression in vivo, while targeting OPA1 hinders pancreatic cancer cell growth,
without affecting non-transformed pancreatic ductal cells.

In summary, this research significantly advances our understanding of mitochondrial reshaping
during pancreatic carcinogenesis, revealing the intricate interplay between mitochondrial dynamics,
cell cycle regulation, and tumor progression. Key players like NME4 and OPA1 can be envisaged as
exciting therapeutic targets. Nonetheless, future research could delve deeper into the molecular
intricacies of NME4 and OPA1 function and explore in more detail the molecular mechanisms beyond

their role in pancreatic tumorigenesis.
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INTRODUCTION

The first evidence of the impact of metabolism on neoplastic transformation stems from a seminal
work by Otto Warburg in 1927, which described how cancer cells rely preferentially on glycolysis
rather than OXPHOS to sustain their proliferation '. However, in the century spanning from this
discovery and the present days, numerous studies have portrayed an extremely intricate scenario;
indeed, the metabolic reprogramming observed in cancer cells is not limited to an altered balance
between glycolytic and oxidative pathways, but involves a general alteration of the cellular metabolic
state, with effects on both catabolic and anabolic processes >°. Moreover, it has been proven that
tumors are metabolically heterogeneous, with consistent rewiring during cancer development and
variations dependent on the tumor type and stage. Furthermore, increasing evidence underlines that
an additional level of metabolic modifications may be provided by intratumoral heterogeneity, with
different cellular subpopulations relying on diverse metabolic pathways for their survival *.

Given its extensive and multi-layered complexity, published studies have only begun to characterize
the full extent of the metabolic rewiring occurring in cancer cells, and just in the recent years these
processes have started to be investigated as a putative vulnerability exploitable for new therapeutic
approaches °. Nevertheless, these alterations might display enormous potential in the treatment of
undruggable malignancies, and therefore deserve further attention.

A prime example of such context is represented by pancreatic ductal adenocarcinoma (PDAC), which
is one of the deadliest cancers worldwide and is characterized by a dismal 5-year survival rate of less
than 10%. The extremely high mortality of PDAC is mainly due to the long latency of its symptoms,
often leading to a late diagnosis, and to the consequent lack of effective therapeutic approaches °.
Notably, over the last years, a compelling body of work has shown that metabolism is profoundly
altered in PDAC . In particular, most PDAC patients harbor an activating mutation in the KRAS
gene, which has been associated with the reprogramming of several metabolic pathways, including
glutaminolysis and the pentose phosphate pathway 8. Strikingly, a central spot during pancreatic
cancer metabolic reprogramming is represented by mitochondria, key organelles able to not only
regulate the bioenergetic homeostasis of the cell but also able to play crucial signaling roles both in

physiological and pathological contexts 7.



MITOCHONDRIA: BEYOND BIOENERGETICS

From their discovery, our understanding of mitochondria changed profoundly. Primarily known as
the powerhouse of the cell for their ability to generate large amounts of ATP, this analogy no longer
describes the full extent of the functions of these dynamic organelles. In fact, mitochondrial activity
extends well beyond bioenergetic homeostasis, as it partakes in signaling cascades, redox state
control, epigenetic organization, and cellular quality control '°. The spectrum of mitochondrial
functions is as wide as dynamic is their morphology. Indeed, both mitochondrial ultrastructure and
the organization of mitochondrial network heavily impact mitochondrial function .

Moreover, these organelles have evolved several mechanisms to communicate with the rest of the
cell, through direct contact sites and indirect signal mediators. Hence, mitochondria must be
considered as signaling organelles, employing a wide range of functions that can affect cellular
homeostasis in physiologic and pathologic contexts, altogether contributing to the determination of

cell identity and to regulate cell functioning °.



Mitochondrial morphology and dynamics

Mitochondrial morphology is extremely dynamic, and it is intrinsically linked to the regulation of the
organelle function. Two main layers of complexity can be identified to describe the structural features
of mitochondria: at the single mitochondrion level, the conformation of its membranes constitutes the
mitochondrial ultrastructure, while the spatial organization of multiple mitochondria in the cells is

referred to as mitochondrial network dynamics.

IMs
%} M
e 4

mafrix

Respirosome
CI-CllL-CIY

Supercomplex
<rc,

Supercomplex
Cill, IV

Mitochondiral fusion Mitochondiral fission

"
complex  con

MICOS

complex —. l , l l .
. . . w FAFNT FAFNZ -OPAY Mic4F Midsl AP LRPY

cl Cil il Cly oW

OXPHOS machinery

Fig. 1 A. Schematic representation of regulators of mitochondrial cristae morphology and mitochondrial network dynamics.
The MICOS complex and OPA1 cooperate in the regulation of CJs and cristae biogenesis and stability. At cristae rims, F1Fo-ATPsynthase
dimers increases cristae stability. Mitochondrial cristae harbor the components of the ETC organized in supercomplexes with different
stoichiometry. B. Mitochondrial fusion is mediated by MFN1 and MFN2 in the OMM and OPA1 in the IMM. Mitochondrial fission is
dependent on DRP1 oligomerization at ER-mitochondria contact sites. Additionally, DRP1 has different adaptors on the OMM, including
Mid49, Mid51 and MFF.

Mitochondrial ultrastructure

Mitochondria are bounded by two distinct membranes, which define different functional regions of
the organelle. In contact with the cytosol, the outer mitochondrial membrane (OMM) is a
semipermeable membrane which prevents small-molecule diffusion while allowing the exchange of
metabolites and cations between the cytosol and the intermembrane space (IMS). Instead, the inner
mitochondrial membrane (IMM) is completely impermeable and it divides the IMS from the
mitochondrial matrix. Furthermore, this internal membrane can be subdivided into different
functional compartments: the inner boundary membrane (IBM), the cristae and the cristae junctions
(CJs) ',

The IBM is the portion of the IMM that runs parallel to the OMM and it is characterized by contact
sites among the two lipid bilayers, participating in processes like protein import and apoptosis '2. The
cristae are deep invaginations of the IMM protruding into the mitochondrial matrix; these dynamic

structures are enriched in cardiolipin and in proteins involved in iron-sulfur biogenesis, protein



translocation and synthesis, and mtDNA maintenance '>. Mitochondrial cristae are especially relevant
for the organellar function; in particular, their structural features are pivotal in the
compartmentalization of soluble molecules, which is mechanistically allowed by the third functional
compartment of the IMM, the cristae junctions. Indeed, the IMM is constricted at the cristae base into
ClJs, narrow openings of approximately 20-50 nm diameter that limit the diffusion of solutes between
the IMS and the cristae lumen '°.

Interestingly, mitochondrial cristae are not static structures, but undergo continuous cycles of
biogenesis and disruption to meet the specific spatiotemporal needs of the cell. The mechanism
through which cristae are formed is completely unknown, but all the proposed models concur that it
must depend on the coordinated action of proteins and lipids to allow the formation of positive and
negative curvatures in the IMM !4, In particular, membrane curvature is allowed by the presence in
the IMM of cardiolipin, which is present only in the mitochondria and constitutes almost the 20% of
all the organelle phospholipids. Structurally, cardiolipin is characterized by a conical shape, which is
conferred by the combination of an anionic polar head group and four esterified fatty acyl chains and
allows the stabilization of negatively curved membranes '>16.

After their formation, cristae are stabilized by the dimerization of the F1Fo-ATP synthase at the cristae
rims (Fig. 1A) 7. Notably, the downregulation of subunits e or g of the F1Fo-ATPsynthase (responsible
for the oligomerization of the protein complex) results in the formation of onion-shaped cristae in
yeast 8. On the other hand, CJs morphology and stability are principally regulated by the MICOS
complex (Fig. 1A), which is overall highly conserved along evolution and, in mammals, is composed
by MICI10, MIC12, MIC19, MIC25, MIC26, MIC27, and MIC60. The ablation of any of these
subunits results into the destabilization of CJs and in the formation of onion-shaped cristae,
emphasizing the centrality of this complex in the stabilization these structures '°*. The number of
new interactors of the MICOS subunits is constantly increasing. The list includes CHCHDI10,
CHCHD2, DNAJCI11, ARMCI1, DISC1, VDAC, SLC25A46, OPA1, PINKI1, Miro, TFAM and
OMA1 2,

™ CCDI1 CCD2

(MTS . GTPase Middle domain

MMP S1 82

- - <7
12 T T34T o apssb. el 815 - 16-24 ~ 25356 2728

Fig. 2 Schematic representation of OPA1 structure. OPA1 shares several structural features with dynamins including the GTPase
domain a middle domain and a GTPase effector domain (GED). Before the GTPase domain, Opa1 displays a mitochondrial targeting
sequence (MTS) followed by a transmembrane domain (TM) and coiled-coil regions (CCD1). These domains are found in all OPA1 variants.
OPA1 exons (numbers) are schematized by double arrow. Intra-mitochondrial proteolytic cleavage sites for mitochondrial processing
peptidase (MPP), OMA1 (S1) and YME1L (S2) are indicated.



In particular, OPAL is a crucial regulator of cristae biogenesis and morphology, as its acute ablation
reshapes dramatically mitochondrial ultrastructure, resulting in cristae disruption >3,

Structurally, the N-terminus of OPA1 is characterized by a mitochondrial targeting sequence, a
transmembrane domain that anchor the protein to the IMM, and a coil-coiled domain. The subsequent
region of the protein includes a GTPase domain, a middle domain, a second coiled-coil domain, and
a GTPase effector domain at the conserved C-terminus (Fig. 2). Precursors translated from the mRNA
variants of OPA1 are targeted to mitochondria through their MTS, which is then cleaved by MPP after
the import. This processing gives rise to the long isoforms of OPA1 (1-OPA1), that are anchored to
the IMM and can be further processed at site 1 and 2 (S1 and S2) at the N-terminus (Fig.2) producing
the short forms of OPA1 (s-OPA1), which are soluble into the IMS (Fig. 1A) >?”. The processing of
1-OPA1 is mediated by two IMM peptidases: the zinc metalloprotease OMA 1, that cleaves OPA1 at
S1 in exon 5, and the ATP-dependent metalloprotease YMEIL, that processes OPA1 at S2 in exon
5b. While YMEIL is constitutively active, OMA1 can be activated by stress conditions and in

response to mitochondrial dysfunction 262827,

Both forms of OPA1 seem to be sufficient to maintain mitochondrial cristae structure 26931,
Additionally, it has been proposed that s-OPA1 in the IMS serves as a bridge between 1-OPA1
molecules regulating cristae width (Fig. 1A) '%323% Indeed, CJs are kept tight by oligomers
containing a balanced proportion of both 1-OPA1 and s-OPA1. The induction of cristae remodeling
results in the unbalance of this proportion and the destabilization of the 720 kDa OPA1-containing
complex, accompanied with the consequent widening of cristae '33%3637, Notably, OPA1 slight
overexpression in mice decreases cristae width while its downregulation or ablation in vitro widens
cristae and CJs, increasing cytochrome c release and inducing apoptosis 1133237,

In addition to its oligomerization, OPA1 activity depends also on the activation of its GTPase domain.
In this context, the ablation of OPA1 interactors involved in GTP loading or in the regulation of GTP
levels phenocopies OPA1 loss ***. In this category, two proteins have been described to affect the
GTPase activity of OPA1: NME4 and RCCI1L.

NMEA4 is the only member that harbors an MTS among the NDPK family of proteins, which are
involved in the reversible phosphorylation of NDPs into NTPs **#!, In particular, it has been shown
that this protein is anchored to the IMM facing the IMS and that, in this location, it interacts with
OPA1. Furthermore, the knockout of NME4 in HeLa cells induces the disruption of mitochondrial
ultrastructure with cristae loss. Additionally, in presence of liposomes mimicking the IMM

composition NME4 is able to increase the GTPase activity of OPA1, that further increases in the

presence of native mitochondrial GTP concentration %,
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Conversely, RCC1L was initially described as necessary for mitochondrial respiration in a genome-
wide screening *?. Thereafter, this protein was shown to localize in the IMM facing the IMS where it
acts as an OPA1-specific guanidine nucleotide exchanging factor. Indeed, RCCIL interacts with
OPA1 and in vitro GEF assay shows that it can acts as a strong and rapid GEF for OPA1 in a
concentration-dependent manner 3%,

In conclusion, OPA1 is a crucial player in the regulation of mitochondrial ultrastructure and cristae
formation and stability, which is a multifaceted and complex process that can regulate crucial

mitochondrial pathways, including apoptosis and OXPHOS.

Mitochondrial network dynamics

In the cytosol, mitochondria are organized into a dynamic network, that constantly reshapes its
morphology through fusion and fission events. Mitochondrial network is dynamically reshaped in
response to several stimuli, including starvation and apoptosis, reinforcing the notion that
mitochondrial morphology and function are tightly linked.

Mitochondrial fusion in mammals is a two-step process, that allows the exchange of mtDNA, lipids,
and metabolites ''. It is principally mediated by three large GTPases of the dynamin superfamily,
namely MFN1/MFN2 and OPA 1, which mediate respectively the fusion of the OMM and of the inner
membranes ** 6. The fusion process starts with the docking of two molecules of MFN1/MFN2 on
the OMM of two mitochondria. The formation of these homo/hetero dimers induces conformational
changes that drives GTP hydrolysis by MFNs, ultimately leading to the fusion of the two OMMs. In
the second step of this process, OPA1 tethers the inner membranes of the two mitochondria allowing
fusion, after an additional docking step '“. Interestingly, cell fusion assays suggested that the presence
of OPAL1 and cardiolipin on either side of the membranes could represent the minimal IMM fusion
machinery *’. Notably, the mechanism by which OPA1 mediates the IMM fusion seems to be
independent of its regulation of cristae morphology and reshaping !'*324%,

On the other hand of the dynamic spectrum of mitochondrial network reshaping stand the fission
machinery, whose main actor is DRP1, a protein recruited in a phosphorylation-dependent manner on
the mitochondrial surface. In this specific location, several proteins function as adaptors for DRP1,
including MFF, Mid49, and Mid51. Once recruited on the OMM surface, DRP1 oligomerizes around
the mitochondrion and drives its division in a GTP-dependent manner. Although the role of DRP1 in
initiating mitochondrial fission is clear, its capability to terminate this process has been subject of
extensive debate. Indeed, cryo-EM imaging showed that the minimal diameter or the DRP1 ring upon

GTP addition is 50-60 nm, suggesting the involvement of other unknown players in the fission process
14,49,50
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Summarizing, mitochondrial dynamics proteins act as receptors and transduce cytosolic and
environmental stimuli into tightly regulated alterations in mitochondrial network shape, and
consequently function, that are required for cellular adaptations. Blocking this axis by manipulating

the ability of mitochondria to adapt and respond to certain stimuli compromises cellular physiology
11
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Mitochondrial function

Historically, mitochondrial function has mainly coincided with the generation of ATP by the TCA
cycle through oxidative phosphorylation. This process mainly takes place into the mitochondrial
matrix and it is constituted by a series of enzymatic steps able to release stored chemical energy
through the oxidation of acetyl-CoA derived from fatty acids, amino acids, and pyruvate generated
from glucose via glycolysis >!*2,

The TCA cycle is an amphibolic pathway, being involved both in anabolism, through the production
of intermediates for the synthesis of macromolecules, and catabolism, generating reducing
equivalents (such as NADH and FADH) to ultimately produce ATP through oxidative
phosphorylation 333

The TCA cycle is a crucial biosynthetic hub: in fact, oxalacetate can be converted into
phosphoenolpyruvate (substrate of gluconeogenesis), a-ketoglutarate can be converted in glutamate
and then to glutamine feeding purine synthesis, and lastly citrate can be exported into the cytosol
where is converted into acetyl-CoA and oxalacetate. In the cytosol, oxalacetate can generate aspartate,
while acetyl-CoA is a precursor for lipid synthesis and it is the unique acetyl donor for acetylation of
histones and other proteins >*.

Importantly, when TCA cycle intermediates are employed for biosynthetic purposes, the cycle has to
be replenished, and this happens through several entry points, in a process termed anaplerosis. The
more relevant anaplerotic pathways are the conversion of pyruvate to mitochondrial oxalacetate by
pyruvate carboxylase and the conversion of glutamine into glutamate and subsequently into -
ketoglutarate, in a pathway known as glutaminolysis. Additionally, it has to be taken into account that
the TCA cycle is heavily dependent on substrate availability and is therefore controlled allosterically
by many key intermediates, such as acetyl-CoA, succinyl-CoA, ATP, ADP and NADH. Exemplifying,
when the cell has ATP and NADH in excess, the TCA cycle slows down. In contrast, high demand
for ATP increases the ATP/ADP ratio resulting in a stimulation of the enzymes of the cycle °.

