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1. Introduction

1.1 Pancreatic Cancer: a “silent killer”

Pancreatic Cancer (PC) is the seventh leading cause of cancer-related death, but it is
expected to become the second one by 2030 (1). The lack of specific symptoms combined
with the aggressive biology, contribute to the poor prognosis of pancreatic cancer, leading
to its designation as a “silent killer” (2). Regarding the risk factors, cigarette smoking
represents that with the strongest association with pancreatic cancer (3), followed by alcohol
use (4), inflammatory diseases such as chronic pancreatitis (5) and, moreover, diet and
diabetes (6). Among the different types of PCs, Pancreatic Ductal Adenocarcinoma (PDAC)
accounts for more 90% of all cases, showing an overall 5-year survival rate of less than 5%
and a median survival time of less than 6 months if untreated (7). The molecular profiling
of PDAC involves multistep genetic alterations occurring on KRAS, CDKN2A, TP53 and
SMAD4 genes. Low-grade precancerous lesions, known as pancreatic intraepithelial
neoplasms (PanlINs), can initially show KRAS mutations and then progress to grade 2 and 3
by acquiring additional variants for CDKN2A, TP53 and SMAD4 genes (8). Indeed, germline
mutations occurring in BRCAI, BRCA2 (hereditary breast and ovary cancer syndrome),
and ATM (ataxia telangiectasia syndrome) are also associated with an increased risk for
PDAC (9). However, the reason of such aggressiveness is the sum of many factors: among

them, the “desmoplastic reaction” has been designated as a critical tumor hallmark (10).

1.2 The vital interplay between PDAC and Tumor Microenvironment

The PDAC tumor microenvironment (TME) is composed of different cellular types,
immersed in a very dense stroma which is the result of a desmoplastic reaction. It is a typical
condition where stroma becomes highly fibrotic and creates a real barrier, contributing to

isolate the cancer. Simultaneously, cancer-associated fibroblasts (CAFs), tumor-associated



macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) release inflammatory
molecules and extracellular matrix (ECM) components, thereby reducing vascularization
and increasing hypoxia. Unexpectedly, the effect of this hostile niche is tumor-promoting:
cancer cells are “forced” to acquire more carcinogenic attributes and to reprogram
themselves by actively interacting with surrounding cells. CAFs cover 15-85% of all the
cellular lines that constitute the PDAC TME (11). Thus, many studies have focused their
attention on their involvement in tumor progression, thereby finding several strategies
through which they may act. First, the main work performed by CAFs is matrix deposition
by secreting protein components such as glycosaminoglycans, collagens and fibronectin.
(12). As a result, CAFs contribute to ECM fibrosis which in turn exacerbates the malignant
tumor phenotype. Furthermore, CAFs have an important role in reprogramming the
immune system through the production of the macrophage colony stimulating factor (M-
CSF), a molecule responsible for pro-tumoral M2 macrophage activation (13). Indeed, even
pancreatic stellate cells (PSCs) support the vitality of pancreatic cancer cells, providing them
substrates for Krebs-cycle and via immune inactivation (14). Regarding the immune
compartment, it is well known that the poor outcome of PDAC patients is related to a
heavier involvement of tumor-promoting immune cells with tolerogenic functions over
tumor-suppressive populations (e.g., CD8+ and CD4+ T cells, naive B lymphocytes,
monocytes, plasma cells, and activated mast cells) (15, 16). PDAC cells in fact have been
found to attract M2-macrophages, neutrophils, T helper (Th17), regulatory B lymphocytes
(B-reg), and myeloid-derived suppressor cells (MDSCs), thanks to the release of IL-1f3, and
to condition the remaining cellular microenvironment to suppress the activity of cytotoxic
T cells (17). Altogether, these findings suggest a multitude of strategies through which PC

can conditionate the TME.



2. Mitochondrial homeostasis: a hard affair

Usually defined as the “powerhouse of the cells”, mitochondria play crucial roles within the
cell, not only in energy production but also in several processes including cell death, fatty
acid oxidation, innate immune signaling, etc. (18, 19). As the epicenter of many
mechanisms, mitochondria are commonly exposed to stressful conditions that might affect
their quantity and quality within the cytoplasm. Thus, cells developed an efficient

mitochondrial quality control system to “safeguard” mitochondrial health (20).

2.1 Mitochondrial Quality Control System (MQC): the Guardian of Mitochondrial Safety

The mitochondrial quality control system (MQC) is based on three specific processes:
mitochondrial dynamics, mitochondrial biogenesis and mitophagy. They cooperate to
maintain mitochondrial homeostasis by clearing disrupted mitochondria, repairing mtDNA
and generating new organelles. Mitochondrial dynamics act by shifting between fusion and
fission to address moderate damage occurring within mitochondria (20). In this regard,
Optic atrophy 1 (OPA1) and dynamin-like GTPase (DRP1) proteins are well-recognized as
the main regulators of mitochondrial changes in shape and distribution. On the other hand,
the remaining two processes are mostly involved in the control of the number and the size
of mitochondria by coordinating transcription and replication of nuclear and mitochondrial
genomes (mitochondrial biogenesis), and by ensuring the mitochondrial turnover through
the elimination of unfunctional mitochondria (mitophagy). Disrupted mitochondria are
specifically engulfed into autophagosomes and driven to lysosomes, allowing their
degradation (21). By this way, the cell can reduce intracellular reactive oxygen species (ROS)
and prevent cell death (22). This selective macro-autophagy can follow two different
mechanisms: the ubiquitin/Parkin-dependent or the ubiquitin/Parkin-independent
pathways. The first pathway is mediated by two main actors, PINK-1 and Parkin: under

physiological conditions and when mitochondria are undamaged, PINK-1 is continuously



imported into the inner mitochondrial membrane (IMM) to be cleaved and then released
into the cytoplasm to be degraded. In case of stressful conditions and in impaired
mitochondria, the disruption of mitochondrial import channels prevents PINK-1 entrance
which in turn localizes on the outer mitochondrial membrane (OMM) and recruits the E3
ubiquitin ligase Parkin. Here, PINK-1 phosphorylates and activates Parkin which will
promote the ubiquitination of mitochondrial proteins through the ubiquitin-proteasome
system (UPS) (23). In Parkin-independent process instead, the degradation of mitochondria
is facilitated by BCL2 interacting protein 3 (BNIP3) and BCL2 interacting protein 3 like
(BNIP3L). These mitophagy receptors are mainly activated under hypoxia (24). Thus, based
on the entity of mitochondrial damage, the cell might selectively choose between these two

alternatives.

2.2 Mitochondria-derived vesicles (MDVs): additional layers of mitochondrial quality check

In the setting of a mild stress, whether cells cannot afford the loss of mitochondria, they
might also opt for packaging of mitochondrial components into microvesicles (25, 26).
Studies suggest that their generation might be a first round of defense against mitochondrial
damage that involves the selective removal of disrupted proteins instead of the entire
mitochondria (27). First identified in 2008 by Neuspiel et al (28), mitochondrial-derived
vesicles (MDVs) are shuttles of mitochondrial cargoes with diameters ranging from 70-150
nm. They appear as single-membrane vesicles when derived from the outer mitochondrial
membrane (OMM) or in the form of double-membrane vesicles when derived from both the
inner mitochondrial membrane (IMM) and the outer membrane. The MDV formation has
been reported as a housekeeping process, occurring at low basal levels under homeostatic
conditions and becoming upregulated in stressful environments. The PINK-1/Parkin
activation is one of the main responsible for budding of oxidized membrane proteins and
their consequent inclusion into vesicles (29). Interestingly, PINK-1 has been thought to act
as a sensor of degree of mitochondrial damage, alternatively retrieving the actors of

mitophagy or MDV biogenesis depending on the context. However, the downstream
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players of the process are still lacking. MDVs can be distinguished based on the
incorporation of two main proteins: TOMM?20, an outer mitochondrial membrane protein
necessary for importing nuclear-encoded proteins, and pyruvate dehydrogenase (PDH)
subunits E2/E3bp located at the mitochondrial matrix (30). However, TOMM?20+/PDH-
MDVs appear mainly generated in response to extramitochondrial damage while the
intramitochondrial oxidative stress usually causes the loading of mitochondrial matrix
proteins into TOMM20-/PDH+ MDYV populations (31). According to these findings, stress
conditions altered the protein cargo of MDVs, which showed an enrichment of
mitochondrial matrix and iron-binding proteins compared to baseline (31, 32).
Furthermore, OPA-1 and SNX9 (Sorting Nexin 9) proteins have been recently reported to
control the incorporation of both IMM and matrix proteins in the way that their silencing
resulted in a reduction of matrix-positive MDVs (25, 30). As additional players of MQC
system, MDVs are generally internalized by multi vesicular bodies (MVBs) to be finally
disintegrated into the lysosomal compartment, thus allowing a rapid regulation of

mitochondrial mass.