Other than glycolysis, also fatty acids oxidation can feed the TCA cycle producing acetyl-CoA. FAO
enzymes are mainly localized into the mitochondrial matrix and the oxidation of fatty acids is the
main source of ATP when levels of glucose are low. The first mitochondrial step of FAO is the
transport of fatty acyl-CoA into the mitochondrial matrix, a process mediated by the carnitine
transport cycle. In this cycle, CPTla in the OMM replaces the CoA moiety with a molecule of
carnitine, forming fatty acyl-carnitine that is transported through the IMM by the carnitine-
acylcarnitine translocase in exchange for a carnitine molecule. In the matrix, the fatty acyl-carnitine
is converted firstly in fatty acyl-CoA and then into acetyl-CoA, with the generation of NADH and
FADH:. The limiting step of FAO is the one catalyzed by CPT1a, which is allosterically inhibited by

13



malonyl-CoA, one of the intermediates of fatty acids synthesis in the cytosol, to prevent simultaneous
fatty acid oxidation and synthesis *°.

The reducing equivalents NADH and FADH> generated by the TCA cycle have to be oxidized for the
cycle to continue to function. To this aim, the first complex of the electron transport chain accepts
electron from these reducing equivalents and transfer them sequentially to complex III and complex
IV; at the end, complex IV passes them to molecular oxygen generating two molecules of water 37,
The transfer of electrons through the complexes is coupled with the pumping of protons from the
mitochondrial matrix to the IMS 3. This proton pumping generates a proton motive force, composed
by a chemical (ApH) and an electrical (Ay) component. The major component of this force is the
mitochondrial membrane potential derived from the separation of the charges between the matrix and
the IMS. The proton motive force derived from the proton gradient is used by the F1Fo-ATPsynthase,
also known as complex V, to generate ATP from ADP and P;>®. Complex V is composed of two distinct
multisubunit portions, a catalytic one (Fi-ATPase) and a hydrophobic proton-pumping one (Fo). In
intact mitochondria, the protons accumulated in the IMS enter the Fo complex and exit in the
mitochondrial matrix. The energy dissipated in this way promotes the rotation of the Fo in a clockwise
direction, inducing conformational changes in the Fi-ATPase and enabling the production of ATP .
The efficiency of mitochondrial respiration depends on several factors, including cristae morphology,
crucial to ensure the optimal efficiency of the electron transport, and the formation of
supercomplexes, in which the complexes of the ETC are organized with different stoichiometries
145760 The most complete supercomplex described is the respirasome (CI-CIII>-CIV); in mammals,
two additional supercomplexes have been described, namely CI-CIII; and CIIL,-CIV (Fig. 1A) 6162,
Several studies have proposed possible functions of the supercomplexes, including the maintenance
of the structural organization of the individual complexes, the reduction of electron leakage and
mtROS production , the facilitation of substrate channeling, and finally the prevention of protein
aggregation 7% The observation that the acute ablation of OPA1 leads to the loss of SCs assembly
remarks the crucial role of OPA1-dependent cristae reshaping in the regulation of OXPHOS and
energy homeostasis, emphasizing the central role of this protein at the interface between morphology

and function ¢’.
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Form follows function, function follows form

The first observation of cristae remodeling was made in 1966 by Hackenbrock, documenting the shift
between an orthodox and a condensed state, induced by the decrease in ADP levels during
mitochondrial respiration. The main difference between these morphologies consists in the relative
states of expansion or contraction of the matrix and the cristae lumen . Cristae in the orthodox state
tend to be tubes or short flat lamellae, while mitochondria in the condensed state have larger internal
compartments with multiple tubular connection. This shift in the mitochondrial ultrastructure has
been linked to the increase in the efficiency of ATP production ¢°.

Since that observation, several other studies have unveiled the contribution of cristae morphology to
mitochondrial bioenergetics and vice versa. Firstly, the complexes and supercomplexes of the
OXPHOS machinery localize to this compartment of the IMM °. Mitochondrial cristae not only
increase the surface available to harbor larger quantities of respiratory chain complexes, but their
morphology is believed to provide optimal conditions for the electron flux. Indeed, supercomplexes
assembly is enhanced by OPA1-dependent modulation of cristae morphology, and this mechanism
increases the efficiency of mitochondrial respiration °.

Furthermore, mitochondrial cristae reshaping has been shown to respond to different metabolic cues.
Modifications in length and width of cristae and CJs can occur in response to changes in substrate
availability, bioenergetic state or in response to different metabolic stresses that require mitochondrial
adaptation, such as hypoxia, starvation, and increase in ROS levels 123356971 Cristae remodeling in
these conditions can regulate mitochondrial function by driving supercomplexes assembly and
facilitating electron flux !*. This mechanism can thus drive changes in ATP production in response to
different cellular state and environmental cues to allow cellular adaptation.

Cristae remodeling has also been deeply studied during the apoptotic process, in which is fundamental
to allow the release of pro-apoptotic molecules, such as cytochrome c, to trigger downstream effectors
275 During apoptosis, “BH3-only” members of the BCL-2 family (such as t-Bid) induce a profound
remodeling of cristae morphology associated with the widening of CJs up to 70 nm of diameter. These
changes allow the release of cytochrome ¢ from the cristae lumen and increase its amount in the IMS,
from where it can be released in the cytosol after the mitochondrial outer membrane permeabilization
7677 In this context, it has been shown that OPA1 controls mitochondrial remodeling and cytochrome
¢ mobilization, being OPA1 oligomers one of the early targets of t-Bid 2.

More broadly, the opposing processes of mitochondrial fusion and fission are key players in
regulating mitochondrial adaptation to cellular stimuli.

Firstly, the reshaping of mitochondrial network is fundamental to ensure the maintenance of an intact

and functional mitochondrial population. In this context, ensuring the proper elimination of
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dysfunctional mitochondria is imperative for cell survival "7, To subtend to this regulation, several
quality control mechanisms have evolved, including mitophagy, a selective form of autophagy in
which whole mitochondria are engulfed by autophagosomes. This process is heavily impacted by
mitochondrial fission, primarily because a mitochondrion has to be physically separated from the
network to undergo degradation. In fact, forcing hyperfusion of the mitochondrial network (through
OPA1 overexpression or the expression of the dominant-negative form of DRP1) precludes the
autophagic engulfment of mitochondria 3. Additionally, during mitophagy MFN1 and MFN2 are
ubiquitinated and degraded, inducing mitochondrial fission.

Secondly, mitochondrial network can be reshaped by different cellular metabolic states, as well can
impact cellular adaptation to differential metabolic cues. Obesity and excessive lipid supplementation
in several cell types has been shown to increase mitochondrial fragmentation 3!-*°. Additionally,
mitochondrial fission promotes the progression of nonalcoholic fatty liver disease and the effects of
high-fat diet in mice are alleviated by the expression of the dominant-negative form of DRP1 through
the alteration of mitochondrial respiration . On the other hand, the induction of mitochondrial
fragmentation via the deletion of MFN2 in brown adipose tissue is associated with improved insulin

sensitivity and resistance to obesity in response to high-fat diet %

. Finally, a recent study showed that
mitochondrial fission reduces CPTla sensitivity to malonyl-CoA inhibition, favoring fatty acid
oxidation in mitochondria. In this context, the induced FAO has functional consequences that are
specific for the cell type, such as increased hepatic gluconeogenesis or the induction of insulin

secretion %0,
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Mitochondria as signaling organelles

Mitochondria are crucial organelles in the determination of cell fate, as they are involved in a plethora
of processes required for cellular function, proliferation, and differentiation !'*”. In this context, the
cell-mitochondria communication works both through indirect signaling pathways and direct contact
sites 58,

Mitochondria can communicate indirectly with the rest of the cell through four main mechanisms:
the release of cytochrome c to induce cell death, the release of mtDNA to activate immune responses,
the production of ROS to impact protein homeostasis and overall cellular survival and the activation
of AMPK to control mitochondrial fusion and fission >!#°2, Additionally, recent evidence indicates
that mitochondrial metabolism, and in particular the abundance of TCA metabolites, can be
considered as a fifth mechanism contributing to control cell fate and function >!.

A classic example of mitochondrial driven signaling is apoptosis, a conserved pathway of
programmed cell death required for tissue homeostasis. In mammals, the intrinsic apoptotic pathway
is characterized by the activation and oligomerization of the pro-apoptotic BCL2 homologs BAX and
BAK. This oligomerization promotes the formation of pores in the OMM through which pro-
apoptotic factors are released into the cytosol where they can trigger the downstream apoptotic
pathway *3-%,

Other than pro-apoptotic factors, MOMP also mediates the release of mitochondrial DAMPs. One of
them 1s the mtDNA, able to trigger in the cytosol pro-inflammatory responses activating the cGAS-
STING-type I interferon pathway °°. DAMPs can also be released during mitochondrial stress, as part
of the evolution of pathways involved in the maintenance of mitochondrial homeostasis . This
necessity stems from the fact that mitochondrial proteome is principally encoded by nuclear genes.
Thus, a precise coordination between mitochondria and the nucleus is required.

Other than apoptosis and mitophagy to cope with mitochondrial stress, these organelles are
characterized by a specific unfolded protein response. The mtUPR is a stress signaling cascade
between mitochondria and the nucleus that drives transcriptional changes promoting mitochondrial
function. The activation of this cascade promotes glycolysis, limiting OXPHOS, to decrease the
burden of energy production on mitochondria; additionally, also the mevalonate pathway, the
mitochondrial network and the mtDNA maintenance are affected *¢-'%,

Mitochondria are a significant source of ROS, produced mainly as a by-product of mitochondrial
respiration. In particular, complex I and complex III are major sites for the generation of O™, that is
immediately reduced to the more stable H>O; '°. Historically, ROS were thought to act exclusively as
cellular damaging agents; however, recent evidence points out to their role as mediators of

intracellular signaling. For example, H2O2 can act as a signaling molecule by directly oxidizing
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specific sulfur-containing amino acid, impacting the function and stability of proteins '°'.

Additionally, H,O» in presence of Fe?’ can also generate "OH, that reacting with PUFAs initiates
ferroptosis, a specific type of non-apoptotic cell death 1.

Lastly, AMPK is a highly conserved sensor of low intracellular ATP, which is activated in response
to a plethora of mitochondrial stresses. Activated AMPK then phosphorylates downstream effectors
to redirect metabolism towards increased catabolism °!. Notably, the activation of AMPK also
regulates mitophagy, induces mitochondrial biogenesis and promotes mitochondrial fission in
response to the energetic stress 1319 Its central role in the regulation of these processes shows that
AMPK constitutes a signal integration platform that is able to both reshape cellular metabolism and
maintain mitochondria homeostasis °'.

Further, TCA cycle intermediates can control gene expression through posttranslational modifications
of protein or epigenetic modifications *!!% Indeed, the majority of the chromatin modifying enzymes
uses metabolic intermediates as co-factors for their activity. Thus, epigenetic reshaping is extremely
dependent on the energetic status of the cell. For example, histone acetylation is heavily influenced
by nucleo-cytoplasmic acetyl-CoA availability %1% Acetyl-CoA can be produced from several
carbon sources, like glucose, fatty acids, and amino acids. In mitochondria, acetyl-CoA it is converted
into citrate by citrate synthase within the TCA cycle. Then citrate can be exported into the cytosol,
where ACLY breaks it down into acetyl-CoA and oxalacetate. Cellular levels of acetyl-CoA are
strictly connected with nutrient availability and the general energy status of the cell. When energy
production is high, acetyl-CoA levels and histone acetylation increase promoting chromatin
relaxation and gene expression '°. Additionally, both histone and DNA methylation depend on TCA
intermediate levels. The lysine-demethylases family is mainly composed of Jumonji C-domain
demethylases (JmjC), that are activated by Fe’" and o-ketoglutarate and inhibited by succinate and
fumarate >'.

These multifaceted functions of mitochondria in normal physiology make them important cellular
stress sensors and allow for cellular adaptation to the environment. Similarly, mitochondria are central
to allow flexibility for cancer cell to proliferate in the tumor environment, characterized by low

nutrient and oxygen levels '°.
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Mitochondria and cancer

Cancer cells are characterized by the multistep acquisition of a series of specific hallmarks that
ultimately lead to malignant transformation °. In this context, multiple evidence points to the
involvement of mitochondria in all steps of carcinogenesis *.

Nonetheless, the role of mitochondrial ultrastructure and network dynamics in cancer progression is
poorly understood. By summarizing the main aspects of the reshaping of mitochondrial morphology
during cancer growth, it appears evident that tumor cells are able to modify both mitochondrial
ultrastructure and network according to the cancer stage and the changing environment !,
Interestingly, OPA1 is overexpressed and a negative prognostic marker for several tumors. For
example, in triple negative breast cancer, OPA1 expression correlates with a worst prognosis and its
silencing is able to inhibit cancer proliferation by increasing the levels of miRNAs of the 148/152
family "2, In KRAS-driven lung adenocarcinoma, OPALI is crucial to induce cancer growth by
promoting the ETC-mediated NAD® regeneration necessary for oxidative biosynthesis ''°,
Venetoclax-resistant AML cells are characterized by narrow mitochondrial cristae and OPA1
overexpression. Additionally, some types of ovarian cancer are characterized by an increase in
mitochondrial biogenesis and cristae remodeling, accompanied by an increased stability of OPA1
oligomers %1% Lastly, HSP90 has been associated with unfavorable prognosis in PDAC. In this
context, HSP90 interacts with OPA1 to regulate mitochondrial cristae structure and mitochondrial
respiration efficiency .

On the other hand, the specific role of the fusion-fission balance is extremely dependent on the cancer
type and stage ''”-!!8, Mitochondrial fission is often associated with mitophagy and apoptosis in cancer
cells, while mitochondrial fusion seems to inversely correlate with tumor development. Oncogenes
can directly dictate changes in mitochondrial dynamics. Oncogenic KRAS expression in pancreatic
cancer can induce mitochondrial fragmentation through the ERK-dependent phosphorylation of
DRP1 "121 In addition, in breast cancer cell lines the inhibition of DRP1-driven mitochondrial
fragmentation has been associated with increased genome instability and reduced invasiveness '*%.
On the other hand, MYC has been suggested to induce mitochondrial fusion to promote the
biosynthesis of metabolic precursor and favor MY C-driven cell growth %123,

One of the main features of cancer cells is the ability to evade cell death, which is tightly linked to
mitochondria. In cancer cells the balance of BCL-2 proteins is deregulated to promote cell survival
and the threshold of BH3-only proteins required to initiate apoptosis is higher '**!?°. Commonly,
oncogenic signaling pathways can converge at the level of the BCL-2 family, leading to an imbalance

in the BCL-2 rheostat and favoring cell survival. A classic example is represented by TP53, a tumor

suppressor that, physiologically is activated in response to DNA damage or hypoxia and once
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activated it can promote DNA repair or alternatively apoptosis. Loss-of-function mutations in TP53
result in apoptosis resistance and are frequently associated with advanced tumor stage and poor
prognosis .

Moreover, some types of cancer are driven by mutation in genes of the TCA cycle. In particular, the
accumulation of some oncometabolites, such as fumarate, succinate, and 2-hidroxyglutarate, modifies
several processes including the induction of epigenetic changes, driving the tumorigenic process
126.127 "In the context of epigenetic regulation, the accumulation of succinate and fumarate is able to
inhibit Jumonji C domain-containing histone demethylases and the Ten-eleven translocation (TET)
protein family by competitively inhibit a-ketoglutarate usage as a substrate for dioxygenases 1%,
Furthermore, citrate resides at a crucial intersection between catabolic and anabolic metabolism, and
hence operates as a major node of flexibility *. Additionally, citrate is the main precursor for cytosolic
acetyl-CoA, a central metabolite for fatty acid and cholesterol synthesis as well as for acetylation of
proteins, including histones. Elevated histone acetylation as a consequence of an increase in the
nucleo-cytoplasmatic pool of acetyl-CoA affects the expression of genes involved in cell growth and
proliferation. The main acetyl-CoA generating enzyme in the cytosol, ACLY, is upregulated in
different type of tumors, as for example in PDAC where its deletion or inhibition impairs
tumorigenesis >1%,

During tumor initiation and progression, cells undergo a metabolic reprogramming that involves
glycolysis, lipid, and glutamine metabolism as well as mitochondrial function. Indeed, cancer cells
need high levels of energy and building blocks for their uncontrolled proliferation and for their
survival in the nutrient- and oxygen-poor tumor microenvironment.