2.3 An alternative route for MDVs: the delivery into the extracellular space

Beyond the trafficking towards intracellular degradation systems, MDVs can pursue an
alternative fate that drives them to the extracellular microenvironment in the shape of
extracellular vesicles (EVs). EVs are heterogenous, phospholipid-enclosed structures
generated by the cells and released into the extracellular space; they are often regarded as
molecular fingerprints, acting as biomarkers that reflect the physiological state of their
parental cells. Found to be involved in several mechanisms related especially to intercellular
communication, EVs are classified by their size and content. This classification distinguishes
exosomes (~30-150 nm in diameter) from ectosomes - which include microvesicles (~200-
1000 nm) and large oncosomes (>1000 nm) (33). Recently, Zhou and colleagues used the term
“mito-EVs” to define all EVs originating from mitochondrial structures (34). The delivery

of MDVs as “mito-EVs” results from an alternative route of MVBs: instead of fusing with
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lysosomes, they can interact with the plasma membrane causing its budding and the
subsequent extracellular release of MVBs (30). Interestingly, rather than merely transporting
mitochondrial debris out of the cell, “mito-EVs” appear to be generated to exert specific
extracellular functions. For example, some studies have attributed a protective role to mito-
EV-mediated crosstalk between donor and recipient cells, particularly in the context of
cardiovascular diseases. Crewe et al. reported that the vesicular transmission of
dysfunctional mitochondria from adipocytes to cardiomyocytes may act a protective
preconditioning signal against myocardial injury (35). Similarly, the administration of
“mito-EVs” to hypoxic cardiomyocytes has been shown to restore intracellular ATP levels
and improve contractility (36). Recently, stressed brown adipocytes were found to
specifically package PDH+/TOMM20-MDVs into extracellular vesicles through a Parkin-
dependent mechanism (37). Thus, the impact of this organelle trafficking is strongly
dependent on the functional state of mitochondria across the different cell types within the

tissue.

3. Mitochondrial Dysfunction in Cancer: how does it manifest?

Although the initially accepted theory of the “Warburg effect” assigned a marginal role to
mitochondria in tumor survival and progression, over the last few decades, mounting
evidence has brought mitochondria back to the forefront, demonstrating the importance of a
functional OXPHOS compartment for oncogenic potential. The dual impact on energy
supply and cell death regulation revealed the critical role of mitochondria in the balance
between the survival and apoptosis of cancer cells (38). Thus, the concept of metabolic
reprogramming in tumors must involve both mitochondrial function and dysfunction.
Indeed, changes in mitochondrial morphology, function, and dynamics are frequently
correlated with tumor adaptation and progression. Here, we discuss the various ways
through which mitochondrial dysfunction manifests, particularly within the tumorigenic

context.



3.1 Defects of the mitochondrial TCA cycle and oxidative phosphorylation

Eukaryotic cells transform nutrients derived from the environment into available energy
(ATP) via two main pathways: cytosolic glycolysis and oxidative phosphorylation
(OXPHOS), which occurs within mitochondria. Under hypoxic conditions, glucose-derived
pyruvate is transformed into lactate. In the presence of oxygen, instead, pyruvate is shuttled
into the mitochondria and converted into acetyl-CoA to be oxidized through the
tricarboxylic acid (TCA) cycle. This series of metabolic reactions leads to the reduction of
NADH and FADH2, a critical step for subsequent oxidative phosphorylation. Consequently,
the respiratory electron transport chain - embedded in the inner mitochondrial membrane
and consisting of protein complexes (I to IV) - uses electrons derived from NADH and
FADH?2 to generate a proton gradient, which in turn drives ATP synthesis. Simultaneously,
the crista junctions (CJs), by controlling ion movement, ensures distinct electrical potentials
across the cristae and inner boundary membranes. In the context of cancer, however,
functional dysregulations of the mitochondrial compartment are common; these can
manifest as TCA cycle enzyme dysfunction, altered membrane potential, and reduced ATP
levels (38). Moreover, genetic alterations of mitochondrial proteins are also responsible for
inducing tumor growth and activating pro-survival signaling (39, 40), often involving key

enzymes involved of the TCA cycle (41).

3.2 Generation of ROS

On the other hand, alteration of mitochondrial respiratory chain activity, frequently
observed in cancer, can increase electron leakage, contributing to to the production
of reactive oxygen species (ROS). Specifically, NADPH oxidase (NOX) has been reported to
be activated by mitochondrial respiratory chain dysfunction, effectively promoting
increased cellular ROS levels. Consequently, ROS generation is associated with genetic

instability and can stimulate intensive cancer cell proliferation (41, 42).
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3.3 Disruption of morphological integrity

Healthy mitochondria are characterized by intact membranes and tightly organized, well-
defined cristae, which reflect a robust bioenergetic capacity (38). However, during tumor
progression, mitochondria often undergo morphological shifts: they can appear swollen,
enlarged, with disorganized cristae and dense matrices. Interestingly, these changes in
mitochondrial shape correlate with specific metabolic features: cells exhibiting fragmented
mitochondria tend to rely more on glycolysis than cells with predominant elongated
mitochondria (43). Indeed, the outcomes of mitochondrial fragmentation and swelling are
tissue-specific and depend on the degree of structural alteration. For example, mild swelling
due to osmotic imbalances may still be compatible with mitochondrial function and
metabolism (44), while non-physiological (pathological) swelling impairs the outer
mitochondrial membrane and leads to cell death (45). In tumor tissues undergoing hypoxia,
mitochondria can remain functional despite the enlarged morphology - albeit shifting
toward a more glycolytic phenotype — thereby supporting rapid growth and providing
protection against apoptosis. This survival strategy has been reported in ovarian, lung, and
renal cancer as well as in osteosarcoma (46). On the other hand, tumors displaying early
signs of apoptosis or necroptosis often exhibit markedly swollen and disrupted

mitochondria, which are in turn associated with increased tumor aggressiveness (43).