Despite the Warburg effect, mitochondria are active in cancer cells that are highly heterogeneous in
terms of metabolic pathways. Together with a hyper-activated oxidative phosphorylation, an
increased mitochondrial mass and biogenesis has been associated with the altered proliferation, the
increased invasiveness, and the drug-resistance characteristic of some cancer cells *. Consistently,
cells surviving oncogenic KRAS withdrawal in a murine model of PDAC are characterized by a
reshaped mitochondrial ultrastructure, as well as by an upregulation of mitochondrial biogenesis,
OXPHOS activity, and membrane potential. These data suggest that the more aggressive tumor
subpopulation relies on mitochondrial respiration for its survival and proliferation '*°. Additionally,
the inhibition of complex I leads to the complete regression of the tumor in a PDX model of
chemoresistant triple negative breast cancer supporting even more the suggestion that mitochondria
and mitochondrial respiration are involved in cancer biology *!.

Furthermore, glutaminolysis and fatty acid oxidation are mitochondrial metabolic pathways

commonly upregulated in tumors.
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Glutamine is one of the most abundant circulating amino acids and it is highly consumed in different
types of cancer, such as ovarian, pancreatic and breast cancer '32, KRAS-dependent upregulation of
GOT1 and GOT2 in PDAC boosts the production of aspartate for nucleotide synthesis as well the
generation of NADPH by the malic enzyme 1. Notably, PDAC cells are extremely sensible to
glutamine deprivation and the inhibition of glutaminolytic enzymes results in the suppression of
tumor growth both in vitro and in vivo 33134,

Regarding fatty acid oxidation, its contribution to cancer progression is less characterized and less
straightforward. Nonetheless, some cancers like KRAS-mutant lung cancer, TNBC and AML
overexpress and over activate key FAO enzymes '¥137, Additionally, several tumors rely on FAO for
their proliferation, as inhibition of CPT1a suppresses the growth of cell lines derived from ovarian
cancer, prostate cancer, and multiple myeloma ¥ 142, As a matter of fact, pharmacological inhibition
of FAO decreases Ki-67 staining and delayed the appearance of glioma in vivo '+,

Lastly, ROS play a pleiotropic role during tumorigenesis; in several tumors, ROS levels are
augmented, favoring mutagenesis and providing a survival advantage. On the other hand, it has also
been reported that increased levels of mitochondrial ROS can have toxic effects in cancer cells*. For
example, MFN2-induced decrease of ROS production reduces ovarian cancer cells proliferation and
EMT '*. Additionally, the reduction of ROS in vivo in a murine model of PDAC is able to reduce
preneoplastic lesion formation '*°. In general, a key issue for cancer cells is to keep ROS levels high
enough to be beneficial, but below the threshold of cell death induction, making the balance of ROS
levels a possible therapeutic vulnerability.

In conclusion, mitochondria exert central bioenergetic functions, participate in transcriptional

regulation, ROS production and homeostasis and cell death, thus constituting promising targets for

the development of new strategies for both cancer diagnosis and therapy.
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PANCREATIC DUCTAL ADENOCARCINOMA (PDAC)

The pancreas is a mixed organ, with both endocrine and exocrine functions. Its endocrine
compartment is represented by the islets of Langerhans and secretes hormones involved in the
regulation of glucose homeostasis 46, On the other hand, the exocrine compartment constitutes the
large majority of the whole organ and acts as an accessory digestive gland, secreting digestive
enzymes that are released in the duodenum '#’.

Pancreatic cancers can develop from endocrine or exocrine cells. Endocrine tumors arise from
pancreatic islets cells and are uncommon, representing less than 5% of total pancreatic cancers.
Conversely, pancreatic cancers derived from the exocrine compartment are more common and are
classified in two subtypes according to histological features: mucinous tumors, which account for a
minor fraction of the exocrine neoplastic formations, and pancreatic ductal adenocarcinoma (PDAC),
which represents the 90% of all pancreatic cancers. PDAC manifests at very late stages, when surgical
resection is not a therapeutic option 4%

Pancreatic ductal adenocarcinoma is one of the deadliest cancers worldwide, characterized by a
median overall survival of less than 6 months from the diagnosis and a 5-year mortality of
approximately 92% '*°. This dismal prognosis can be primarily addressed to the combination of late
diagnosis and to the ineffectiveness of current therapeutic approaches. In fact, patients often remain
asymptomatic until late stages of the disease, when the tumor has already compromised organ
functions and disseminated throughout the body. There is urgent demand for strategies that allow
earlier diagnosis and for new therapeutic targets that together might reduce the tremendous health
burden of PDAC '¥.

The main genetic driver of PDAC is the prototypical proto-oncogene Kirsten Rat Sarcoma Virus
(KRAS). Gain-of-function KRAS mutations are reported in more than 90% of patients. These
dramatically promote cellular proliferation and tumorigenesis, in part through the reprogramming of
cellular metabolism '*°. Other frequent genetic alterations include mutations or deletions in TP53,
CDKN2A4 and SMAD4 genes that elicit several tumor-promoting effects, such as increase in genomic
instability and rewiring of cellular metabolism '°!.

These oncogenic insults are deeply intertwined and are ultimately able to promote tumorigenesis 152,
A very distinct hallmark of PDAC pathogenesis is the deposition of a dense and desmoplastic stroma,
that critically contributes to tumor progression and imposes the rewiring of cancer cell metabolism in
order to adapt to nutrients and oxygen scarcity. Most common metabolic rearrangements are the

upregulation of both glycolysis and glutaminolysis and an extensive scavenging of non-canonical

carbon sources .
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Recently, the mapping of mutations across the genome of human cancers have unveiled that
alterations in genes that organize, modulate, and maintain chromatin architecture are a distinctive
feature of cancer '**. In addition, accumulating evidence points to the existence of non-mutational
epigenetic reprogramming as a mutation-less cancer evolution phenotype !**. In this context, aberrant
DNA methylation and post-translational histone modifications are main epigenetic alterations, also
contributing to PDAC heterogeneity and progression %1%,

The complex interaction between genetic and epigenetic landscapes and the metabolic rewiring of
pancreatic cancer cells is not completely understood. Evidence suggests that KRAS-driven metabolic

reshaping could impact pancreatic tumorigenesis also by affecting the epigenetic regulation of

chromatin organization '%°,
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Anatomy and physiology of the pancreas

PANCREAS ANATOMY

Paoli and Carrer, 2020

Fig. 3 Anatomic organization of the GI tract. The pancreas is magnified on the right, along few representative structures within the organ.

The pancreas develops from the dorsal and ventral pancreatic buds, during the fourth week of
gastrulation. Initiation of pancreatic development is controlled by the timely expression of a wide set
of molecular factors and pathways, including PDX1, PTF1, Notch, Hh and Wnt '%’.

In adult organisms, the pancreas is a retroperitoneal organ located between the stomach and the first
lumbar vertebra and it is an extremely heterogeneous tissue, composed by a mixed population of
epithelial, glandular and stromal cells (Fig. 3) 15515,

The pancreas can be roughly subdivided into four anatomical parts, with no clear demarcation
amongst them: the head, the body, the neck and the tail.

The head of the pancreas is the portion curved by the duodenum, near which lies the common bile
duct; thus, malignancies developing in this portion of the pancreas might obstruct the duct, with
consequent retention of bile pigments and enlargement of the gallbladder. The body is the region that
passes behind the stomach and the pancreas ends at the hilum of the spleen with its tail. Lastly, the
neck is the narrower portion, that lays adjacent to the pylorus of the stomach (Fig. 3) '°®. From the
tail of the pancreas starts the main pancreatic duct, also known as the duct of Wirsung, which runs
longitudinally through the extension of the organ. This duct lies in the dorsal portion of the pancreatic
parenchyma, receiving the intralobular ducts throughout its course. In the pancreatic head, the main
pancreatic duct combines with the common bile duct, forming the hepatopancreatic ampulla (Ampulla
of Vater). The latter, then, enters obliquely through the wall of the duodenum with the duodenal

papilla. Additionally, the pancreas has an accessory pancreatic duct (duct of Santorini) that collects
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short pancreatic ducts from the anterosuperior portion of the head and then connects with the main
pancreatic duct at its initial part 4.

The pancreas is a heterogeneous organ, being composed of both endocrine and exocrine components.
The islets of Langerhans represent the endocrine compartment, that is scattered across the tissue. This
compartment accounts for the 2% of the whole organ and secretes insulin, somatostatin, and glucagon
to regulate glucose utilization and levels in the blood 6.

However, the large majority of the pancreatic parenchyma is represented by the exocrine cells that
produce the pancreatic juice, a mixture of digestive enzymes released into the duodenum through
pancreatic ducts.

The core exocrine unit of the organ is the acinus, composed of post-mitotic epithelial cells, called
acinar cells. Acinar cells (that represent approximately 85% of all pancreatic cells) are polarized,
conical-shaped cells, with a basal nucleus and cytosolic zymogen granules. These store inactive
proteases, which are released into the tubular network upon activation 46, The enzymatic fluid drains
from an acinus into the intralobular ducts. On the other hand, ductal cells secrete a bicarbonate-rich
fluid that delivers digestive enzymes to the duodenum and allows the maintenance of the correct pH
159

Pancreatic excretion can be divided in different phases. In the cephalic one, the secretion of digestive
enzymes from acinar cells is stimulated by vagal input in response to the sight, smell, or taste of food.
This kind of secretion continues also during the gastric phase, in which the gastric distention initiates
vagal reflexes. During the intestinal phase, the acidification of the lumen of the duodenum stimulates
the secretion of secretin from S cells. Finally, the presence of lipids, protein and carbohydrates into
the duodenum causes the release of cholecystokinin (CCK), the main mediator of pancreatic enzyme

secretion 49,
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Epidemiology and risk factors of PDAC

The incidence and death rates of pancreatic cancers are increasing worldwide and little or no advances
have been made to the clinical practice. Although the burden of other common cancer types, such as
lung and breast cancer, have decreased over the last decades thanks to progress in both diagnosis and
therapy, the incidence of PDAC is still growing by a rate of 0,5% to 1% every year while its prognosis
remains steady, projecting pancreatic cancer to become the second leading cause of cancer-related
death by 2030 in the US '¥°. Despite low incidence (13 per 100,000 people per year), PDAC has one
of the highest death rates of any solid tumor, with an overall 5-year survival of about 10%4%.
Nowadays, 50% of PDAC patients are diagnosed with metastatic disease, while only 10% to 15% of
those have localized, surgically-resectable tumors; the remaining (30-35% of individuals with PDAC)
is diagnosed with a locally advanced disease that is not operable. Age-standardized incidence of
pancreatic cancer varies significantly between countries, but is consistently growing in areas with
higher human development index %12 Indeed, age and disordered lifestyle habits are associated
with higher risk of developing PDAC '3,

A number of risk factors have been identified. Several environmental exposures and chronic diseases
increase the incidence of PDAC but modifiable risk factors also contribute significantly. For example,
cigarette smoking is strongly associated with PDAC onset through a multifactorial mechanism
involving DNA damage, inflammation, and fibrosis '®*. A meta-analysis revealed that cigarette
smoking increases the probability of developing PDAC, ranging from 2 to 3 times, depending on the
number of cigarettes per day 916 Others known risk factors linked to lifestyle are heavy alcohol
drinking and obesity. In particular, unhealthy diet and obesity are associated to increased mortality
167 Additionally, obesity is often associated with the onset of type 2 diabetes, known to be another
risk factor of PDAC. Notably, the sudden appearance of diabetes can be a sign of PDAC, while
chronic diabetes predisposes to pancreatic cancer, as a consequence of intrapancreatic
hyperinsulinemia and insulin resistance '%®. Like diabetes, acute and chronic pancreatitis are risk
factors for PDAC as cycles of inflammation and tissue damage can initiate tumorigenesis; at the same

time, pancreatitis can also develop as a result of an underlying pancreatic cancer '
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Pathogenesis of PDAC
P53

(and other driver mutations)

PanIN2

KRASmUT

Fig. 4 Schematic representation of pancreatic ductal adenocarcinoma multi-step progression and its hallmarks. These include KRAS mutations
and TP53 loss as well as the excessive desmoplastic reaction and the extensive reprogramming of both metabolism and epigenetics. ADM, acinar to
ductal metaplasia; PanIN1-3, pancreatic intraepithelial neoplasia 1-3; CAFs, cancer associated fibroblast; PDAC, pancreatic ductal adenocarcinoma.

Epigenetic and metabolic reprogramming

Carcinogenesis of PDAC is characterized by a well-defined multi-step progression, where tumor
formation is preceded by the appearance of non-invasive (intra-epithelial) preneoplastic lesions (Fig.
4). Most common precursors are pancreatic intraepithelial neoplasia (PanIN; 85-95% of non-
cancerous lesions in humans), followed by macroscopic cystic structures called intraductal papillary
mucinous neoplasms (IPMN, 10-15%) '7°. Non-invasive PanIN lesions are commonly classified into
three histological grades according to the extent of cytological and architectural atypia. PanIN1A
(flat) and PanIN1B (papillary) show low grade dysplasia and minimal cytological and architectural
atypia. PanIN2 exhibit minor loss of polarity, nuclear crowding and enlargement, pseudo-
stratification and hyperchromasia with frequent papillary formation. While PanIN1 and PanIN2 are
considered low-grade lesions that are not predictive for PDAC formation, PanIN3 are high-grade
advanced lesions with severe nuclear atypia, luminal necrosis, and epithelial cell budding into the
ductal lumen (Fig. 4) '"!. Although these lesions are characterized by a distinctive ductal-like

morphology, recent lineage-tracing experiments combined with genomic analyses of human
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specimens demonstrated that cancerous foci predominantly originate from acinar cells which can
undergo acinar-to-ductal metaplasia (ADM) in response to environmental or oncogenic stimuli !7*-
174 During this metaplastic event, acinar cells transdifferentiate into ductal-like cells, capable of
giving rise to PanIN (Fig. 4). This tumor-initiating event is normally a physiologic, reversible process
that supports tissue repair and pancreatic regeneration after injury. However, oncogenic inputs make
ADM irreversible and resulting metaplastic cells engage in a multi-step progression with the

formation of low- and high-grade lesions and eventually of carcinomas (Fig. 4) |7

. Among oncogenic
stimuli, mutations in KRAS are believed to be the most common initiating event.

KRAS is a small GTPase, whose activity affects several pathways that control proliferation,
differentiation, migration, and survival, such as the RAF-MEK-ERK and the PI3K-AKT-mTOR
pathways. Inactive KRAS is bound to GDP; in response to multiple stimuli, including growth factors,
GDP is replaced with GTP by GEFs, with a consequent conformational change in the G domain of
the protein and its functional activation '7>!76,

Oncogenic KRAS mutations typically results in a single amino acid substitution in codons G12
(91%), G13 (2%) or Q61(17%), with KRASY!P being the more frequent and the one with the worst
prognosis 7617 G12 and G13 mutations introduce a steric hindrance that inhibits the interaction
between KRAS and GAPs; while Q61 mutations disrupt the coordination of a water molecule
required for GTP hydrolysis '®. In general, these mutations impair KRAS ability to hydrolyze GTP,
locking KRAS in its GTP-bound active state.

One of the most characterized KRAS effectors is the MAPK pathway, a major driver of cell
proliferation, inflammatory signaling, differentiation, and cell survival. KRAS can also activate the
PI3K/AKT axis by associating with the p110 subunit of the PI3K complex, that suppresses apoptosis
by promoting MDM?2-dependent p53 proteolysis. Moreover, in the murine pancreas, KRAS mutation
suppresses the expression of acinar genes, such as Mistl and Cpal, and promotes the induction of
ductal genes, including Krt19 and Mucl. However, hyperactive KRAS per se is not able to promote
the formation of carcinoma in situ (PanIN3) and PDAC; indeed, precancerous lesions progress to
frank carcinoma only after the acquisition of additional mutations ">181,

Other than KRAS mutations, PanIN1 are also characterized by telomere shortening, that predisposes
cells to chromosomal instability. Moreover, PanIN2 are associated with the inactivation of CDKN2A
(30% of PDAC patients). CDKN2A encodes for the p16 protein, a cyclin-dependent kinase inhibitor
that regulates the entry into the S-phase of the cell cycle. CDKN2A loss is crucial for pancreatic
carcinogenesis, as p16 is able to induce senescence in combination with oncogenic KRAS expression

177.180.182 'Einally, later stages of carcinogenesis (i.e., PanIN3 and PDAC) display mutations in TP53
(72% of PDAC patients) as well as inactivation of SMAD4 (30% of PDAC patients) !”’. Unlike
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KRAS mutations and CDKN2A loss, TP53 and SMAD4 inactivation are relatively late events,
normally in settings of high-grade lesions or cancer. SMAD4 is a mediator of the canonical TGFf3
signaling and its loss leads to increased migratory behavior, immune evasion, and autocrine
activation. SMAD4 loss has a deleterious effect on patients’ prognosis and it is associated with
increased metastatization 17183184 Lastly, TP53 is the most commonly mutated tumor suppressor
gene in PDAC, and it has a multitude of tumor-promoting effects, including increased genome
instability, reprogrammed cellular metabolism and enhanced metastatic propensity. The majority of
TP53 alterations in PDAC are gain-of-function missense mutation with effects on cell cycle
activation, inhibition of apoptosis and metabolic changes in association with an increased genome
instability to allow the survival of tumor cells '7%!%, Other than these four major driver mutations,
PDAC is characterized by a large compendium of less frequently altered genes, involved in DNA
maintenance and damage response, epigenetic regulation, and axon guidance 177

In recent years, considerable effort has been invested to define transcriptional subtypes of human
PDAC. Initial efforts utilized microarray analyses of gene expression profiles from microdissected
pancreatic cancer to define three PDAC subtypes: “classical”, “quasi-mesenchimal”, and “exocrine-
like”, each exhibiting distinct prognoses and responses to therapies'®®. Subsequently, the employment
of a “virtual dissection strategy”” on bulk RNAseq data identified two tumor subtypes — “classical”

and “basal-like” — and two stromal subtypes — “normal stroma” and “activated stroma” '%7.

Furthermore, four additional subtypes — “squamous”, “pancreatic progenitor”, “immunogenic”, and
“aberrantly differentiated endocrine exocrine” — were characterized through RNA-seq analysis of 96
PDACs with high epithelial cellularity 8. Despite these efforts, consensus has been reached on two
main subtypes: the well-differentiated pancreatic progenitor/classical subtype and a quasi-
mesenchymal, basal-like, squamous subtype, the latter characterized by low differentiation and poor
prognosis 1174177180 Thege classification endeavors were challenged by PDAC's hallmark feature:
a densely desmoplastic microenvironment and abundant stroma.

Indeed, histologically PDAC is characterized by a dense stromal compartment that consists of various
cellular and acellular components. This desmoplastic reaction, which is characterized by the dramatic
increase in the proliferation a-SMA positive fibroblasts and by the increased deposition of
extracellular matrix components, starts to evolve early around PanIN lesions and, in frank
carcinomas, up to the 90% of the tumor bulk is represented by the stroma %,

Interestingly, the continuous interplay between malignant cells and their surrounding
microenvironment influences the development of PDAC. In fact, the extreme fibrotic reaction leads

to altered ECM composition, ultimately promoting the activation of resident fibroblasts and the

recruitment of inflammatory cells and pericytes, favoring angiogenesis and tumor progression . In

29



particular, type I, III and IV collagens are the main structural proteins that compose PDAC ECM. The
large amount of ECM components, that also include proteoglycans, hyaluronic acid, and fibronectin,
makes PDAC a physically stiff tumor with increased interstitial fluid pressure '°'-192,

Moreover, early response to KRAS®!?P mutation in mice is associated with the upregulation of
Hedgehog signaling, leukocyte infiltration, and accumulation of a collagen rich matrix '*>. However,
suppressing expression of mutant KRAS in established tumors leads to rapid remodeling of the
stroma, with a reduction in activated fibroblasts and resolution of inflammation '°31%4,

Other than the ECM, the TME is also characterized by cellular infiltration. Predominant cell types
within the TME are cancer-associated fibroblasts (CAF), various classes of regulatory and cytotoxic
immune cells and macrophages, neurons, and endothelial cells. Several studies focused on the active
role of CAFs during cancer initiation and progression °“1%> It has become increasingly evident that
pancreatic tumors harbor multiple CAF subtypes forming a highly heterogeneous population with
inter- and intra-tumoral variation '°°. Of them, pancreatic stellate cells (PSCs) are a specific fibroblast
population located in the peri-acinar space; under physiological condition PSCs are quiescent and
responsible for tissue homeostasis. It has been shown that tumor cells can activate PSCs and that
PSCs, in their activated myofibroblast-like state, can promote tumor cell proliferation, migration and
invasiveness %1%,

Additionally, oncogenic KRAS drives pro-inflammatory signaling in precancerous neoplasia through
multiple mechanisms, including the activation of STAT3 and NF-«B or the up-regulation of
chemoattractants for inflammatory macrophages %, In turn, inflammatory macrophages secrete
soluble mediators, such as TNF and CCLS5, and inhibitors of metalloproteases that promote tumor-
initiating ADM and preneoplastic lesions formation 2**. Moreover, PanIN lesions actively reshape the
microenvironment by driving the switch of macrophages towards the activated M2 phenotype 2%.
Lastly, in PDAC, TAMs regulate immunosuppression, fibrogenesis, and angiogenesis and promote

174 Notably, PDAC is traditionally considered a non-

EMT, invasiveness, and metastasis
immunogenic cold tumor, which employs multiple mechanisms to evade immune checkpoints. These
include the recruitment of regulatory immune cells, the secretion of immunosuppressive chemokines,
and the expression of checkpoint inhibitor surface proteins 2%

Summarizing, PDAC is characterized by a dense fibrotic stromal compartment, characterized by
heterogeneous cellular composition, which is dictated by tumor cells in order to promote their

proliferation, immune evasion and aggressiveness.
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Metabolic and epigenetic reprogramming in PDAC

Metabolic reprogramming is a classic hallmark of cancer largely because uncontrolled proliferation
demands adjustments of anabolism/catabolism to support accelerated biomass growth and mitigate
redox stress °. An intriguing line of thinking hypothesizes that severe nutrient and oxygen shortage
could function as selective pressures favoring survival of aggressive tumor cells able to withstand the
harsh environmental conditions 2%. As discussed above, PDAC is characterized by several distinctive
histological features. These include a brisk cellular infiltration that co-evolves with tumor mass and
an excessive desmoplastic reaction that hampers the delivery of oxygen and nutrients. However,
PDAC cells survive and thrive in these harsh environmental conditions thanks to an extensive but
well-orchestrated reprogramming of their metabolism 2°7.

Two key aspects dominate PDAC metabolic rewiring: changes in carbon flux directly mediated by
oncogenic KRAS and adaptations to enhance nutrient uptake and/or scavenging pathways 2.
Oncogenic KRAS upregulates central carbon metabolism, promoting glycolysis but also diverting
glycolytic intermediates into anabolic pathways crucial for cancer cells proliferation. These include
the hexosamine biosynthesis pathway, which generates UDP-GIcNAc for protein and lipid
glycosylation, and the non-oxidative arm of the pentose phosphate pathway, which generates NADPH
and ribose-5-phosphate crucial for nucleotide biosynthesis. Notably, knockdown of key KRAS-
regulated enzymes in the non-oxidative PPP or the HBP slows the growth of murine PDAC cell lines

in vitro and suppresses tumorigenicity in ectopic models of pancreatic cancer 29629,

Compelling
studies demonstrated that KRAS-driven metabolic reprogramming is orchestrated by the RAF-MEK-
ERK pathway that leads to transcriptional and (post-)translational upregulation of master regulators
of cellular anabolism 7!712% The list of mutant KRAS-regulated metabolic processes is ever growing
and data clearly demonstrate that oncogenes actively reprogram cellular metabolism to support
growth of biomass, which is required for accelerated proliferation, but also to support signaling events
and promote functional plasticity of tumor cells 7296207209210 For example, oncogenic KRAS
promotes protein acetylation in pancreatic epithelial cells through the elevation of acetyl-CoA
cytoplasmic levels °%2!1,

On the other hand, the uptake of canonical and non-canonical carbon sources is extremely flexible in
PDAC to allow cancer and tumor-associated cells to cope with limited nutrient availability. For
example, significant intratumoral heterogeneity in glucose utilization exists in PDAC and is largely
dictated by nutrient availability and oxygen concentration. As a matter of fact, hypoxic cancer cells
preferentially metabolize glucose anaerobically and upregulate MCT4 to export lactate, which is

taken up through MCT1 by normoxic cancer cells, that can use lactate as a carbon source for

mitochondrial OXPHQS 206-208,212-214

31



Other than glucose, PDAC cells rely on glutamine utilization for their survival. Glutamine is a
nonessential amino acid that functions as a precursor for other amino acids as well as nucleotides and
hexosamines. Additionally, glutamine is a carbon skeleton donor for the replenishment of TCA cycle
intermediates. GLS is the first enzyme of glutaminolysis, in which glutamine is converted in
glutamate in mitochondria, and then in a-KG, by GLUDI. Notably, most cancer cells are addicted to
glutamine in culture 2. Glutamine has been shown to be required for pancreatic tumorigenesis both
in vivo and in vitro. In PDAC, knockdown of GLS impairs tumor growth and glutamate
supplementation is able to rescue the growth of pancreatic cancer cells under glutamine-free culture

conditions 133215

. Interestingly, PDAC cells rely on glutaminolysis also to maintain redox
homeostasis. In fact, mitochondrial glutamate can be used to produce aspartate in a reaction catalyzed
by GOT2. The latter can then be exported to the cytoplasm and metabolized into pyruvate by a
sequence of reactions involving GOT, MDHI1, and MEI. This non-canonical pathway is able to
increase the reducing power in the form of NADPH and glutathione, both important for redox balance
7216 Other than through glutamine metabolism, oncogenic KRAS signaling controls redox
homeostasis through the induction of NRF2, a crucial TF for antioxidant genes. Notably, NRF2 also
modulates several genes involved in glutamine metabolism, such as the malic enzyme 1 27218,
Aside from glutamine, PDAC metabolism is highly dependent on serine levels. Indeed, PDAC tissues
are particularly low in serine, but oncogenic KRAS induces genes involved in serine biosynthesis
making cancer cells autotrophs and critically dependent on de novo serine generation for survival 2!°.
Mechanistically, serine can be generated from the glycolysis intermediate 3-phosphoglycerate and is
the precursor of glycine and cysteine. Both these non-essential amino acids are components of
glutathione, critical for the regulation of cellular ROS levels. Oncogenic KRAS has been shown to
cooperate with LKB1 loss to induce the serine-glycine-one-carbon pathway to fuel tumor growth. As
a matter of fact, human PDAC cells with LKB1 mutations are more sensitive to the inhibition of the
serine biosynthesis 2%,

Additionally, PDAC cells relies on the use of lysosomal nutrient scavenging pathways such as
autophagy and macropinocytosis. Autophagy is a highly conserved cellular catabolic process that
mediates the degradation of macromolecules and whole organelles, through their digestion in
lysosomes. Products of the autophagic degradation are then recycled back to fuel biosynthetic and
bioenergetic processes "*2!. While in other cancer types autophagy seems to be triggered in response
to various stressors, including DNA damage and ROS, basal autophagy levels are unusually high in
PDAC. Cancer cells upregulate transcriptional programs that orchestrate lysosomal biogenesis and

autophagy induction through the function of the MiT-TFE family of TFs, despite sustained anabolic
metabolism and almost universal activation of mTORCI1 pathway. In human PDAC, MiT-TFE
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transcription factors are constitutively active in the nucleus and inhibition of MiT-TFE impairs tumor
growth 222, Notably, targeting autophagy, either by RNA interference or using chloroquine, decreases
PDAC cell proliferation and tumor growth in vivo 2*>?24,

Macropinocytosis is a non-selective endocytic program by which cells uptake content from the
extracellular fluid through large vesicles. KRAS activation induces macropinocytosis, through which
PDAC cells uptake extracellular albumin that is degraded and amino acids ultimately fuel the central
carbon metabolism ??°. Accordingly, the inhibition of macropinocytosis in a xenograft model of
PDAC significantly impairs tumor growth 22°. Despite the limited abundance of lipid species in the
PDAC TME, the scavenging of extracellular fatty acids is also upregulated. Scavenged lipids are
hydrolyzed to produce fatty acids and glycerol; the former fuel the TCA cycle, while glycerol can be
converted into dihydroxyacetone and enter the glycolytic pathway ?°. In this context, LDLR that
facilitates cholesterol uptake, is associated with an increased risk of PDAC recurrence and its
inhibition sensitizes PDACs to chemotherapy 7.

Cancer cells derived from the same tumor can display markedly diverse metabolic profiles. As a
matter of fact, pancreatic cancer cells that survive to oncogene extinction in a KRAS-driven mouse
model show stem-like features and rely on OXPHOS rather than on glycolysis for their survival '*°,
This different metabolic profile was also confirmed in a human PDAC PDX model 2%%. Additionally,
genomic and transcriptomic analysis coupled with clinical data, shows the existence of different
metabolic subgroups of PDAC cells — “quiescent”, “glycolytic”, “cholesterogenic”, and “mixed” —
that could predict different prognoses and responses to therapy ??°. Compared to the previously
mentioned molecular subtypes of PDAC, the glycolytic subgroup is associated with the quasi-
mesenchymal, basal-like, squamous subtype. This indicates that unique metabolic pathways may play
a role in the prognostic impacts of established PDAC subtypes, suggesting potential opportunities to
address diverse metabolic vulnerabilities across these subtypes.!36-188:229,

The contribution of metabolic rewiring to PDAC progression is multifaceted. While cancer cells need
to adapt their metabolism to satisfy specific energetic and anabolic demands, they exploit changes in
metabolite levels to support signaling and functional plasticity, which are critical for tumor evolution.
Several studies have shown that metabolic alterations can promote pancreatic tumorigenesis and
metastasis through epigenetic regulation 2*°. Indeed, several metabolic intermediates act as cofactors
for chromatin modifying enzymes and their levels critically dictate epigenetic marks, chromatin
organization and, in turn, gene expression. Epigenetic marks are post-translational modification of
DNA or histones that regulate higher order chromatin organization to control DNA accessibility and
transcription factor positioning, affecting cell transcriptome. Ultimately, the epigenetic organization

is able to impose cell identity 31>,
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For example, during ADM and PanIN formation both nucleo-cytosolic levels of acetyl-CoA and
histone acetylation are increased. Notably, genetic ablation of ACLY, the main generator of acetyl-
CoA in the cytosol, is able to significantly decrease tumor formation in a KRAS-driven mouse model
of spontaneous carcinogenesis '2°. Additionally, a retrospective clinicopathologic analysis of 119
patients showed a positive relationship between tumor differentiation and acetylation in H4K 12 and
a worse prognosis for patients with high levels of H3K18 and H4K 12 acetylation !,

The impact of histone methylation on gene expression is more complex and vary according to lysine
position. For example, H3K4me3 is generally associated with enhanced gene transcription and its
loss enhances ADM; on the other hand, H3K27me3 suppresses gene transcription and its gain favors
ADM and PDAC progression **2. Additionally, aberrant DNA methylation of functional relevant
genes is a hallmark of PDAC and DNA methyltransferases, that mediate this process, are frequently
upregulated 2**?** Histone methylation in PDAC is critically influenced by metabolic
reprogramming. Indeed p53 loss decreases both S-adenosylmethionine (SAM) and a-ketoglutarate
(a-KG) levels, two methylation-altering metabolites. Reduced SAM levels causes hypomethylation
of H3K9 that results in loss of heterochromatin stability and satellite RNAs correct transcription.
Notably, supplementation of SAM restores genomic integrity in p53 deficient cells 23°. Decrease o-
KG instead determines lower DNA methylation, while its accumulation increases 5-
hydroxymethylcytosine (5-hmC) and restricts cancer cell plasticity >*°.

Other than the frequent mutations in the main four driver oncogenes of PDAC, discussed above, there
is a range of less frequent genetic mutations, comprising mutations in genes related to DNA repair
pathways as well as in epigenetic regulators, such as DNMT3A, TET2 and ASXL1 !”7. Notably,
somatic mutations in SWI/SNF complex regulators and inactivation of histone modifying enzymes
frequently occurs in conjunction with oncogenic KRAS, suggesting that alterations in the epigenome
are important for driving PDAC progression 2*72*8, The SWI/SNF complex is a multisubunit complex
mediating ATP-dependent chromatin remodeling involved in transcriptional regulation and DNA
repair 17!,

In conclusion, both mutations in genes that regulate chromatin organization and alteration in the
epigenome can affect tumorigenesis. In this context, nutrient availability and the rewiring of
metabolism can reshape the epigenome dynamically during PDAC progression.