3.4. mtDNA alterations

It is well established that mitochondrial dysfunction can be related to the nature of mtDNA.
With its circular genome consisting of about 16.6 kb - encoding 13 proteins, 22 tRNAs and 2
ribosomal RNAs (rRNAs) - mtDNA is highly susceptible to mutations, which are usually
found in a wide spectrum of human cancers (47). Recurrent mutations typically involve the

D-loop region, protein-coding sequences, and rRNA or tRNA genes (48, 49). These most
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commonly consist of point mutations and reduced copy numbers, although frame-shifting
insertions and large-scale deletions have also been identified (41, 50). For instance, sequence
analyses of tumor and normal tissue samples across five cancer types by The Cancer
Genome Atlas (TCGA) revealed somatic mtDNA mutation frequencies of approximately
60% and 50% in rectal and colon adenocarcinomas, respectively, and around 30% in ovarian
serous cystadenocarcinoma and acute myeloid leukemia, followed by 13% in glioblastoma
(51). Alteration in mtDNA have also been associated with PDAC (52). Using an integrated
approach of genomic, metabolomic, and phenotypic analysis on a cohort of patient-derived
pancreatic cell lines, Hardie et al. found that most mtDNA mutations occurred within the
protein-coding sites of the ND1, ND2, ND4, ND5, and ND6 subunits of Complex I
Furthermore, functional analysis revealed a more enhanced glycolytic activity alongside
reduced OXPHOS (53). In a different study, nDNA and mtDNA were quantified in 43 PDAC
tumor tissues and 31 normal adjacent pancreatic tissues by means of multiplex RT-PCR.
Surprisingly, the authors observed a significant lower mtDNA copy number in PDAC
samples compared to normal adjacent tissues (54). In fact, although the understanding of
genotype-phenotype relationships remains limited, a new model of metabolic adaptation in
PDAC is emerging, where the heterogeneous genomic landscape is proposed to converge
on a common metabolic phenotype that in turn supports the occurrence of different mtDNA

mutations (53).

3.5 Dysregulation of MQC

Mitochondrial dysfunction has been also correlated with the deregulation of mitochondrial
quality control (MQC) mechanisms. Given their dynamic nature, mitochondria undergo
constant changes through fission and fusion processes in response to metabolic demands.
Mitochondrial dynamics thus maintain a balance that ensures stable organelle quality
control. Consequently, the disruption of this equilibrium can reshape mitochondrial
morphology and localization, inducing altered metabolic reprogramming (38, 55). For

example, changes in the expression and function of key players such as OPA1l and
12



Mitofusins 1 and 2 (MFN1/2) have been reported in many types of cancer, when they act as
critical modulators of the malignant phenotype (56, 57, 55). Furthermore, the failure to
efficiently eliminate damaged mitochondria through mitophagy is a critical driver of
cellular function impairment; the resulting accumulation of dysfunctional organelles can
profoundly reprogram cell behavior. Conversely, in response to excessive pre-existing
mitochondrial damage, mitophagy can be overstimulated, potentially driving the cell
toward death due to its nature as a "self-eating" (autophagic) process. Interestingly, a new
emerging role has been recently attributed to MDVs in tumor cells; they may compensate
for impaired mitophagy, thereby supporting cancer adaptation by providing an alternative

pathway for mitochondrial material disposal (58).

4. The ability of Pancreatic Cancer (PC) to drive the activity of mitochondria

As previously discussed, cancer can rearchitect tissue metabolic processes to fulfil novel
energetic needs. In the context of PC, the typical cancer metabolism is heavily impacted by
external and internal stimuli, involving both actors of the tumor microenvironment (TME)

and several cellular pathways (59).

4.1 The role of the Tumor Microenvironment (TME) in PC

As discussed above, PDAC is characterized by a poorly vascularized and desmoplastic
stroma, which results in hypoxia and nutrient deficiency. To cope with such hostile
conditions, the adaptative response of cancer cells generally translates into a higher reliance
on glycolysis for rapid ATP production, with a concomitant deficit in mitochondrial
respiration. However, recent emerging metabolic studies in PC have revealed high plasticity
between glycolysis and OXPHOS, proving that multiple neoplastic cellular subpopulations
with different metabolic dependencies coexist and cooperate to foster a more aggressive

tumor phenotype (60). Interestingly, Daemen et al. found an enrichment of three metabolic
13



pathways - glycolysis, lipogenesis and oxidative reduction - in PDAC (61). Simultaneously,
since hypoxia imposes a significant nutrient restriction within the pancreatic tumor niche,
additional strategies are adopted by PDAC cells to survive. For instance, they have been
found to rely also on glutamine as a source of carbon and nitrogen (62), which can be
shuttled into pancreatic cells even by means of exosomes derived from the TME itself (63).
Olivares et al. additionally correlated the high collagen content of the extracellular matrix in
PC with cancer survival, observing that tumor mitochondria were able to take up collagen
fragments to compensate for nutrient deprivation (64). Thus, within such a hetero-cellular
system where tumor and stromal cells reciprocally influence each other, there is a growing
awareness of the benefits that a hybrid metabolic phenotype provides to PDAC

aggressiveness compared to cells utilizing only a single pathway.

4.2 The contribution of mutated RAS proteins in respiratory injury of PC

Oncogenic KRAS is a well-established biomarker of PDAC and one of the most frequently
activated tumorigenic drivers (65). Mutations in the GTPases HRAS, NRAS and KRAS have
been recurrently detected in several human carcinomas. Basically, the RAS family
modulates a variety of cellular responses linked to proliferation, survival and migration.
Mutations occurring in these genes can dysregulate these pathways, contributing to cancer
development (66). Among the existing mutation subtypes, the missense mutation G12D is
the most common in PC. Interestingly, cells bearing oncogenic mutant KRAS usually exhibit
compromised mitochondrial machinery: they tend to express a glycolytic phenotype
combined with a defective mitochondrial respiratory chain and decreased oxidative flux
through the TCA cycle (67). In PDAC cells, oncogenic KRAS drives this metabolic
reprogramming: in response to the increased glucose demand, activated KRAS upregulates
glucose transporter 1 (GLUT1) which in turn increases glucose uptake (68). Cancer cells
consequently utilize more glucose-derived carbon for anabolic reactions such as the
synthesis of ribose, amino acids, lipids, and glycosylation precursors. (68) Another

hypothesized mechanism by which KRAS could cause mitochondrial dysfunction is linked
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to KRAS protein translocation: Hu et al. postulated in the K-ras¢?V-expressing cells, the
physical presence of KRAS protein within the mitochondria critically interferes with
respiratory activity, by promoting the downregulation of NDUFAF1 (69). Together, these
findings are gradually increasing the interest in filling the gaps in our knowledge regarding

the real contribution of defective mitochondria to pancreatic cancer.

5. Horizontal Mitochondrial Transfer: a new emerging strategy for intercellular
communication

The fate of fragmented mitochondria has been discussed at length: while, initially, their
degradation was thought to be limited to the cytoplasm of the stressed cell through the
mechanism of mitophagy, over time a new concept of cell survival has spread, whereby
damaged mitochondria can undergo intercellular transfer (70). This results in the horizontal
transfer of mitochondria, which occurs to aid the mitochondrial quality control system. This
phenomenon may affect both damaged and healthy mitochondria depending on the
metabolic needs of the tissue, but always requires a specific crosstalk between the donor and
the recipient cells. Interestingly, there are different mechanisms through which this
trafficking can occur (Fig. 1), including tunneling nanotubes (TNTs) or smaller carriers, such
as extracellular vesicles (71). In some cases, even free mitochondria or mtDNA can be
directly delivered. However, the real impact of intercellular mitochondrial transfer on both

donor and recipient cells is still poorly characterized.
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Figure 1. Different ways of horizontal mitochondrial transfer between cells.