Understanding the metabolism-epigenetic cross-talk in pancreatic cancer and how this axis can be

influenced by nutrient availability and the TME may help to identify targetable vulnerabilities.
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AIM

Mitochondria are crucial organelles in cell physiology and pathology. Master regulators of cellular
bioenergetic homeostasis, mitochondria are also central players in signal transduction and impact cell
fate. In this context, mitochondrial circuits can adapt to favor several aspects of carcinogenesis and
cancer progression. Compelling evidence demonstrates that mitochondria remodeling favors cancer
cell survival and aggressiveness. Notwithstanding, our knowledge on how oncogene-driven pathways
affect mitochondrial function and morphology and on how alterations in mitochondrial biology
impact tumor progression is still limited. In particular, few studies dissect these aspects in PDAC, one
of the deadliest cancers worldwide. Aim of this project is to dissect the rewiring of mitochondrial
metabolism during the progression of PDAC, to identify possible targetable mechanisms at the basis

of the aggressiveness of this tumor.
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RESULTS

PDAC PROGRESSION IMPACTS THE MITOCHONDRIAL PROTEOME AND
FOSTERS MITOCHONDRIAL RESPIRATION

Mounting evidence points out that mitochondria-associated pathways are crucial for tumor initiation
and progression®. Nevertheless, our knowledge on how mitochondrial function changes during PDAC
progression and how alterations in mitochondrial biology can affect this multi-step process is still
incomplete.

To address this issue, I investigated alterations in the mitochondrial proteome across various stages
of disease advancement. Human ductal cells expressing an oncogenic KRAS isoform (HPDE-
KRASS!?D) served as a model for pre-neoplastic cells (“early carcinogenesis”, epithelial cells after
the metaplasia (Fig. 4)). On the other hand, two distinct pancreatic cancer cell lines (PANC1 and
MiaPaCa2) were employed to recapitulate the aggressive stages of PDAC progression (“late
carcinogenesis”). Notably, these cell lines belong to the “quasi-mesenchymal” subtype of PDAC,
which in patients is associated with a poor prognosis '*¢. All the considered cell lines were stably
transfected with constructs that allow the HA-tagging of mitochondrial for their efficient isolation 2%
Subsequently, we analyzed the proteome of immunoprecipitated mitochondria to seek stage-
associated protein alterations. The proteomic datasets were manually filtered to exclude non-
mitochondrial proteins, employing Uniprot subcellular localization, Mitocarta 3.0, and TargetP 2.0,
which predict the presence of a canonical MTS (Fig. 5A). After this filtration step, I focused on
protein that were significantly deregulated in both PDAC cell lines compared to non-transformed
ductal cells. Of note, HPDE-KRASY!P expresses oncogenic KRAS; hence, dysregulated proteins are
likely not altered at tumor initiation, but possibly in some stage during PDAC carcinogenesis. We
found 80 proteins significantly downregulated in both PANC1 and MiaPaCa2, while 85 proteins were
significantly upregulated. Gene ontology analyses of these commonly upregulated and
downregulated proteins are respectively shown in Fig. 5B and 5C.

Among the downregulated pathways, the more significant resulted the ones involved in fatty acyl-
CoA biosynthesis, arginine and lysine degradation, and apoptosis (Fig.5C).

On the other hand, significantly upregulated pathways include TCA cycle and ETC, protein import
into mitochondria and fatty acid oxidation (Fig. 5B). Protein association map of consistently
upregulated pathway also includes proteins involved in mitochondrial translation (Fig. 5D). It is also
clear that the majority of proteins upregulated in both pancreatic cancer cell lines are either
components or assembly factors of the ETC complexes and subunits of the ATP synthase. This

underscores the critical role of OXPHOS pathway in “late carcinogenesis” cells.
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In order to functionally validate the increase in mitochondrial respiration in PDAC cells, I performed
10 hours-long respirometry analysis in basal conditions in PANC1 and HPDE-KRASS!?P cells (Fig.
5E). PANCI cells have a significantly higher oxygen consumption rate than HPDE-KRASS!?P,
confirming the results of the mitochondrial proteomic analysis (Fig. 5B and Fig. 5D).

The increase in protein composing the ETC and the ATP synthase, as well as the increase in
mitochondrial respiration, could be linked to a reshape in mitochondrial ultrastructure, and in
particular in the number and tightness of mitochondrial cristae . To evaluate if PDAC progression
affects mitochondrial ultrastructure we firstly superimposed a curated list of proteins involved in
mitochondrial morphology and protein import derived from MitoCarta 3.0 on the mitochondrial
proteomic analysis.

Protein involved in the apoptotic pathway are downregulated in both PANC1 and MiaPaCa2 cells
(Fig. 5F-G). In both cell lines, volcano plots show a clear upregulation of the components of the
TIMM complex, that mediates the import and translocation of protein in the IMM. Additionally, some
regulators of cristae morphology such as AIFM1 in PANCI cells and OPA1 and IMMT (part of the
MICOS complex) in MiaPaCa2 cells, are overexpressed in cancer cells (Fig. SF-G).

In conclusion, “late carcinogenesis” PDAC cell lines show a rewired proteome compared to “early
carcinogenesis” HPDE-KRAS®!?P cells, with a significant upregulation of protein of OXPHOS
proteins and a consequent increase in oxygen consumption rate. In line with the functional
relationship between mitochondrial respiration and the morphology of cristae, proteins involved in

the regulation of mitochondrial ultrastructure are overexpressed in PDAC cell lines.
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MITOCHONDRIAL ULTRASTRUCTURE IS RESHAPED DURING PDAC
PROGRESSION in vitro AND in vivo

Mitochondrial respiration and mitochondrial ultrastructure are deeply intertwined. Several studies
have described that alterations in the number and morphology of mitochondrial cristae can impact the
assembly of the complexes of the ETC and can regulate the efficiency of the electron transport '*!7.
Nonetheless, the status of mitochondrial ultrastructure across PDAC stages and is impact on
progression are still unknown.

To this aim, [ performed a morphometric analysis on transmission electron microscopy (TEM) images
of mitochondria from HPDE-KRASY'?P, PANC1 and MiaPaCa2 cells. I found that mitochondrial
ultrastructure is markedly reshaped in pancreatic ductal adenocarcinoma cells compared to non-
transformed cells (Fig. 6A-B). I focused on cristae density and cristae width, which have both been
associated with mitochondrial respiration !7. I observed an increase of cristae density, denoted by the
number of mitochondrial cristae normalized on the area of the mitochondrion, in both PDAC cell
lines although statistically significant only in MiaPaCa2 cells (Fig. 6B). Additionally, both PANC1
and MiaPaCa2 display a significant decrease in cristaec width (Fig. 6C). These results suggest that
mitochondrial cristae tighten as tumor cells evolve.

To confirm these findings in vivo, I evaluated the mitochondrial ultrastructural parameters in the
pancreas of mice expressing mutant KRAS in the pancreatic epithelium (PdxI-Cre;LSL-Kras®'??,
“KC” hereafter). KC mice spontaneously develop preneoplastic lesions, mostly PanIN which are also
found in humans. These can be considered as an intermediate step in PDAC progression. As shown
in the representative images in Fig. 6D and in the quantifications in Fig. 6E and Fig. 6F, mitochondria
in KC pancreata display significantly higher cristae density and decreased cristae width compared to
wildtype mice. These modifications in mitochondrial ultrastructure are not associated with
modifications in mitochondrial content, as evident from the quantification of mtDNA levels (Fig. 6G).
Using the same mouse model, I also evaluate the morphology of mitochondrial network. To this end,
I performed an immunofluorescence for TOMM20, localized in the OMM, in WT and KC pancreata
(Fig. 6H). Mitochondrial network in KC mice is significantly more fragmented in KC pancreata
compared with WT, as shown by the measurement of the fusion index (Fig. 6I). This result is in
accordance with the existing literature, showing that DRP1 phosphorylation and mitochondrial
fragmentation lie downstream KRAS activation %

Summarizing, mitochondrial cristae stability and morphology are reshaped in cancer cell lines and

during PDAC progression in vivo.

39



A B c

HPDE-KRAS®12P ) )
& cristae density cristae width
010 —=— 120 sase
5 100] |—""‘"‘—
o 80 |
8
2 g @
Zoos 5
£ A0
2
[ =4
8 20
B
0.00 0
P A PN
g & ey
CLa AN & T &
© S P ¢
& o & W
& Q
cristae density cristae width mitochondrial content
&0.154 Fkh 50+ 1.5
c BLLLE e
=2
40
3 <
O
5 0.10 Z10
2 £ 30 2
8 g E:
E 20 a
2 0,05 Z0s
8 104
0.00——— o 00
Wl KC WI KC
fusion index
1500 -
2 1000
@
=
T 500
2
o
T 6
o
o] 4
2
0

Hoechst
TOMM20

Fig. 6. Pancreatic ductal adenocarcinoma progression reshape mitochondrial morphology in vitro and in vive. A) Representative TEM
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OPA1 AND NME4 ARE OVEREXPRESSED IN PDAC in vitro AND in vivo

To identify the players that dictate these alterations in the mitochondrial ultrastructure, I evaluated
again the results of mitochondrial proteomic, focusing in particular on the protein association map
(Fig. 5C). Both pancreatic cancer cell lines overexpress a set of proteins that are involved in the
regulation and homeostasis of nucleotides. This cluster include NME4, NME6 and RCC1L. NME4
and NMEG6 are two nucleotide diphosphate kinases (NDPKs) and RCCIL is a mitochondrial
guanidine nucleotide exchange factor (GEF) 2!2*2, Notably, converging evidence reveal that these
three proteins interact with OPA1 and regulates its activity>®3°243, In particular, NME4 resulted to be
particularly interesting, as is sufficient to trigger OPA1’s GTPase activity and its silencing
phenocopies the loss of cristae typical of OPA1 loss in HeLa cells 38244,

Notably, NME4 protein levels are higher in mitochondria isolated from PANCI cells compared to the
ones isolated from HPDE-KRASS!?P (Fig.7A). These data were confirmed by the evaluation of
mRNA levels in the same cellular models (Fig. 7B). These results indicate that NME4 levels increase
regardless of oncogenic KRAS expression during pancreatic cancer progression in vitro. Additionally,
immunohistochemistry analysis on WT and KC mice showed high levels of NME4 staining
specifically in PanIN lesions of KC mice, contrary to normal parenchyma of both WT and KC mice,
in which NME4 staining was considerably lower (Fig. 7C). We reasoned that NME4 might promote
tumor progression and associate with poorer outcomes.

Mining of the TCGA dataset showed that NME4 mRNA levels in tumor samples from human patients
are significantly higher compared to the normal tissue (Fig. 7D). Building from these evidences, we
evaluated the protein expression of NME4 in a cohort of PDAC patients using a tissue microarray
(TMA) approach. Immunohistochemistry analysis revealed that 36 patients on 76 have medium-
strong staining for NME4 (Fig. 7E). Notably, the medium-strong NME4 group has a significantly
lower cumulative survival, which aligns with our hypothesis that it promotes PDAC aggressiveness
(Fig. 7F). In the same cohort, tumor grading significantly correlates with NME4 levels. Specifically,
among the 41 tumors classified as high grade, 32 exhibit medium-strong staining for NME4,
suggesting a crucial role for NME4 in PDAC progression (Fig. 7G).

NME4 is a poorly annotated and little studied protein. One of its few described role so far is the
regulation of OPA1 activity. Building from this notion, I examined the expression of OPA1 in PDAC
cell line to understand whether OPA1 might be differentially regulated across tumor stages, similar
to NME4. In accordance, OPA1 protein levels are higher in mitochondria isolated from PANCI than
in HPDE-KRASS!?P (Fig. 7A). OPA1 mRNA levels also tend to increase in PANC1 compared to

normal ductal cells (Fig. 7H). Furthermore, OPA1 protein levels are elevated in the pancreas from
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KC mice respect to WT mice (Fig. 71). Lastly, in the TCGA dataset, OPA1 mRNA expression is
significantly higher in tumor samples compared to normal parenchyma from patients (Fig. 7J).
Interestingly, patients displaying high OPA1 mRNA levels have a significantly worst prognosis
compared with patients with low mRNA levels, suggesting a role of OPA1 in the aggressiveness of
PDAC (Fig. 7K).

These promising results indicate that, during PDAC progression, proteins involved in the regulation
of mitochondrial cristae morphology are upregulated both in vitro and in vivo. We hypothesize that
NME4 (alone or in concert with NME6 and RCCI1L) might enhance OPA1 activity to reshape

mitochondria and promote tumor evolution.
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Fig. 7 NME4 and OPAL1 are overexpressed during PDAC and negative prognostic marker for patients. A) Immunoblot analysis of NME4, OPA1
(all isoforms) and TOMM20 levels in mitochondria isolated from HPDE-KRAS®!?P and PANC1 cells. B) qPCR analysis for NME4 mRNA levels in
HPDE-KRASY"?P and PANC1. NME4 levels were normalized on actin mRNA levels and data are shown as fold-change over HPDE-KRASS!?P. C)
Representative images of immunohistochemistry for NME4 in pancreata section of WT and KC mice at 4 months of age. Nuclei are stained with
hematoxylin. D) Data from TCGA dataset of PDAC patients showing NME4 mRNA expression. Mann-Whitney t-test. E) Representative images of
immunohistochemistry for NME4 in a tissue array of a cohort of 76 PDAC patients. Nuclei are stained with hematoxylin. F) Cumulative survival of
PDAC patients stratified for NME4 levels. Patients with medium-strong staining for NME4 are represented by the purple line, while the ones with
negative-weak staining are represented by the grey line. Logrank Mantel-Cox. G) Correlation analysis between tumor grading (low/high) and NME4
staining (negative-weak/medium-strong) in a cohort of 76 PDAC patients. Pearson Chi-Square. H) qPCR analysis for OPA1 mRNA levels in HPDE
and PANCI1. OPA1 levels were normalized on actin mRNA levels and data are shown as fold-change over HPDE. I) Immunoblot analysis of OPA1 and
vinculin levels in total lysates from whole pancreas of 3 WT mice and 3 KC mice at 8 weeks of age. J) Data from TCGA dataset of PDAC patients
showing OPA1 mRNA expression. Mann-Whitney t-test. K) Overall survival of PDAC patients from the TCGA dataset stratified for OPA1 mRNA
levels. Patients with OPA1 high mRNA levels are represented by the purple line, while the ones with low OPA1 mRNA levels are represented by the
grey line. Logrank.

*EEE p<0,00001
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NME4 DOWNREGULATION RESHAPES MITOCHONDRIAL MORPHOLOGY
AND IMPAIRS MITOCHONDRIAL FUNCTION

NME4 was described to impact mitochondrial morphology through the regulation of OPA1 activity
38.244 To validate the role of NME4 in the regulation of mitochondrial homeostasis in PDAC cells, I
silenced NME4 in both human pancreatic cancer cell lines (PANC1 and KP4). The analysis of mRNA
levels shows that the silencing of NME4 in both cell lines was effective, as mRNA levels are
significantly decreased in silenced samples (Fig. 8A and Fig. 8E).

NMEH4 loss in PDAC cells significantly reshapes mitochondrial cristae morphology (Fig. 8B-D). In
particular, cristae density is significantly decreased, indicating a lower number of mitochondrial
cristae per mitochondrion in siNME4 cells (Fig. 8C). This decrease in cristae number is concurrent
with a significant widening of their lumen (Fig. 8D). Both these phenotypes could be an indication
of OPAL1 loss of activity, as several studies report a consistent reshaping in response to OPA1
knockdown 244243,

I then evaluated whether in cristae stability and morphology could also affect OXPHOS efficiency.
To this aim, I performed a respirometry analysis on PANCI1 upon silencing of NME4. NME4 loss is
able to decrease oxygen consumption rate (OCR) of PANCI cells at all levels (Fig. 8F-G). In
particular, basal and maximal respiration are dampened by NME4 loss (Fig. 8G). Notably, this
decrease in the OCR is not due to a change in mitochondrial content, as shown by the ratio between
mtDNA and nuclear DNA, indicating that NME4 loss is able to dampen mitochondrial respiration
(Fig. 8H).

Lastly, I also evaluated the contribution of NME4 knockdown to mitochondrial network dynamics,
as OPAL is one of the crucial players in mitochondrial fusion.

Silencing NME4 in KP4 cells is able induce mitochondrial network fragmentation, as evident from
both the immunofluorescence for TOMM20 and its quantification (Fig. 81-J).