5.1 The tendency of stressed cells to “outsource” the removal of dysfunctional mitochondria

When mitophagy mechanisms are dysregulated, an emerging compensatory response
activated by cells is trans-mitophagy: they can commission the degradation of excess
dysfunctional mitochondria to recipient cells (72) In this way, the donor cell is able to
maintain mitochondrial homeostasis. For example, the trafficking of damaged mitochondria
has been reported from retinal ganglion cells to adjacent astrocytes (73). Indeed, as
mentioned above, Ikeda et al. (36) demonstrated that the release of “mito-EVs” by stem cell-
derived cardiomyocytes restored the intracellular bioenergetics of the ischemic
myocardium. Interestingly, in the context of cancer, many studies are gradually exploring a
new way of communication between tumor and stromal cells involving mitochondria: in
the work of Valdebenito and colleagues, TNTs induced by oxidative stress mediated the
long-range exchange between glioblastoma and primary astrocytes, allowing the transfer of
enlarged and metabolically altered mitochondria from cancer cells into neighboring
primary astrocytes (74). Similarly, tunnelling nanotubes promoting trans-mitophagy have
been recently observed connecting multiple myeloma cell with BM stromal cells (BMSCs), a

process that correlates with cancer survival (75).
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5.2 The contribution of neighboring cells in providing healthy mitochondria

Mitochondrial exchange does not exclusively consist of the unidirectional transport of
damaged material. Rather, it is a mechanism through which cells within the
microenvironment can actively participate in the overall homeostasis of the tissue. Thus,
this delivery can also involve functional mitochondria which in turn may help to stabilize
the bioenergetic potential of the target cell. The transfer of intact mitochondria is a recurrent
phenomenon in glioblastoma, associated with tumorigenesis: mitochondria are shuttled
from astrocytes to cancer cells, where they participate in the upregulation some metabolic
pathways involved in the proliferative potential (76). Indeed, the intercellular transfer of
mitochondria has been reported to have additionally a pro-metastatic role: Zhang et al.
recently found that the uptake of platelet-derived healthy mitochondria by osteosarcoma
cells enhanced their capacity to metastasize to the lung (77). Thus, given the frequency of
this phenomenon especially in pathological conditions, mitochondrial transfer merits more

attention from researchers.

5.3 Circulating cell-free mtDNA (cf-mtDNA)

Cells experiencing mitochondrial stress are usually prone to releasing mitochondrial
damage-associated molecular patterns (DAMPs) which in turn contribute to the prompt
regulation of the surrounding inflammation. Among DAMPs, cell-free mtDNA can be
released into the extracellular milieu. Cases of mtDNA leakage have been recently reported
in different human diseases, including cancer, where interestingly they play crucial roles in
reprogramming the tumor microenvironment. For example, the emergence of resistance to
Sorafenib in hepatocellular carcinoma (HCC) was correlated with an increase in circulating
cell-free mtDNA derived from neoplastic cells (78); interestingly, Sorafenib induced
mitochondrial dysfunction and promoted the release of mtDNA into the extracellular
matrix of HCC. Once released, the genetic material was taken up by tumor-associated

macrophages (TAMs), where it promoted M2 phenotype polarization, thereby supporting
17



cancer progression (78). The leakage of mtDNA is strictly dependent on morphological
changes of mitochondrial cristae: any type of structural disarray involving cristae might
increase mitochondrial membrane permeability and promote the clustering of mtDNA, thus
facilitating its subsequent release (79). Other conditions that drive this phenomenon are
generally linked to dysregulated mitophagy, altered mitochondrial dynamics and
programmed cell death. Furthermore, the release of mtDNA from donor cells and its
exchange with recipient cells can be also facilitated by extracellular vesicles. This type of
transfer has been reported in tissue repair, immune regulation and pathological events (80).
Together these data confirm that circulating cell-free mtDNA is becoming established as a

promising biomarker for cancer diagnosis and monitoring (81).

6. Recent Findings and Aim of the Study

6.1 New Insights into the Clear Cell Carcinoma of the Pancreas (CCCP)

Because of diverse histopathological features, several PDAC variants exist, among which
the “clear-cell” variant is one of the least defined. First identified in 1980 (82), clear-cell
carcinoma of the pancreas (CCCP) has been reported as a rare morphological pattern of
PDAC associated with poor patient outcomes (83) and where a relevant fraction of
neoplastic cells exhibits a characteristic clear cytoplasm, conferring a “foamy” appearance
to the tissue (Fig. 2A). Since no previous study has deeply investigated the determinants of
CCCP differentiation in terms of ultrastructure, we recently applied transmission electron
microscopy (TEM) to visualize a CCCP surgical specimen from 65-year-old patient (84).
After confirming that the “clear” aspect was not due to the accumulation of mucin vacuoles,
we performed a TEM characterization and, surprisingly, found swollen electron-lucent
mitochondria undergoing a loss of structural integrity (Fig. 2B). Consistent with these
observations, the detection of NADH dehydrogenase [ubiquinone] 1 alpha subcomplex, 4-
like 2 (NDUFA4L2) expression on the whole tissue slice confirmed the altered functional
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state of clear-cells mitochondria compared to non-tumoral areas. More interestingly, we
captured membrane-mediated release of these electron-lucent structures in the extracellular
space (Fig. 2C). These findings strongly suggested a possible vesicular exchange among cells

that might involve dysfunctional mitochondria.

Figure 2. Histochemical and ultrastructural characterization of a CCCP surgical specimen.

(A) Nest of “foamy” tumor cells immersed in a typical desmoplastic reaction (white star).
Magnification: 10x. (B) Clear cells showed recurrent fragments resembling damaged
mitochondrial cristae (black arrow) (20,000x; scale bar: 0.5 um) (C). The formation of an
electron-lucent vacuole from the plasma membrane is indicated by the white arrow (12,000x%;

scale bar: 1 um).

6.2 Aim of the Study

Since we previously suggested an interesting connection between mitochondrial
dysfunction and the progression of a rare histological subtype of PDAC, the CCCP variant,
that could imply the release of extracellular vesicles carrying mitochondrial cargo in the
extracellular space (84), we hypothesized that these signs of metabolic reprogramming
could also be present in conventional PDACs and correlate with patient diagnosis and
prognosis. Thus, the aim of this study is to establish a preclinical proof-of-concept that the

intercellular transport of dysfunctional mitochondria, mediated by EVs, could represent a
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new parameter for stratifying PDAC sub-populations. Notably, the proteomic
characterization of small extracellular vesicles secreted by human pancreatic cancer cell
lines has showed a significant enrichment for proteins involved in vesicle formation and
secretion pathways, as well as proteins associated with metabolic processes (85). However,
given our focus on mitochondria, a more specific comparative analysis - aimed at
investigating and quantifying the enrichment of mitochondrial cargo in normal versus

tumor-derived vesicles - is critically needed.

7. Materials and Methods

7.1 Human Cell Cultures

Human pancreatic cancer cell lines BXPC-3 and PANC-1 were purchased from the American
Type Culture Collection (ATCC, Manassas, VA). The HPDE cell line, the immortalized
human pancreatic duct epithelial cell line, was generously provided by Prof. Trerotola’s
Laboratory (Center of Advanced Studies and Technology, Chieti, Italy). BXPC-3 cells were
cultured in RPMI 1640 Medium with L-Glutamine (Sial, Rome, Italy), while PANC-1 cells
were maintained in High Glucose Dulbecco’s modified Eagle’s medium (DMEM) (Sial,
Rome, Italy). Both media were supplemented with 10% (v/v) fetal bovine serum (FBS) and
a 1% (v/v) antibiotic solution (Penicillin-Streptomycin) (Sial, Rome, Italy). HPDE cells were
maintained in Keratinocyte Serum-Free Medium (KSFM) (Thermo Fisher Scientific, USA)
enriched with KSFM supplements, including Epidermal Growth Factor (EGF) and bovine
pituitary extract (BPE), added at the time of use (Thermo Fisher Scientific, USA). Each cell
line was tested and confirmed to be free from mycoplasma. All the cell lines were cultured

at 37° in a humidified atmosphere with 5% COs.
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7.2 Extracellular Acidification Rate (ECAR) and Oxygen Consumption Rate (OCR)

Quantification of mitochondrial respiration and glycolysis was performed by measuring the
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in living cells,
utilizing a Seahorse XF24 Extracellular Flux Analyzer (86). On day 1, cells from the control
(HPDE) and pancreatic cancer cell lines (PANC-1, BXPC-3) were plated at a density of 1.5
5 x 10* cells per well in 100 pL of growth medium per well in XF24 cell culture plates and
maintained at 37°C for 12-18 h. Subsequently, the sensory cartridge was hydrated by filling
each well of the utility plate with 1 mL of Seahorse XF Calibrant and left at 37 °C in a CO»-
free incubator overnight. On the day of the assay, cells were incubated with replaced
Seahorse assay medium at 37°C in a CO,-free incubator for 1 h. During the incubation, the
XF Cell Stress Test Compounds for both the OCR and ECAR assays were prepared and
loaded in the hydrated sensory cartridge, following the recommended concentrations:
oligomycin (2 pg/mL), FCCP (300 nM), antimycin A (1 pM), glucose (5 mM), Oligomycin (2
ug/mL) and 2-deoxy-D-glucose (2-DG) (40 mM). After the completion of the Seahorse XF24
run, cells were lysed directly on plate for protein quantification the day after using the Pierce

BCA Protein assay Kit (Thermo Fisher) to normalize the OCR and ECAR plots.