These results validate the previously described role of NME4 in the regulation of both mitochondrial
morphology and function also in models of PDAC 3246, Indeed, it has been already shown that NME4
regenerates mainly GTP in the IMS, for local use by the interacting GTPase OPA1. Additionally,
NME4 also channels ADP via ANT into the matrix space for stimulation of respiration and ATP
regeneration (Fig. 8K) 2*°. T surprisingly found that PDAC cells heavily rely on NME4 activity to

sustain elevated mitochondrial function.
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levels in PANCI cells silenced for NME4 or for a control. NME4 levels were normalized on 18S mRNA levels and data are shown as fold-change
over the control. Mann-Whitney t-test. F) Seahorse respirometric analysis on PANC1-siCTR and PANC1-siNME4 using the Seahorse XF Cell Mito
Stress Test Kit. Data were normalized on the absorbance of Bradford reagent for each well. Two-way Anova. G) Basal respiration, ATP-linked
respiration, maximal respiration and reserve capacity of the ETC in PANC1-siCTR and PANC1-siNME4. Mann-Whitney t-test. H) Quantification of
the ratio between mitochondrial and nuclear DNA in PANCI-siCTR and PANCI1-siNME4. Nuclear DNA was detected with primers for
B2microglobulin and mtDNA with primers for mt-tRNA-Leu. I) Representative images of immunofluorescence of TOMM20 (turquoise) and Hoechst
(purple) in PANC1-siCTR and PANCI1-siNME4. J) Quantification of the fusion index (area of the mitochondrion/roundness of the mitochondrion) of
mitochondrial network in PANCI1-siCTR and PANC1-siNME4. Mann-Whitney t-test. K) Working model of NME4 activity in the regulation of OPA1
and OXPHOS.

* p<0.05; ** p< 0.001; *** p<0.0001; **** p< 0,00001
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OPA1 OVEREXPRESSION REPROGRAMS CELLULAR METABOLISM AND
SIGNALS TO THE NUCLEUS IN THE NORMAL PARENCHYMA

Our findings so far suggest OPAl's possible involvement in fostering tumorigenesis. I therefore
decided to directly evaluate the contribution of OPA1 to pancreatic carcinogenesis. I leveraged a
previously described mouse model that slightly overexpresses OPA1 in the whole body (OPA1T6) 37,
OPA17¢ mice were generated by targeting a single copy of murine Opal isoform 1 driven by human
B-actin promoter immediately upstream of the mouse X chromosome Hprt locus 3. The pancreatic
parenchyma of OPA1™C mice does not show major histological differences compared to WT mice
(data not shown).

To examine the role of OPA1 in PDAC progression, I evaluated tumor-associated phenotypes caused
by OPA1 overexpression in the normal pancreatic epithelium. Notably, OPA1 overexpressing mice
display signs of active proliferation in the pancreas, as shown by the significant increase in number
of nuclei positive for Ki67, a marker of DNA duplication (Fig. 9A-B). Interestingly, nuclei are also
significantly enlarged possibly suggesting the intriguing possibility that cristac remodeling in
mitochondria induces reprogramming of chromatin organization in the nucleus (Fig. 9C).
Chromatin architecture is controlled by epigenetic modifications, including post-translational histone
modifications 24724 It has been shown that mitochondria-derived citrate promotes elevated histone
acetylation at pre-neoplastic acinar cells to facilitate PDAC progression'?>*!250 T therefore
interrogated the status of histone acetylation in the pancreatic epithelium of OPA1'® mice.
Immunohistochemistry analysis revealed that histone acetylation, in particular tetra-acetylated
histone H4 (acetylated on all four lysines of H4 tail), is elevated in the parenchyma of OPAI-
overexpressing mice compared to WT mice (Fig. 9D). Incidentally, nuclei appear again significantly
enlarged in OPA 179 pancreata (Fig. 9D). These data reveal that the nuclear epigenome is sensitive to
mitochondrial remodeling, in a mechanism that is independent from oncogenic KRAS, but that can
possibly impact pancreatic carcinogenesis.

I set out to understand the mechanisms responsible for OPA1-associated histone hyperacetylation. I
first evaluated the possible contribution of sirtuins, a class of protein deacetylases that use
nicotinamide (NAD") as co-factor. I measured the levels of NAD" in OPA1-overexpressing acinar
cells: no change was observed (Fig. 9E), which was surprising considering the positive effect of OPA1
on ETC (that regenerates NAD" from NADH) and the global increase in the OCR in OPAIl-
overexpressing acinar cells (Fig. 9G). Regardless, this rules out the contribution of sirtuin-mediated
histone deacetylation. Of note, I observed a significant increase in NADH levels in OPAl-

overexpressing acinar cells (Fig. 9F).
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Histone acetylation is particularly sensible to fluctuations of nucleo-cytoplasmatic levels of acetyl-
CoA, a central metabolite that in the cytosol can be produced from either mitochondrial citrate by
ACLY or from acetate by ACCS2 %!, I speculate that OPA1 might induce changes in acetyl-CoA
availability that could ultimately impact the epigenome. To address the mechanism of this OPA1-
dependent increase in histone acetylation, I tested whether OPA1 overexpression induced extensive
metabolic reprogramming in acinar cells focusing on TCA cycle intermediates. Citrate levels are
unimpacted by OPA1 overexpression; on the other hand, levels of downstream TCA metabolites were
slightly decreased in OPA 1-overexpressing acinar cells (Fig. 9H). This phenotype has been linked to
the cataplerotic efflux of citrate from mitochondria and its conversion into acetyl-CoA, which is
therefore available for either histone acetylation or de novo lipid biosynthesis 2°2. To test this
hypothesis, we performed a '*C-glucose tracing in acinar cells from WT and OPA1T¢ mice. Acinar
cells were extracted from mice of either genotypes and cultured with isotopically-labeled glucose for
6 hours. At endpoint, metabolites were extracted with a solution of cold trichloro-acetic acid for
targeted mass spectrometry quantification of acyl-CoA species. Surprisingly, glucose flux toward
acetyl-CoA resulted to be reduced upon OPA1 overexpression (Fig. 9G). This indicates that enhanced
glycolytic flux does not contribute to OPA1-elevated histone acetylation. At the same time, these data
open an interesting discussion about the mechanisms by which OPA1-promoted reprogramming of
mitochondrial function influence nuclear histone acetylation. While this issue remain unclear,
hypotheses are debated in the Discussion session. In sum, OPA1 overexpression in normal pancreas
favors active DNA duplication, fosters histone acetylation and reprograms cellular metabolism. I
asked how the three can possible be linked and whether OPA1 ultimately impacts pancreatic

carcinogenesis.
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* p<0.05; **** p< 0,00001.
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OPA1 OVEREXPRESSION ACCELERATES PDAC PROGRESSION in vivo

Considering the results obtained WT mice and that elevated histone acetylation and cellular
proliferation can support pancreatic carcinogenesis, we anticipated that OPA1 overexpression could
accelerate tumor formation ',

To tackle this hypothesis, we bred PdxI-Cre;LSL-KRAS®"’P? with OP417° mice generating mice

SG12D in the pancreas and overexpressing OPA1 (KCOT9) 37233, We then examined

expressing KRA
pancreatic histology in KC and KCOT® mice at 4 months of age. Both KC and KCOT® mice display
widespread preneoplastic lesions in the pancreas, without significant differences in their number and
overall area (Fig. 10 A-C). These observations suggest that OPA1 overexpression does not impact the
initiation or the first phases of pancreatic ductal adenocarcinoma in vivo.

Carcinogenesis in KC mice has been widely documented and follows a robust multi-step model. At
four months of age, mice exhibit exclusively low grade pancreatic intraepithelial neoplasia (PanIN
grade 1 or 2); this was obvious also in our cohort 2>**34 On the other hand, 3/8 KCO'® mice develop
high grade dysplastic lesions (Fig. 10A), indicating that OPA1 overexpression is able to accelerate
PDAC progression.

To confirm the tumor-promoting role of OPA1l, we employed both pharmacological and genetic
targeting of OPA 1. OPA1 silencing is able to inhibit cell growth both in PANCI1 cells and in a primary
line of murine PDAC (Fig. 10E-F). The latter is derived from KPC mice (PdxI-Cre;LSL-
Kras®?P:LSL-Trp53%172H)  which develop invasive and widely metastatic pancreatic ductal
adenocarcinoma®>. Notably, treatment with an OPA 1 inhibitor impairs the growth of both human and
murine PDAC cells in a dose-dependent manner, without affecting non-transformed ductal cells -
HPDE cells (Fig. 10D) %,

OPA1 overexpression in vivo has been shown to prevent cytochrome c release through the
stabilization of mitochondrial cristae, thus inhibiting apoptosis’. Considering that resisting cell death
is one of the classical hallmarks of cancer, I evaluated whether OPA1 could impact this sensitivity to
apoptosis in our moue model of PDAC progression?’. Immunohistochemistry analysis of pancreata
from both KC and KCO™® mice showed extremely low levels of cleaved-caspase3, marker of
apoptotic activation, ruling out the evasion from cell death as a mechanism for the accelerated
progression in KCO'™ mice (Fig. 10 G-H).

Building from the observation that OPA1 overexpression in normal pancreas fosters histone
acetylation and that metabolically-sensitive histone hyperacetylation supports pancreatic
carcinogenesis, I stained tissue slides from either KC or KCO™ mice highly acetylated histone H4

129 Immunohistochemistry revealed that during pancreatic carcinogenesis OPA1 fosters histone
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acetylation, both in neoplastic lesions and in the surrounding normal parenchyma. On the other hand,
histone acetylation is elevated specifically in neoplastic lesions in KC mice, as expected (Fig. 10 I).

In conclusion, OPA1 overexpression is able to accelerate PDAC tumorigenesis and its inhibition
specifically impairs pancreatic cancer cells growth, while normal ductal cells remain insensitive.
These phenotypes are not caused by limited activation of apoptosis but likely involves a deregulation

of the epigenetic landscape of pancreatic exocrine cells.
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Fig. 10 OPAL1 overexpression accelerate PDAC progression. A) Representative images of Hematoxylin and Eosin staining of section of pancreas
from KC and KCO™ mice at 4 months of age. Grading of neoplastic lesions in the mice is shown in the graphs underneath the images. B-C)
Quantification of the number and area of preneoplastic lesions in pancreas from KC and KCO'™ mice at 4 months of age. D) Determination of
cellular growth in response to increasing doses (0 uM; 12,5 uM; 25 uM;50 uM) of an OPAL1 inhibitor in HPDE, KPC primary and PANCI cells,
quantified as number of cells for mL after 48 hours of treatment. E-F) Determination of cellular growth in response to OPA1 loss KPC primary and
PANCI cells, quantified as number of cells for mL after 48 hours from the silencing of OPA1. Mann-Whitney t-test. G) Representative images of
immunohistochemistry analysis of cl-caspase 3 in pancreas from KC and KCO"™ mice at 4 months of age. H) Quantification of the percentage of
cl-caspase 3 positive cells for field for mice in KC and KCO™ mice at 4 months of age. 1) Representative images of immunohistochemistry for
highly acetylated histone H4 (ac-H4) in pancreas from KC and KCO™ mice at 4 months of age. Nuclei are stained using Hematoxylin.

* p<0.05
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OPA1 AFFECTS DNA DUPLICATION AND DAMAGE DURING PDAC
PROGRESSION

Building from the obtained results, I investigated the mechanism through which OPA 1-driven cristae
remodeling could accelerate PDAC progression. Of note, I already ruled out truncated sensitivity to
apoptosis.

OPA1 overexpression fosters DNA duplication in KRASWYT background (Fig. 9A-B), so I
hypothesized that could contribute to accelerated tumor growth. In KCOT® pancreata, the percentage
of Ki67 positive cells is significantly higher compared to KC pancreata, both in pancreatic lesions
and in the normal parenchyma (Fig. 11 A-B). In the same context, we observed also a significant
increase in nuclear area (Fig. 11 C), that could be a sign of more relaxed, decondensed chromatin,
due to the increased histone acetylation (Fig. 10 I) or linked to frequent DNA replication (Fig. 11 B)
258,259

Both increased histone acetylation and fastened DNA duplication contribute to the establishment of
replication stress, a long-known yet nonspecific and poorly characterized phenomenon that leads to

genomic instability 0. I

speculated that OPA1 overexpression might determine a replication stress
phenotype with the accrual of damaged DNA. To tackle this hypothesis, I performed several immune-
stainings for the double strand break marker YH2AX and counted the number of positive foci per
nucleus as a readout for genomic instability. = The number of YH2AX foci for nucleus was
significantly higher in pancreas of KCO'® in both neoplastic lesions and in the normal parenchyma
(Fig. 11D-E). Additionally, the silencing of OPA1 in PANCI significantly decreases DNA damage,
as indicated by the increase in the percentage of cells with less than 10 foci for nucleus (Fig. 11F-G).
Considering the increase in both DNA duplication and DNA damage in response to OPAl
overexpression (Fig. 11A-E) and the fact that DNA damage could be a consequence of replication
stress in cancer, we wonder if OPA1 could impact cell cycle progression 2°!. Notably, OPA1 silencing
causes an accumulation of PANCI cells in the G0/G1 phases and a consequent decreases in the
percentage of cells in S and M/G2 phases, confirming the role of OPA1 in the progression of the cell
cycle (Fig. 11H). Additionally, silencing NME4 in the same cell line has a milder effect on cell cycle,
decreasing only the percentage of cells in the S phase (Fig. 11I). These striking results indicate the
crucial role of OPAI in the regulation of genome integrity and the progression of cell cycle,

suggesting a mechanism for the accelerated PDAC progression and aggressiveness in vivo.
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Fig. 11 OPA1 regulates cell cycle progression and impact genome stability. A) Representative images of immunofluorescence of Ki67 (green)
and Hoechst (purple) in pancreas from KC and KCO"® mice at 4 months of age. B) Quantification of the percentage of Ki67 positive cells for field
in pancreas from KC and KCO™ mice at 4 months of age. Mann-Whitney t-test. C) Quantification of nuclear dimension in pancreas from KC and
KCO" mice at 4 months of age. Mann-Whitney t-test. D) Representative images of immunofluorescence of YH2AX (yellow), CPA1 (turquoise)
and Hoechst (purple) in pancreas from KC and KCO™ mice at 4 months of age. E) Quantification of the number of yH2AX for nucleus in pancreas
from KC and KCO"® mice at 4 months of age. Mann-Whitney t-test. F) Representative images of immunofluorescence of YH2AX (yellow) and
Hoechst (purple) in PANC1-siCTR and PANC1-siOPA1. G) Quantification of the percentage of cells with less than 10 foci per nucleus (x<10),
with a number of foci for nucleus between 10 and 50 (10<x<50), with a number of foci for nucleus between 50 and 100 (50<x<100), or with more
than 100 foci per nucleus (x>100) in PANC1-siCTR and PANC1-siOPA 1. Mann-Whitney t-test. H-I) Percentage of cells in G1/G2, S and G2/M
phases of the cell cycle in PANC1-siCTR and PANC1-siOPA1 and PANCI1-siCTR and PANC1-siNME4, respectively. Phases of the cell cycle
were determined through the evaluation of propidium iodide intensity by FACS. Two-way Anova.

** p<0.001; ##** p< 0,00001
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DISCUSSION

In 1927, Otto Warburg’s pioneering work highlighted cancer cells’ inclination towards glycolysis over
oxidative phosphorylation '. Warburg concluded that cancer universally arose from the demise of
mitochondria. However, subsequent studies spanning a century have painted a more nuanced picture
of metabolic reprogramming in cancer, also emphasizing the role of mitochondria in this complex
and dynamic process *. Beyond maintaining the bioenergetic homeostasis of the cell, mitochondria
play pivotal roles in signaling cascades, redox state regulation, epigenetic organization and cellular
homeostasis in general, influencing cell fate '%87:8896.110 The variety of mitochondrial bioenergetic
and signaling functions is mirrored by the dynamic change in their morphology, which in turn
regulates mitochondrial responses to cellular and environmental cues 2.

The understanding of the mechanisms behind metabolic rewiring and their relevance as potential
therapeutic options is particularly relevant in the study of pancreatic ductal adenocarcinoma. PDAC
is an extremely deadly malignancy, characterized by a late diagnosis and few therapeutic options
148,151,174,180.263 * A dditionally, the majority of patients harbor mutations in the proto-oncogene KRAS,
that is one of the first events of pancreatic carcinogenesis, and eventually leads to the reprogramming
of various metabolic pathways !21:133:150.171,176,207.209.264-267 ‘R ecent evidence clearly shows that both
KRAS mutations and early dysplastic lesions are prevalent in the healthy population 28, It is likely
that most pre-neoplastic lesions will never acquire sever dysplastic features and will never progress
to carcinoma. This leaves the field with a critical unresolved question: What promotes (and inhibits)
the evolution of metaplastic cells into highly dysplastic lesions? A better understanding of the
molecular mechanisms responsible for metaplasia-to-dysplasia switch is critical to intersect the
disease early and improve the existing prevention strategies to curtain cancer incidence.