7.3 3D human patient-derived Organoid (PDO) Culture

Established PDAC patient-derived organoid cell lines were generously provided by Prof.
Reichert’s Laboratory (Translational Pancreatic Cancer Research Center, Munich, Germany)
and cultured in 24-well plates as domes, formed by mixing cells with Matrigel (30 uL/well).
After the solidification of the Matrigel, 500 uL of warm PDO culture medium was added to
each well. The complete composition of the PDO culture medium have been previously
reported (87). Each PDO cell line was tested and confirmed to be free from mycoplasma and
maintained at 37° C in a humidified atmosphere with 5% CO.. For drug tests, PDOs were
treated with 10 uM MRTX1133 by first removing the organoid growth medium and then

replacing it with 500 uL of drug-containing culture medium. After six hours of incubation
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at 37° C in a humidified atmosphere with 5% CO, PDOs were harvested for subsequent

analyses.

7.4 Gene-set-enrichment analysis (GSEA)

To screen for differentially expressed genes among PDO subpopulations, a Gene Set
Enrichment Analysis (GSEA) was performed on RNA-seq count data, drawing from the
PDO-derived RNA-seq databank of Reichert’s Lab. Gene sets were retrieved from the

Molecular Signatures Database (MSigDB).

7.5 ATP and Oligomycin/2DG Dose-Response Growth Measurements

Changes in cellular ATP concentrations in 3-dimensional organoid cell cultures were
measured using the Cell Titer-Glo assay, based on previous studies (88). To generate
oligomycin and 2-deoxy-D-glucose (2-DG) dose-response curves, 1 x 103 cells in 100 ul /well
were plated in triplicates for each condition in 96-well plates and treated with oligomycin
(100 ng/ml) or 2-DG (10 mM) for 6 hours of treatment. The dose-response curves were
generated by assaying cells with CellTiter-Glo reagent (Promega) at every two hours (from

t =0 to t = 6 h) and then plotted using GraphPad Prism (GraphPad Software).

7.6 Immunofluorescence Assay

Between 5 and 10 x 10° cells of each PDO cell line (untreated or treated with MRTXX1133)
were grown on Ibidi slides and fixed with 4% of paraformaldehyde (PFA) (15 min, RT). After
permeabilization in 0.2% Triton X-100 (10 min, RT) and blocking in 0.1% BSA (overnight at
4°C), cells were incubated with a 1:100 dilution of anti-PINK1 (Polyclonal Antibody, Rabbit,
23274-1-AP, Proteintech) and anti-PDH (Pyruvate Dehydrogenase Antibody Cocktail,
Mouse, 45-6799, Thermo Fisher) primary antibodies overnight at 4°C under gentle agitation.

This was followed by incubation with a 1:250 dilution of Alexa Fluor 488 goat anti-mouse
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and Alexa Fluor 594 donkey anti-rabbit secondary antibodies. Stained organoids were
visualized under the Leica SP8 Confocal/Multiphoton Microscope, located at the Technical
University of Munich (TUM).

7.7 Transmission Electron Microscopy (TEM)

For ultrastructural evaluation, human PDAC organoids and two-dimensional pancreatic
cancer cells were fixed in a solution of 3 % glutaraldehyde (Electron Microscopy Sciences,
Hatfield, PA, USA) and 0.1 M cacodylate buffer (Electron Microscopy Sciences) (pH 7.2-7.4)
for 2 h at 4 °C and post-fixed in 1% osmium tetroxide (Electron Microscopy Sciences) for 1
h at 4 °C. After washing in cacodylate buffer, samples were dehydrated in an ascending
series of acetone solutions (40%, 60%, and 100%) and finally embedded in Epon resin
(Electron Microscopy Sciences). Semi-thin sections (about 800 nm thick) were obtained
using a Reichert ultramicrotome (Reichert, Depew, NY, USA), and then stained with
toluidine blue for observation by light microscopy. Subsequently, ultrathin sections (70 nm)
were cut and mounted on 200-mesh copper grids (Electron Microscopy Sciences) to be
counterstained with UranyLess and lead citrate staining solutions (Electron Microscopy

Sciences). Jeol JEM SX100 electron microscope was used for sample visualization.

7.8 Collection of cell-conditioned media and purification of EVs

EVs were isolated from cells using the ultracentrifugation protocol previously described by
Thery et al. (89). All cell lines were grown in sixteen T75 cm? flasks until they reached ~80%
confluency to collect a final supernatant (s/n) of ~240 mL of conditioned medium. After the
first collection of the s/n, fresh medium was added to allow a second collection after 24h.
Subsequently, cells were detached, counted and re-plated into new sixteen new T75 cm?
flasks. A third collection of s/n was performed thereby obtaining three final EVs pellets
derived from the same cell line. This operation has been performed for all the cell lines. The

extraction protocol, as shown in the flow chart below, is as follows: the conditioned medium
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was centrifuged at 2000 g for 10 min to remove dead cells and transferred to polypropylene
tubes (Beckman Coulter, USA). Tubes were balanced with sterile PBS 1x w/o CaClo/MgCl:
and ultracentrifuged at 10,000 g for 30 min, at 10°C using a fixed-angle rotor SW28
(Beckman, k-Factor = 246) to remove floating debris. Enrichment of EVs was carried out by
ultracentrifugation at 100,000 g for 3 h, at 10 °C using the same rotor. The EV pellets were
resuspended in PBS and then concentrated using a SW 41 Ti swinging-bucket (Beckman, k-
Factor =124) at 100,000 g, for 90 min, at 10 °C. The s/n was removed and the EVs pellets were
flash frozen first in liquid nitrogen and stored at -80°C until their application. Final EV

pellets were validated through characterization via qRT-PCR.

culture supematant/fluid

300 x g, 10 min

pellet = cells /F

supernatant

2000 x g, 10 min

peliet = dead cells/r

supematant

10,000 x g, 30 min

\

pellet = cell debris r

supermatant

100,000 % g, 70 min

/
pellet = exosomes + contaminating proteins

wash in F'ESS1| 100,000 x g, 70 min

pellet = exosomes

Flowchart of the extracellular vesicle purification process by Raposo et al. (90)

7.9. mtDNA Quantification

Total genomic DNA was isolated using a Genomic DNA Purification Kit (Promega). Real-
time quantitative PCR (RT-qPCR) was performed using Fast SYBR Green PCR Master Mix
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(Applied Biosystems). Human 32m forward (5'-TGCTGTCTCCATGTTTGATGTATC T-3)
and (32m reverse (5-TCTCTGCTCCCC ACCTCTAAGT -3’) or tRNA-Leu(UUR) forward (5'-
CACCCAAGAACAGGGTTTGT—3) and tRNA- Leu(UUR) reverse (5'-
TGGCCATGGGTATGTTGTTA-3") primers were used (91). All results were normalized to

the human housekeeping genes -actin and TATA-box binding protein (TBP).

7.1.1 Flow Cytometry analysis of extracellular vesicles

For each sample, 100 uL of supernatant was stained with a membrane dye (LCD: lipophilic
cationic dye) and incubated for 45 minutes at room temperature in the dark, as previously
reported (92). Samples subsequently underwent fixation and permeabilization using
Cytofix/Cytoperm (BD Biosciences, La Jolla, CA, USA) and were then labeled with the
primary antibodies listed in Table 1. After 30 minutes of incubation, samples were stained
with the corresponding fluorescent secondary antibodies (Table 1) (92). Following a 30-min
incubation in the dark, at least 500 uL of 1x PBS was added to each tube, and 3 x 10° events
per sample were acquired using a FACSymphony A5 flow cytometer (BD Biosciences, La
Jolla, CA, USA). Sample dilution was optimized to avoid coincidence (swarming) effects.
The trigger threshold was set on the APC channel (LCD emission channel), and bi-
exponential scaling and height (H) signals were used for all parameters. All reagents were
titrated under assay conditions (93). Instrument performance, data reproducibility, and
fluorescence calibration were monitored, and fluorescence minus one (FMO) controls were

used to establish background signals, as recommended (94, 95, 96, 97).
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Table 1. Flow Cytometry Reagent List

Surface Stainings Amount per Manufacturer | Catalogue #
test

LCD 1pl BD 564697

Intracellular Staining | Amount per Manufacturer | Catalogue #
test

TOMM20 Polyclonal 1:2500 Proteintech 11802-1-AP

antibody

NDUFA4L2 Polyclonal | 1:500 Proteintech 16480-1-AP

antibody

Secondary Antibody Amount per Manufacturer | Catalogue #
test

Anti Rabbit IgG Alexa 1ul Invitrogen A48254

Fluor Plus 405

Anti Mouse IgG Alexa |1 pl Invitrogen A11018

Fluor Plus 546

LCD= lyphopilic cationic dye.

8. Results

8.1 Human Pancreatic Cancer Cell Lines differently reprogram their energetic metabolism.

We initially selected two pancreatic cancer cell lines, PANC-1 and BXPC-3, based on their
differing levels of cell adhesion, migratory capacity, and tumorigenicity (98). Additional
functional analyses have previously shown distinct metabolic profiles, attributing a more
glycolytic phenotype to BXPC-3 (99). For further confirmation, we investigated any cellular
ATP changes after treatment with 2-Deoxyglucose (2-DG) and oligomycin (Oligo) inhibitors,
commonly used to mimic the suppression of glycolysis and OXPHOS, respectively (Fig. 3A).
Our data showed that the ATP content decreased in a glycolysis-dependent manner in both
cell lines, although BXPC-3 cells were more sensitive to 2-Deoxyglucose exposure.
Compared to the OXPHOS inhibitor, 2DG was more efficient in depleting the cellular ATP

content during the same time of incubation.

However, to assess the actual metabolic state of the cells, we evaluated glycolitic lactate

production and mitochondrial oxygen-consumption by means of a Seahorse Extracellular
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Flux (XF) analyzer, a highly sensitive tool that provides real-time metabolic profiles of both
mitochondrial respiration and glycolysis (100). As shown in the Oxygen Consumption Rate
(OCR) and Extra-Cellular Acidification Rate (ECAR) plots (Fig. 3B), PANC-1 is the most
respiratory cancer cell line while BXPC-3 appears mainly glycolytic. The healthy control

(HPDE), by contrast, shows the lowest overall metabolic activity.

Notably, these data were consistent with previous results (99) and with our subsequent TEM
observations. By exploring the ultrastructure of each cell line, we noticed different
mitochondria morphologies reflecting their functional state: while in HPDE cells,
mitochondria appeared mostly preserved in their morphological integrity with a typical
elongated shape, we found different scenarios in cancer cells, where both BXPC-3 and
PANC-1 were affected by mitochondrial damage (Fig. 3B). Notably, BXPC-3 showed later
stages of degeneration, resulting in the appearance of swollen and round mitochondria. In
contrast, PANC-1 cells exhibited partially disrupted mitochondria, typically displaying

early stages of morphological alteration, including the enlargement of cristae.
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Figure 3. Metabolic Characterization of Pancreatic 2D cell models. (A) OCR (above) and
ECAR (below) plots showed the stratification of pancreatic cell lines into 3 metabolic groups.
(B) TEM visualization of mitochondria in HPDE, BXPC-3 and PANC-1 cell lines (8,000x;

scale bar 1 pm).

Notably, BXPC-3 cells exhibited a higher abundance of autophagosomal structures,
indicative of the efficient clearance of dysfunctional mitochondria. Conversely, PANC-1
cells showed numerous multivesicular bodies (MVBs) in the extracellular space,
predominantly localized near the plasma membrane, suggesting enhanced secretory
activity (Fig. 4).

BXPC-3
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Figure 4. Distinct autophagic and secretory profiles in BXPC-3 and PANC-1 cells,
respectively. Autophagosomal structures are marked with yellow stars (8,000%; scale bar 1
um). Black arrows indicate multiple multivesicular bodies in the extracellular space

(15,000%; scale bar 0.5 um).

8.2 Comparative analysis of EV secretomes highlights increased mitochondrial EVs in PDAC cells

We next investigated potential differences within cell-derived secretome. First, we collected
and screened the cell culture supernatants for EV production and for the presence of
mitochondrial surface markers via flow cytometry (FACs). Subsequently, we performed
real-time PCR on extracellular vesicles isolated by ultracentrifugation to quantify the
amount of mtDNA. By combining these two methods, we were able to characterize the

mitochondria-derived EVs (mito-EVs) within the cell secretome.

For the first objective, an optimized protocol (92) allowed us to separate, count and classify
EVs. The dot plots below show the gating strategy used: EVs were selected from the platelet-
free area by size (FSC/SSC) and by their positivity for a lipophilic cationic dye (LCD) (Fig.
5). Once the EV compartment was gated, we evaluated the expression of TOMM?20, a
member of the translocase of the outer mitochondrial membrane (TOM) complex.
Preliminary data showed that vesicles derived from the conditioned media of tumor cell
lines were richer in mitochondrial marker expression compared to those derived from the
healthy control (HPDE). Notably, a higher production of mitochondria-derived vesicles was
observed in PANC-1 cells.
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Figure 5. Optimized EV separation and classification of mitochondrial-derived EVs (mito-
EVs) content in cell-conditioned media. The tables report the percentage of TOMM?20-
positive EVs compared with the percentage of EVs detected in the FMO (Fluorescence Minus

One) control.

For the second purpose, we isolated EVs using the ultracentrifugation protocol (90). The EV-
derived pellet was subjected to DNA extraction to detect the presence of mtDNA. In line
with our previous findings, mitochondrial DNA was detected in vesicles from all three cell
lines, with higher levels in those derived from tumor cells. RT-qPCR analysis also revealed
a higher relative amount of mitochondrial genetic material in PANC-1-derived vesicles.
Although preliminary, these results are consistent with our earlier observations obtained

via transmission electron microscopy.
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Figure 6. Relative mtDNA levels detected in extracellular vesicles derived from HPDE,
BXPC-3, and PANC-1 cell lines. A trend toward higher mtDNA content is observed in

vesicles from tumor cells. Data are shown as relative values normalized to HPDE.

8.3 Patient-Derived Organoids (PDOs) can mitigate the elimination of mitochondria

Using pancreatic cancer cell lines as a proof of principle, we explored the possibility of
translating the study to patient-derived organoids (PDOs). Given their more complex
structural organization, organoids provide a new level of communication that might
influence the quantity and composition of secreted extracellular vesicles. Thus, we
addressed this hypothesis by identifying differences or commonalities between EVs derived

from cancer cells growing in 2D versus those derived from 3D cultures.