In this intricate context, our study seeks to dissect the mitochondrial rewiring occurring during
pancreatic ductal adenocarcinoma progression, aiming to identify potential targetable mechanisms
underpinning its aggressiveness.

To examine the contribution of mitochondrial biology to PDAC progression, we started evaluating
the changes in the mitochondrial proteome during pancreatic carcinogenesis. Utilizing cellular
models mimicking different stages of PDAC, we identified a significant reshaping of the
mitochondrial proteome, including a consistent increase in the levels of proteins involved in several
metabolic pathways, such as the TCA cycle and fatty acid oxidation, proteins involved in protein
import into mitochondria, and several components of the mitochondrial translation machinery.
Noteworthy and unexpected alterations included the upregulation of components associated with the

oxidative phosphorylation pathway, particularly the electron transport chain and ATP synthase
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subunits. The overexpression of both protein involved in the translation of protein encoded by the
mtDNA and protein involved in the import of nuclear encoded mitochondrial proteins further confirm
the crucial role of the coordination between mitochondria and the rest of the cells and is coherent with
the increase of the OXPHOS pathway, being composed by both nuclear and mitochondrial encoded
proteins.

The increase in the majority of the complexes of the ETC and in the subunits of the ATP synthase was
confirmed by the augmented mitochondrial respiration in PDAC cells compared to non-transformed
counterparts. While these results collide with Warburg initial working hypothesis, compelling
evidence now aligns with our findings showing the complex contribution of functional mitochondria
to tumorigenesis 110139213 Many suggest the targeting of mitochondria as a viable anti-cancer
strategy *?®. Indeed, complex I and IlI-deficient cells do not develop tumors when injected in
immunocompetent mice 2’*?72. Of note, an elegant study recently deployed artificial test components
to parse the individual contribution of different mitochondrial functions to tumor growth in vivo and
identified the electron transport chain as the most essential for its ability to oxidize ubiquinol 7.
Several evidences in literature point out that changes in mitochondrial respiration are often associated
with modifications in mitochondrial ultrastructure and in particular in the biogenesis and stability of

IL13,17.3671.262 ~ Consistently, we uncovered modifications in mitochondrial

mitochondrial cristae
ultrastructure both in human cell lines and in vivo during pancreatic carcinogenesis. In particular,
PDAC progression is associated with increased cristae density and decreased cristae width, both
consistent with the increase in respiration!37:68.71.262,

We identified NME4, a nucleotide diphosphate kinase, as a candidate for these changes in
mitochondrial ultrastructure. Indeed, NME4 has been associated with the regulation of the GTPase
activity of OPAIl, a crucial regulator of cristae stability and then mitochondrial respiration
37.38.242.243.273 Notably, NME4 is in a complex with OPA1 and has a crucial role in the regulation of
mitochondrial ultrastructure, as its silencing in HeLa cells disrupt mitochondrial cristae 2%,
Intrigued by this interaction, we validated the role of NME4 in pancreatic cancer cell lines, finding
that NME4 loss in KP4 cells reshape mitochondrial ultrastructure by decreasing the number of
mitochondrial cristae and increasing their width. Additionally, these changes are associated with a
significant decrease in the overall mitochondrial respiration in PANCI1. These results suggest that
NME4 and OPA1 functionally overlap in the regulation of mitochondrial morphology and respiration
in pancreatic cancer cells 3262274 |

Notably, elevated NME4 levels were observed in PDAC cell lines and validated in clinical samples
from PDAC patients. Our data revealed a correlation between high NME4 expression and poorer

survival outcomes. These findings link for the first time a nucleotide diphosphate kinase — exclusively
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mitochondrial — to pro-oncogenic effects. In fact, NME4 is a little studied protein that belongs to the
multifunctional NDPK protein family, localized mainly in the mitochondrial intermembrane space,
bound to the inner membrane by anionic phospholipids like cardiolipin “>2#>246, At mitochondria.
NME4 has two crucial functions: (i) phosphotransfer from oxidatively generated ATP to different
nucleoside diphosphates, mainly GDP to generate the GTP for local fueling of mitochondrial GTPases
like OPA1, a driver of mitochondrial fusion at the IMM level and (ii) cardiolipin transfer from the
inner to the outer membrane, where it serves as a pro-mitophagic or pro-apoptotic signal 40-243246,
However, the role of NME family members in cancer is almost completely elusive. Yet, very recent
evidence suggest that mito-cytoplasmatic isoforms (i.e.: NME6) might be involved in nucleotide
sensing to the nucleus 27> 277,

We also found elevated OPA1 levels in PDAC cells and a correlation with poorer patient prognosis.
These data highlight the crucial role of the reshaping of mitochondrial ultrastructure in pancreatic
carcinogenesis, pinging us to investigate the mechanisms underlying this axis between mitochondrial
morphology and PDAC. While the promoting role of OPA 1 has been documented, our research shows
the ability of OPA1 to influence nuclear events. This provides an exciting novel mechanistic insight
that unfortunately remains incompletely understood. OPA1 overexpression in normal pancreatic
tissue led to active DNA duplication, histone acetylation, and cellular proliferation. This observation
prompted further investigation into the impact of OPA1 on pancreatic cancer progression in vivo. Our
results revealed that OPA1 slight overexpression accelerates PDAC progression, fostering high-grade
dysplastic lesions. Importantly, pharmacological and genetic targeting of OPA1 hinders pancreatic
cancer cell growth, presenting OPA1 as a potential therapeutic target.

Mechanistically, OPA1 silencing induces a cell cycle shift, accumulating cells in the GO/G1 phases
and reducing the percentage in the S and M/G2 phases. These results were also obtained silencing
NME4 in PANCI cells, again linking NME4 activity with OPA1 function.

We posit a model where the mitochondrial upregulation of the protein complex formed by NME4,
NMES6 and RCCIL is a critical event for the evolution of early metaplastic cells into dysplastic
carcinogenic cells. This complex enhances OPA1 activity driving cristae remodeling. This is
associated with stabilization of respiratory complexes and elevated oxygen consumption.

We reason that augmented ETC activity might explain the tumor-promoting role of OPA1. Increased
genomic instability might suggest toxic accumulation of reactive oxygen species. However,
preliminary data show that ROS levels are not altered in OPA1- or NME4-silenced cells.

In contrast, we hypothesize a mechanism involving a dysregulation of nucleotide synthesis. In fact,
nucleotide imbalance has been recently proposed as a cause of replication stress and has been shown

to impact cell fate decision but also tumor growth and differentiation 28282, Alterations in the ETC
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limit ubiquinol oxidation and reverberate onto the biosynthesis of pyrimidines 2’2. On the other hand,
OPA1 overexpression could accelerate ubiquinol oxidation and elevate its availability for
cytoplasmatic enzymes, such as dihydroorotate dehydrogenase (DHODH), the rate-limiting enzyme
in the de novo synthesis of pyrimidines. Hence, OPA1 overexpression would determine a nucleotide
imbalance with consequences for check point controls and fork progression. This intriguing link
between mitochondrial dysfunction and nucleotide synthesis could be a pivotal contributor to the
observed DNA damage, active DNA replication, and altered cell cycle progression. The dysregulated
nucleotide synthesis pathway could serve as a nexus where mitochondrial dynamics, cellular
metabolism, and genomic stability converge, painting a more comprehensive picture of PDAC
pathogenesis.

The findings presented in this thesis not only advance our understanding of mitochondrial dynamics
in PDAC but also unveil potential therapeutic targets. NME4 and OPA1, identified as key players in
mitochondrial remodeling, offer promising avenues for intervention. The correlation between their
expression levels and patient prognosis underscores their clinical relevance. Future research could
delve deeper into the molecular intricacies of NME4 and OPA1 function, explore in more details their
interaction during pancreatic carcinogenesis, and investigate targeted therapies to modulate their
activities.

In conclusion, this research contributes significantly to the evolving landscape of PDAC biology,
shedding light on the intricate interplay between mitochondrial dynamics, cell cycle regulation, and

tumor progression.
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METHODS
CELL LINES AND CULTURE

All PDA cell lines were cultured in DMEM (Biowest, L0101) supplemented with 10 % Fetal Bovine
Serum (FBS) (Biowest, S1810) supplemented with 0.3 mg/mL glutamine (Biowest, X0550), 100
[U/ml penicillin G, and 100 pg/uL streptomycin (Biowest, L0022). Human pancreatic duct epithelial
cells (HPDE) were kindly donated by R. Perera (UCSF, USA) and cultured in Keratinocyte Serum
Free medium (Gibco, 17005-034) and RPMI 1640 (Biowest, L0501) supplemented with 10% FBS,
100 TU/ml penicillin G, 100 pg/uL streptomycin, 2.5 pg epidermal growth factor (EGF) (Gibco,
37000015), and 25 pg/mL bovine pituitary extract (BPE) (Gibco, 37000015). PANCI1 were kindly
provided by I. Szabd (University of Padova); MiaPaca-2 were kindly provided by V. Corbo
(University of Verona); KP4 were kindly donated by R. Zoncu (UC Berkeley, USA). HPDE-
KRASS?P.OMP25-GFP, PANC1-OMP25-GFP and MiaPaCa2-OMP25-GFP cells used for the
mitochondrial proteomic analysis were kindly provided by R. Perera (UCSF, USA).

KPC cells are in-house generated cell lines derived from the clonal expansion of cells isolated from
pancreatic neoplastic lesions in KPC mice (Pdx-Cre; [LSL-p53"%; LSL-Kras®'?P]). KPC mice rapidly
develop PDA tumors and KPC-derived cell lines were used as de facto tumor cell lines. Progression
is accelerated in KPC mice which simultaneously harbor P53 mutations or deficiency.

Negative mycoplasma contamination status of all cell lines and primary cells used in the study was
established using either visual inspection of Hoechst staining or with a mycoplasma detection kit
(Invivogen, MYSNC-100).

The assessment of cell growth in vitro was performed by manual counting of live cells with Burker
chamber.

Silencing was performed using Lipofectamine RNAiMax (Life Technologies, 56532) following the
indications of the manufacturer. The used siRNAs are the following: siNC4 (Life Technologies,
AMO641), siNME4 (Life Technologies, s9594), siOPA1 (Life Technologies, 144409).

MITOCHONDRIAL IMMUNOPRECIPITATION AND PROTEOMICS

HPDE-KRASS!?P PANC1 and MiaPaCa2 stably expressing OMP25-GFP-3xHA, tagging
specifically mitochondria, were scraped in ice-cold KPBS buffer (136 mmol/L KCI, 10 mmol/L
KH2PO4 pH 7.25) supplemented with Pierce protease inhibitor and were collected by centrifugation.
The pellets were resuspended in KPBS buffer supplemented with 50 mmol/L sucrose and 0.5 pmol/L
TCEP and mechanically lysed, followed by centrifugation at 2,700 rpm for 10 minutes. The

supernatant containing the organelles was incubated with 50 pL of anti-HA—conjugated Dynabeads
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(Thermo Scientific, 88837) for 30 minutes with rotation. Lysosome-bound beads were washed 3 times
and eluted overnight at 4°C using KPBS buffer containing 0.1% NP-40 detergent. Protein
concentration was measured using the Pierce BCA Protein Assay Kit. Equal amounts of protein from
each condition were used for mass spectrometry—based proteomics or immunoblotting.

Mass spectrometry analysis was performed as follows. A trichloroacetic acid precipitation was
performed to remove detergents by adding 1 volume of 6.1N trichloroacetic acid to 4 volume of
sample and incubated on ice for 10 minutes. The samples were centrifuged at 14,000 rpm at 4°C for
5 minutes, and the supernatant was removed. The pellet was then washed twice with 200 uL of cold
acetone at 14,000 rpm at 4°C for 5 minutes, and the residual acetone was allowed to evaporate.

The precipitated protein was resuspended in 100 pL of 6 mol/L urea in 100 mmol/L Tris pH 7.8 and
treated with 5 puL of 200 mmol/L DTT in 100 mmol/L Tris pH 7.8 for 60 minutes to reduce the
disulfide bonds. The resulting free cysteine residues were subjected to an alkylation reaction. The
samples were subjected to tryptic digestion at 37°C overnight with gentle shaking. Urea, Tris, and
other nonvolatile reagents in the sample were removed by solid-phase extraction using Sep-Pak Plus
C18 Cartridges (Waters Corp; WAT020515) according to the manufacturer's specifications.

The peptide solutions were manually injected on a Shimadzu microflow high-performance liquid
chromatography (HPLC) system consisting of two LC20AD pumps, a CBM20A controller, and a
FRCI10A fraction collector. Fractions were analyzed by reversed-phase HPLC using Waters
NanoAcquity pumps and autosampler and a Thermo Fisher Orbitrap Elite mass spectrometer using a
nano flow configuration. Peptides were identified from the MS data using SEQUEST algorithms. A
species-specific database was generated from NCBI's nonredundant (nr.fasta) database and
concatenated to a database of common contaminants (keratin, trypsin, etc.). The resulting data were
then loaded into Scaffold (Proteome Software), and a minimum of two peptides and a peptide
threshold of 95% and protein threshold of 99% were used for identification of peptides and protein-
positive identifications.

Then proteins were filtered manually for mitochondrial protein using MitoCarta 3.0, the subcellular
localization of UniProt, and TargetP 2.0 (MTS predictor). For the comparative analysis, LFQ analyst
was used.

GeneOntology analysis of the mitochondrial proteomic analysis was performed using Enrichr on a
curated list of commonly upregulated or downregulated proteins. The protein association map of the
commonly upregulated proteins was made using StringDB, with a confidence of 0.7 and eliminating

the disconnected dot.
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CELL CYCLE ANALYSIS

PANCI1-siCTR, PANC1-siOPA1 and PANCI1-siNME4 cells were trypsinized and washed in cold
PBS. Cells were then resuspended in cold 70% EtOH in PBS and incubated 1h at 4°C and then moved
at -20°C for 24h. The day after, cells were centrifuged at 3000 rpm for 3 minutes and washed in PBS.
Cells were incubated with 50 mg/mL of Propidium Iodide (Life Technologies, P3566) and 200 pg/mL
of RNAse (Sigma-Aldrich, R4875) for 1h at RT.

Samples were acquired and analyzed using the BD Canto-CALIBUR. Cells were gated based on
SSC-A or FSC-A to eliminate cell debris. The median fluorescence intensity was measured for each
independent biological sample based on at least 3 x 10* gated events. Cell cycle phases were

determined by the morphology of the PI peaks and percentage of cells in each phase was measured.

ANIMAL STUDIES

176 mice were bred to

OPA 176 mice were previously described *’. To generate KCO™S mice, OPA
Pdx1-Cre; LSL-Kras®!?P transgenic mice. Mice were largely born according to the Mendelian ratios.
Genotyping was performed by PCR amplification of ear snips digested with Proteinase K, using
primers listed in Table 1. Unless otherwise stated, all experimental mice were a mix of male and
female.

Mice were sacrificed at 8 weeks or 4 months of age, depending on the specific experiment and in any

case before the humane end point was reached.

Table 1 Primers used for genotyping of transgenic mice used in the study

Target Sequence

Pdx1-Cre FW TGCCACGACCAAGTGACAGC
Pdx1-Cre RV CCAGGTTACGGATATAGTTCATG
KRAS"T TGTCTTTCCCCAGCACAGT

KRASG!?P GCAGGTCGAGGGACCTAATA
KRASCOMMON CTGCATAGTACGCTATACCCTGT
OPAI" FW GAG GGA GAA AAATGC GGA GTG
OPAI"" RV CTC CGG AAA GCAGTGAGGTAAG
OPAI'™ FW GCAATGACG TGG TCCTGTTTTG
OPAI™® RV GAT AGG TCA GGT AAG CAA GCAAC
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PRIMARY MURINE PANCREATIC ACINAR CELLS ISOLATION

Primary pancreatic acinar cells were isolated from 6-8-week-old mice pancreata collected upon
sacrifice. Resected pancreata were washed twice in cold hank’s balanced salt solution (HBSS,
Biowest, L0607) and subsequently minced on a sterile petri dish using sterile blades. 20mL of HBSS
were added to the minced tissue and centrifugated for 4 minutes at 720g 4°C. Tissue was then digested
with 1 mg of collagenase P (Roche, 11215809103) in SmL HBSS at 37°C for 30 min, inverting the
tubes every 2 mins and interrupting digestion every 10 min to mechanically disrupt the clogs by
pipetting with progressively smaller pipette tubes. The reaction was stopped, and tissue homogenate
was washed twice with HBSS containing 5% calf serum (CS, Biowest, S0400) and then filtered
through a 500um mesh and a 100um strainer. The flow-through was carefully laid onto an HBSS
solution containing 30% of CS and centrifugated for 3mins at 200g 4°C. This gradient sedimentation
step enriches the preparation for acini, although does not impede the accidental co-isolation of other
cell populations. The pellet was resuspended in Waymouth’s medium containing 10% CS and
supplemented with 0.2mg/mL soybean trypsin inhibitor (Sigma-Aldrich, T9253). Trypsin inhibitor is
added to prevent autodigestion of the explants due to stress-induced release of proteases from acinar
cells themselves. Isolated primary pancreatic acinar cells were resuspended in Waymouth’s complete
medium and plated in low-adhesion dishes for a maximum of 4 days.

For glucose tracing, suspension-plated cells were allowed to recover overnight in Waymouth’s
medium supplemented with 10% CS and 0.1 mg/mL Soybean Trypsin Inhibitor. In the morning, cells
were collected and rapidly spun down and resuspended in glucose- DMEM +10% dialyzed FBS
(Voden, S181D) supplemented with either 10 mM [U-13C]-glucose (Cambridge Isotope
Laboratories, CLM-1396-1), plated in low-adhesion petri dishes and incubated at 37°C for 6 hours.

ACYL-COA QUANTIFICATION AND ISOTOPOLOGUE ANALY SIS

Acyl-CoA analyses were performed by liquid chromatography-mass spectrometry/high-resolution
mass spectrometry (LC-MS/HRMS) as previously described 233, Briefly, approximately 100 x10°
acinar cells were cultured in suspension in low adhesion 6 mm petri dishes. At harvest, cells were
placed on ice, transferred to 15 ml falcon tubes and centrifuged at 600 xg for 2 minutes at 4 °C.
Medium was aspirated and the cell pellet resuspended in 1 mL 10% (w/v) trichloroacetic acid (Sigma-
Aldrich, T6399) for acyl-CoA extraction. For quantification, an equal amount (100 pL) of *Cs-
labeled acyl-CoA internal standard was added to each sample 283, Samples were pulse sonicated,
centrifugated and the supernatant was purified by solid-phase extraction using Oasis HLB 1cc (30

mg) SPE columns (Waters). Eluate was evaporated to dryness under nitrogen gas and re-suspended
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in 50 uL of 5 % 5- sulfosalicylic acid (w/v) for injection. Samples were analyzed by an Ultimate 3000
autosampler coupled to a Thermo Q-Exactive Plus instrument in positive electrospray ionization
mode. For isotopic tracer analysis, isotopic enrichment from [U-13C]glucose was calculated to

compensate for the non-linearity of isotopic enrichment using the FluxFix calculator.

METABOLITES QUANTIFICATION

To extract polar metabolites for mass spectrometry analysis, acinar cells derived from a whole
pancreas were lysed in 80% methanol. Subsequently, the samples were centrifuged and dried using a
vacuum concentrator and stored at —80 °C. The measurements of the metabolites were obtained with
an Acquity UPLC system interfaced with a Quattro Premier mass spectrometer (Waters, Milford, MA,
USA) [64]. The calibration curves were established using standards and processed under the same
conditions as the samples, at five concentrations [65, 66]. The best fit was determined using a
regression analysis of the peak analyte area.

NAD" and NADH levels were measured using the NAD/NADH quantitation kit (Sigma-Aldrich,
MAKO037), following the indication of the manufacturer.

PROTEIN EXTRACTION AND WESTERN BLOT

For the validation of the mitochondrial proteomic, mitochondria were extracted as previously
described 2**. In brief, cells were scraped in PBS and centrifuged at 600 rcf at 4°C for 10 minutes.
Pellet was resuspended into IBc (10 mM Tris-MOPS, 1 mM EGTA/Tris, 200 mM Sucrose) and
homogenized using a Teflon pestle in a glass potter. After a series of high-speed centrifugations, a
mitochondrial suspension was obtained. Both mitochondria and pancreas harvested from mice were
lysed using NP-40 lysis buffer (25 mM Tris-HCI pH7.4, 150 mM NaCl, 1 mM EDTA, 1 % NP-40),
supplemented with PhosSTOP phosphatase inhibitor cocktail (Roche,) and protease inhibitor cocktail
(Roche,) and protein concentration was measured using the Bradford Reagent (Sigma-Aldrich,
B6916). 25 pg of protein per sample were resolved on 8%, 4-12% or 4-20%, depending on the
proteins of interest, SDS-Urea PAGE gel and transferred to PVDF membranes. Membranes were
blocked in 5 % milk for 1h at room temperature. Incubation with the appropriate dilution of primary
antibody was carried out at 4 °C o/n. NME4 (Gentex, GTX121931), OPA1 (Cell Signaling
technology, 80471S), TOMM?20 (Gentex, GTX133756), Vinculin (Sigma-Aldrich, V4505).
Fluorescent-conjugated secondary antibody were used at a dilution of 1:2000 for 1h at RT.
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QUANTITATIVE PCR (qPCR)

Total RNA was isolated from triplicate cell cultures under each condition using TRIzol Reagent
(Invitrogen, 15596026). Briefly, cells were washed in PBS, lysed with TRIzol and after homogenizing
the sample, transferred to microfuge tubes. Then chloroform was added and the homogenate was
allowed to separate into a clear upper aqueous layer (containing RNA), an interphase and a red lower
organic layer (containing proteins and DNA). The aqueous phase with RNA was transferred to a new
tube and the process was repeated twice. Isopropanol was added to the aqueous phase and the
homogenate was left for 1h on ice to allow RNA precipitation. Finally, the RNA was precipitated
through centrifugation (20 mins at 13.000g 4°C) and the resulting white gel-like pellet was washed
twice in Et-OH 75%, then air dried and finally resuspended in 20-50pL of RNase-free water.
Reverse transcription was performed using the High-Capacity cDNA Reverse Transcription Kits
(Applied Biosystem, 4387406). Generally, 500ng-1pg of RNA was used. cDNA was diluted 1:20 (or
1:10) and used as a template in the CAPITAL qPCR Green master mix (Biotech Rabbit, BR0501701).
Transcript levels are provided as fold change, calculated using AACt. For the quantification of
mtDNA, DNA was extracted from human cell lines or acinar cells extracted from mice using Quick-
DNA™ extraction kit (Zymo Research, D4075) and the DNA was diluted to 5 ng/pL and used as a
template in the CAPITAL qPCR Green master mix. Used primers are listed in Table 2.

Table 2 Primers used for gPCR

Target Sequence

h-NME4 FW AGGGTACAATGTCGTCCGC
h-NME4 RV GACGCTGAAGTCACCCCTTAT
h-OPAIl FW AGCCTCGCAGGAATTTTTGG
h-OPAl RV AGCCGATCCTAGTATGAGATAGC
h-Actin FW CGCCGCCAGCTCACCATG
h-Actin RV CACGATGGAGGGGAAGACGG
h-18S FW GTTCAGCCACCCGAGATTGA
h-18S RV CCCATCACGAATGGGGTTCA
h-p2MG FW TGCTGTCTCCATGTTTGATGTATCT
h-p2MG RV TCTCTGCTCCCCACCTCTAAGT
h-mt-tRNA-Leu FW CACCCAAGAACAGGGTTTGT
h-mt-tRNA-Leu RV TGGCCATGGGTATGTTGTTA

m- p2MG FW ATGGGAAGCCGAACATACTG

m- f2MG FW CAGTCTCAGTGGGGGTGAAT
m-mt-CytB FW CTAGAAACCCCGAAACCAAA
m-mt-CytB FW CCAGCTATCACCAAGCTCGT
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TRANSMISSION ELECTRON MICROSCOPY (TEM)

Cells or pancreatic tissue from mice were fixed one hour at 4 °C in 2.5% glutaraldehyde in sodium
cacodylate buffer 0.1M pH 7.4 and washed using sodium cacodylate 0.1M pH 7.4. Cells were
incubated with osmium tetroxide 1% + potassium ferrocyanide 1% in sodium cacodylate buffer 0.1M
pH 7.4 for 1h at 4° C, embedded in epoxy resin and sectioned. Ultrafine (60-80 nm) dissections were
performed with Ultratome V (Leica) ultramicrotome and contrasted with 1% of Uranyl acetate and
1% of Lead citrate. Thin sections were imaged on a transmission electron microscope FEI Tecnai G2
with OSIS Veleta cameras and visualized at a magnification of 37000 X.

For the morphometric analysis of mitochondria, mitochondrial area, mitochondrial perimeter,
mitochondrial aspect ratio, mitochondrial cristae length and mitochondrial cristac width was
manually measured using ImageJ. Cristae width was measured on the widest portion in completely
visible cristae. Cristae density was calculated as the number of mitochondrial cristae normalized for
the area of the mitochondria.

For HPDE-KRASY'?P, PANC1 and MiaPaCa2 were measured at least 150 mitochondria from at least
10 different cells. For WT and KC pancreatic tissues, 50 mitochondria per mouse from 3 mice for
genotype were analyzed. For KP4-siCTR and KP4-siNME4 50 mitochondria per biological replicates

from 3 different biological replicates were analyzed.

IMMUNOFLUORESCENCE, IMMUNOHISTOCHEMISTRY AND ANALYSIS OF
MURINE PANCREATIC TISSUE

For histological evaluation, the whole pancreas was harvested from mice and laid on a planar surface
for overnight formalin fixation. After the fixation step, tissues were paraffine-embedded and
sectioned at 4 pm.

Tumor evaluation was performed on hematoxylin and eosin dyed sections and whole pancreata were
reconstructed through software guided tile merging using the DM6B Leica microscope. Image J
software was used for quantification of the area of the entire pancreata as well as of individual
neoplastic foci.

Immunohistochemistry was performed on paraffin-embedded sections. Tissue sections were dewaxed
and rehydrated. Antigen retrieval was performed by boiling samples in citrate buffer for 20 min and
the immunohistochemistry was performed using the Mouse to mouse HRP Staining kit (Histoline,
MTMOO01). Primary antibodies against pan-acetylated histone H4 (acH4, Invitrogen, PA5-40083),
cleaved caspase 3 (cl-cas3, Cell Signaling Technology, 9661T) were incubated overnight at 4 °C.

Quantification of cleaved caspase 3 was performed counting the number of positive cells per field.
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Immunofluorescence was performed on paraffine-embedded sections. Tissue sections were dewaxed
and rehydrated. Antigen retrieval was performed by boiling samples in citrate buffer for 20 min.
Samples were blocked in PBS-FBS 2,5% and primary antibodies against TOMM20 (Gentex,
GTX133756), Ki67 (Invitrogen, PA5-19462), YH2AX (Cell Signaling, 2577S), CPA1 (R&D Systems,
AF2765) were incubated overnight at 4 °C. Fluorescent-conjugated secondary antibodies were
incubated 1h at RT. Nuclei were stained using Hoechst 33342 (Invitrogen, H3570).

For immunofluorescence analysis in vitro, cells were seeded on 13 mm coverslips (Life Technologies,
174950). Cells were fixed using 4% PFA and permeabilized in 0,1% Triton X-100. Cells were blocked
in PBS-FBS 2,5% and primary antibody against TOMM?20 (Gentex, GTX133756) and YH2AX (Cell
Signaling, 2577S) were incubated overnight at 4 °C. Fluorescent-conjugated secondary antibodies
were incubated 1h at RT. Nuclei were stained using Hoechst 33342 (Invitrogen, H3570).
Immunofluorescence were visualized using Zeiss LSM900 upright confocal microscope with a
magnification of 40X.

YH2AX was quantified manually counting the number of foci per nucleus. In vitro cells data are
represented classifying cells for the number of foci per nucleus. Ki67 was quantified as the percentage
of positive nuclei on the total number of nuclei per field. Nuclear area was measured using a MatLab
tool (Mitochondrial Analyzer), kindly donated by M. Bortolozzi (VIMM).

Mitochondrial network morphology was evaluated on images stained with the TOMM?20 antibody
using a MatLab tool (Mitochondrial Analyzer), kindly donated by M. Bortolozzi (VIMM). In
particular, the fusion index is calculated as the ratio between the area of a single fluorescent object

(mitochondria) and the roundness of the same object.

TISSUE MICROARRAYS, IMMUNOHISTOCHEMISTRY AND CORRELATION
WITH CLINICAL OUTCOME ON HUMAN SAMPLES

To assess NME4 as a potential prognostic biomarker, we assembled a cohort comprising early-stage
patients (stage [-IIb, n = 76) undergoing adjuvant gemcitabine treatment. We selected representative
cores from individual primary pancreatic ductal adenocarcinoma formalin-fixed paraffin-embedded
or normal pancreas adjacent tissues, before treatment, and combined them into tissue microarrays,
following established protocols. Immunohistochemical staining of NME4 was conducted according
to the manufacturer guidelines. Negative control slides, stained without the primary antibody, were
utilized. The BenchMark Special Stain Automation system (Ventana Medical Systems, Export, USA)
was employed for visualization. Evaluation of staining involved an assessment of tumor and tissue
loss, background, and overall interpretability. Immunostaining intensity was categorized into two

grades—Ilow and high expression—based on a scoring system considering staining intensity (graded
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as 0: absent, 1: weak, 2: moderate, 3: strong) and the number of stained cells. All patients provided
written informed consent for the storage and analysis of their tumor material and survival data. This
study received approval from the Local Ethics Committee of the University of Pisa (Ethics approval
#3909, 3 July 2013). Correlation with clinicopathological characteristics, including progression-free
survival (PFS) and overall survival (OS), was analyzed using Kaplan—Meier curves and the log-rank
test. Univariate analysis was conducted, and factors with a P value below 0.1 were assessed in the
multivariate analysis following the Wald model, utilizing SPSS software version 26 (IBM Corp,

Armonk, NY). Statistical significance was set at P values below 0.05.

RESPIROMETRIC ANALYSES

Long term respirometric analysis on HPDE-KRASS!?P and PANC1 cells were performed using the
Resipher System (Lucid Scientific). Briefly, cells was seeded into a 96-well in complete medium and
maintained for 24 h at 37 °C, 5% COx. The day after, the medium was changed with complete DMED
w/o phenol red and the Resipher System was attached to the plate and maintained at 37°C, 5% CO-
for 10 hours.

Metabolic parameters of PANCI1-siCTR and PANC1-siNME4 were calculated using the Seahorse
XFe24. Briefly, PANCI1-siCTR and PANCI1-siNME4 were seeded in a 24-well Seahorse XF24 cell
culture microplate in complete medium and maintained for 24 h at 37 °C, 5% COx. To evaluate the
OCR and ECAR, one hour previous to the experiment the medium was replaced with Seahorse
medium (Dulbecco’s Modified Eagle Medium, Agilent, 103335-100) supplemented with 1 mM
sodium pyruvate (Biowest, L0642), 2 mM glutamine (Biowest, X0550) and 10 mM glucose (Sigma-
Aldrich, G8270) and sequentially injecting the following reagents: Oligomycin A (0,5 uM), Carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (1 uM), Antimycin and Rotenone (0,5 uM).
Data were analyzed with Agilent Seahorse Wave software.

Oxygen consumption rate of acinar cells extracted from WT or OPA1T¢

mice was performed using
Oroboros O2k. Briefly, acinar cells were extracted as previously described and cultured in
Waymouth’s complete medium for 24 h at 37°C, 5% COs.. The day after, medium was replaced with
Mir05 buffer (0,5 mM EGTA, 3 mM MgCl,, 60 mM Lactobionic acid, 20 mM Taurine, 10 mM
KH2PO4, 20 mM HEPES, 110 mM D-Sucrose, 1 g/L fatty acid free BSA) and cells were transferred
into the chamber of the Oroboros O2K system, after its calibration. Oxygen consumption rate was
measured following the addition of pyruvate (5 mM), Oligomycin A (10 nM), Carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) (titration- 0,5 uM per step), Antimycin A (2,5 pM) and Rotenone

(0,5 uM). Data were normalized on protein quantity, calculated using the Bradford Reagent.
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STATISTICAL ANALYSIS

Data are presented as the means of experimental replicates with their respective standard deviations,
unless otherwise indicated. For data derived from mice every dot represented a biological replicates.
Graphs and statistical analysis was performed using GraphPad Prism. Repeated-measures ANOVA
with Tukey-Kramer adjustment for multiple comparisons was used to evaluate significant differences
in the 10 hours long respirometric analysis. For survival, log-rank test was performed using GraphPad
Prism. The other data, if not differently specified, were analyzed using non-parametric t-test (Mann-
Whitney).

Significance was defined as follows: *, P <0.05; **, P <0.01; *** P <0.001; **** P<(0.0001
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