Initially, we sought a starting point by linking cellular mitochondrial alterations to the
presence of mitochondrial material in the secretome. Thus, given that mitochondrial
homeostasis and content result from a fine-tuned equilibrium between mitogenesis and the
selective elimination of damaged mitochondria via mitophagy (101), we screened PDO-
derived RNA-seq data from the corresponding patients for potential modulation of these
pathways. We also included genes responsible for maintaining morphological integrity such
as OPA1 and TOMM?70.
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Notably, Gene Set Enrichment Analysis (GSEA) revealed an interesting clustering of the
cases, categorizing the PDOs into four subgroups (Fig. 7A). We also observed a marked
tendency toward the downregulation of genes involved in mitochondrial degradation. In
light of the contradictory role of mitophagy described in the literature - whereby it can
function as either a tumor suppressor or a tumor promoter depending on the tumor stage -
we sought to determine whether differences exist in the mitochondrial component of the
secretome derived from established tumors compared with preneoplastic lesions exhibiting

contrasting mitophagy signatures.

To this end, we analyzed EV-associated mitochondrial markers with distinct localizations:
TOMM20 (an outer mitochondrial membrane protein), and NDUFA4L2 (an inner
mitochondrial membrane component) (Fig. 7B). Interestingly, our results revealed that EVs
from all conditions were positive for both markers, confirming the presence of a
mitochondrial component in the secretome. However, the proportion of NDUFA4L2-
positive EVs varied across samples, being higher in secretomes derived from established
tumors with suppressed mitophagy (e.g. B250, B211) and lower in preneoplastic conditions
with enhanced mitophagy (B191). Overall, these data support the idea that the
downregulation of mitophagy might favor the extracellular release of mitochondrial

components, reflecting a potential adaptation to mitochondrial impairment.
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Figure 7. (A) Selection of Patient-Derived Organoids according to altered mitochondrial
homeostasis signatures. The heat map shows the stratification of PDOs following GSEA of
RNA-seq data. Regarding mitophagy, two distinct gene sets were used, referencing two
existing pathways: Parkin-dependent and Parkin-independent. (B) Differences in the
percentage of TOMM20- and NDUFA4L2-positive EVs reflect the relative composition of

mitochondrial vesicles and indicate distinct EV biogenesis pathways.

8.4 PDOs carrying mitophagy defects preferentially activate the Warburg effect

Given that the release of mitochondrial-derived vesicles is considered a compensatory
response to mitochondrial damage when mitophagy is impaired, we aimed to determine
whether differences in mitochondrial contents, reported for B250- and B211-derived

secretomes, reflected distinct levels of mitochondrial dysfunction. We first evaluated the
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metabolic profiles of the two PDO lines by monitoring the ATP production through Cell
Titer Glow assay during six hours of treatment with oligomycin and 2-deossi-glucose,
already chosen for 2D cell- experiments (Fig. 8A). The assay revealed that both PDOs
exhibited a higher bioenergetic dependence on glycolysis. In fact, the suppression of
OXPHOS pushed both B250 and B211 to deal with ATP decrease by accelerating glycolytic
flux to finally restore and even overcome starting ATP levels. On the other hand, the
inhibition of glycolysis did not provide the same adaptative response, leading ATP levels to
gradually collapse, especially for B250 cells. These results were also consistent with
ultrastructural observations, which revealed a significant number of mitochondria with
enlarged and progressively disorganized cristae in both cell types. However, mega-
mitochondria were observed only in B250 cells (Fig. 8B), suggesting more pronounced

mitochondrial damage in this PDO line.
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Figure 8. (A) In the early phase of treatment (first two hours), B250 and B211 organoids
exhibit a sharp decrease in ATP production, followed by a prompt metabolic shift toward
glycolytic mechanisms, consistent with the Warburg effect. Statistical analysis was

performed using two-way ANOVA (p < 0.05). (B) Ultrastructural analysis reveals
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mitochondrial degeneration, characterized by early-stage changes in B211 cells (red arrows)

and megamitochondria in B250 cells (red stars). Magnification (8,000x; scale bar 1 um).

8.5 Inhibition of KRASS?P promotes autophagy activation and modulates extracellular vesicle
trafficking in glycolytic PDOs

Cells expressing oncogenic KRAS mutations frequently exhibit impaired mitochondrial
function. This condition often causes a reduced mitochondrial respiration and a consequent
metabolic shift toward enhanced glycolysis (69, 102). In our study, since both B250 and B211
organoids were derived from patients with KRAS¢"?P-mutated PDAC, we hypothesized that
the KRAS mutation might interfere with mitochondrial function, promoting the
documented metabolic reprogramming. Notably, returning to the heatmap, we noticed that
organoids downregulating both mitophagy pathways share a common KRAS G12D mutant
signature. This observation motivated us to explore a potential link between oncogenic
KRAS and mitophagy. Thus, we aimed to assess whether the modulation of oncogenic
KRAS activity might affect mitochondria turnover. For this purpose, KRAS¢"?P-mutated
PDOs were treated for six hours with the inhibitor MRTX-1133, which displays a high
affinity for this specific oncogenic KRAS (103). From an ultrastructural perspective, treated
cells showed swollen mitochondria with disrupted and reduced cristae, supporting the
Warburg effect previously correlated with this category of PDOs (Fig. 9A). However, a
pronounced increase in the number of autophagosomes, together with a greater abundance
of lysosomes in close proximity, was observed in both PDO types following MRTX-1133
treatment, potentially reflecting a reactivation of the mitophagy machinery. Furthermore, in
contrast to treated samples, where no evident extracellular cargos were found, untreated
samples displayed frequent vesicular structures distributed in the extracellular space, often
appearing as multivesicular bodies (Fig. 9B). Together, these observations support a
potential involvement of mutant KRAS in regulating mitochondrial homeostasis through

mitophagy.
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Figure 9. (A) An increased number of autophagosomes (red arrowheads) and lysosomes
(yellow circles) closely associated with mitochondria is observed. Magnification (8,000x;
scale bar 1 um). (B) Evidence of multivesicular bodies in untreated samples. Insets show
morphometric analyses of perimeter and area, revealing consistent sizes across the observed
structures. Multivesicular bodies are captured at different stages and locations: adjacent to
the plasma membrane during vesicle release (yellow star), fully formed (black arrowheads),

or discharged into the extracellular space (red arrows). Magnification (8,000x; scale bar 1

pum).

Interestingly, the analysis of the derived-secretomes confirmed a divergent impact on the
presence of mitochondrial components after MRTX-1133 treatment: while in B250 cells the

inhibition of KRASSP correlated with a marked reduction in percentage of vesicles positive
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for both TOMM20 and NDUFA4L2, a reverse effect was observed in B211 cells. This suggests

that mutant KRAS might differentially interfere with the fate of damaged mitochondria (Fig.
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Figure 10. Comparison of NDUFA4L2 and TOMM?20 content in the secretomes of untreated

cells and cells treated with a KRAS inhibitor.

8.6 MRTX-1133 treatment increases PINK-1 recruitment to the OMM, supporting mitophagy
induction

We subsequently investigated potential changes in the expression and localization of key
mediators of the mitophagic process. As discussed above, the most well-characterized
mitophagic pathway depends on Parkin activation, which is regulated by the kinase PINK-
1. However, to be the real initiator of the process, PINK-1 needs to be localized on the OMM,
thereby escaping constitutive proteasomal degradation. Interestingly, even in the absence
of the inhibitor, PINK-1 rarely colocalized with PDH, an inner mitochondrial membrane
marker, suggesting a preferential localization on the outer mitochondrial membrane.

Following treatment, we observed an increased PINK-1 signal, which is consistent with our

39



previous ultrastructural evidence supporting the induction of mitophagy by MRTX-1133

(Fig 11).

untreated

+MRTX-1133

B211
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Figure 11. Immunofluorescence analysis of PINK-1 and co-localization with PDH in PDOs.
PINK-1 predominantly localizes to the outer mitochondrial membrane (OMM), showing
minimal colocalization with the inner membrane marker PDH. Upon MRTX-1133 treatment,
a modest increase in PINK-1 intensity was observed, supporting the potential induction of

mitophagy within these PDOs.
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9. Discussion

The high plasticity of cancer is largely dependent on the complexity of the tumor
microenvironment. A heterogenous system comprising different cell types can enhance the
reciprocal signal processing capacity among cells more than a homotypic system. For this
reason, pancreatic cancer (PC), developing in such a hetero-cellular environment, gradually
increases its impenetrability and simultaneously becomes more aggressive. As discussed
above, the high survival capability attributed to PC is also dependent on the energetic cross-
talk with stromal cells, where mitochondria emerge as pivotal actors (104). Previous studies
have demonstrated that mitochondrial performance can be regulated in both cancer and
stromal cells via bidirectional cross-talk, often driven by oncogenes. In this regard, mutant
KRAS®?P was found to enhance metabolic networks and extend PDAC cell signaling by
engaging tumor-associated fibroblasts (105). Interestingly, while it promotes a shift toward
a non-respiratory phenotype in isolated PDAC cells, co-culture systems combining stroma
and tumor show a restoration of mitochondrial efficiency, suggesting that oncogene-

mediated effects on cancer metabolism are strongly context-dependent (105, 106).

Our initial purpose was to investigate whether metabolic reprogramming associated with
mitochondrial dysfunction could exacerbate the release of mitochondrial-derived EVs and
promote horizontal mitochondrial transfer. We also aimed at investigating whether it could
be an additional strategy only acted by specific categories of PDAC cells bearing similar
transcriptional signatures of impaired mitochondrial homeostasis. In the first part of the
study, when we tested pancreatic cancer 2D models, already known for their opposing
metabolic potentials, we interestingly observed that not all tumor cells respond similarly to
mitochondrial degeneration. Under transmission electron microscope (TEM), KRAS-WT
BXPC-3 cells appeared to cope with dysfunctional mitochondria by activating self-
degradative (autophagic) mechanisms. Conversely, KRASS?® mutant PANC-1 cells

accumulated disrupted mitochondria, which were rarely targeted for lysosomal clearance.
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Consistently, PANC-1 cells exhibited a higher abundance of TOMM?20r° vesicles in their
conditioned-media, as confirmed by mtDNA enrichment in isolated EVs (Fig.6). Together
these preliminary data highlighted the greater potential of PDAC cell lines to release
mitochondrial-derived extracellular vesicles and led us to suppose that the inefficient
mitochondrial turnover might push certain PDAC cells to rely on vesicle-mediated

extrusion of mitochondrial material, as an alternative clearance mechanism.

However, 2D models have several limitations: the lack of a structured microenvironment
that orchestrates complex cell-cell or cell-matrix interactions have gradually driven
scientists to find more comprehensive models. Thus, the development of 3D cultures named
as “organoids” has bridged the gap between 2D in vitro and in vivo models. Organoids can
mimic the spatial architecture and the functionalities of the tissues from which they have
been originated, giving the opportunity to be used for more specific purposes, especially in
the field of drug discovery and personalized medicine (107). For this reason, we were
interested to assess whether patient-derived organoids had a similar behavior compared to
bidimensional models. At the same time, we also expected a more complex scenario for data
deriving from secretome. Gene Set Enrichment Analysis (GSEA) revealed that PDOs have
different strategies to couple mitophagy and mitochondrial biogenesis, which in turn might
affect their metabolic reprogramming in response to nutrient stress. Furthermore, we
interestingly noticed a recurrent defect in the mitophagy machinery across specific PDOs

subpopulations.

The consequences of impaired mitochondrial degradation - accumulation of dysfunctional
mitochondria, increased ROS production, mtDNA mutations, and altered Ca2+ signaling -
impact cells differently based on their nature. While normal cells are more prone to
apoptosis, tumor cells may exploit these alterations. Indeed, impaired elimination of
damaged mitochondria might act as an etiological factor in tumorigenesis, while functional
mitophagy could mainly promote tumor progression. For example, loss-of-function
mutations in the PARK2 gene increase tumorigenesis in various cancers (108-112). Similarly,

defective mitophagy due to BNIP3 silencing resulted in a more aggressive PDAC

42



phenotype, in agreement with undetectable levels of BNIP3 observed among 60% of
pancreatic specimens from PDAC patients with reduced survival (113). For this reason, we
initially compared established PDAC-derived organoids with a PanIN-derived organoid
line, to assess differences in metabolic and secretory phenotypes. Our comparison
between PDAC-derived organoids and PanIN-derived lines showed that PDOs with
downregulated mitophagy genes exhibited a more glycolytic phenotype (Warburg effect)
and a distinctive secretory pattern, characterized by increased mitochondrial content in

EVs, particularly regarding the marker NDUFA4L2.

The evidence of NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4-like 2
(NDUFA4L2) as cargo within the EVs, rather than TOMM?20, might be indicative of a
selective release of specific mitochondrial components by tumor cells. NDUFA4L2 is a
mitochondrial protein that regulates oxidative phosphorylation and cellular metabolic
adaptation, especially under stress conditions such as hypoxia and cancer (114). In cells
displaying the Warburg effect, mitochondrial respiration is reduced, and energy production
relies predominantly on glycolysis. When this metabolic state is coupled with impaired
mitophagy, mitochondrial components such as NDUFA4L2 may accumulate and be

redirected into EVs, potentially perturbing the extracellular space.

Our evidence suggests that, while pre-neoplastic organoids retain efficient mitochondrial
quality control, multiple PDAC PDOs tend to display reduced mitophagy and a
concomitant increase in the release of mito-EVs. This leads us to speculate that the exocytosis
of mito-EVs, connected to dysregulated pathways of mitochondrial turnover, may not
represent merely a compensatory mechanism, but could also function as a means of
promoting pro-tumorigenic interactions. Consistent with our hypothesis, recent in vitro and
in vivo experiments from Ikeda et al. (115) demonstrated that mitochondria are actively
delivered from cancer cells to tumor-infiltrating lymphocytes (TILs) where they can
progressively replace the local mitochondria. Interestingly, this process is enabled by the
reduced susceptibility of transferred mitochondria to mitophagy in T cells, due to the

presence of mitophagy-inhibitory factors such as USP30 derived from cancer cells. As a
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result, mutated mitochondria persist within TILs, whereas endogenous T-cell mitochondria
are preferentially eliminated through mitophagy. Indeed, defects of mitochondrial—-
lysosomal signaling have been reported in ovarian cancer, thereby inducing the delivery of

mitochondria-derived vesicles to neighboring cells (116).

Simultaneously, a growing body of literature is now focusing on elucidating the biological
consequences of mitochondrial transfer, which in most studies seems to predominantly
benefit tumor progression, by increasing chemoresistance (116) or by weaking the antitumor
response (115). In this perspective, the choice to mainly select altered mitochondrial
components for the delivery, seems to be not so random: as Yosuke Togashi explained (117),
cancer-derived dysfunctional mitochondria are more capable to “poison” the
microenvironment, thereby exerting a stronger influence in disrupting and reprogramming
its metabolic and signaling balance. The study by Vikramdeo and colleagues additionally
proposed mutant mtDNA, identified in circulating EVs, as a potential non-invasive
diagnostic marker for pancreatic cancer (118). Interestingly, they found that patients with
PDAC had a higher yield of circulating EVs enriched of altered mtDNA compared with non-
cancer individuals. Collectively, these findings suggest that pancreatic tumors may
reprogram the internal mitochondrial homeostasis to enhance mitochondrial dysfunction

and promote extracellular mitochondrial transfer, thereby supporting their progression.

Conversely, it is important to consider that the GSEA heatmap also identified a substantial
subset of PDOs characterized by an upregulated mitophagy signature. Therefore, a deeper
characterization of the metabolic and secretory profiles of this subset is required to further
substantiate our hypothesis. Interestingly, many of these organoids display a wild-type
KRAS genotype, in contrast to those with suppressed mitophagy, which are predominantly
associated with recurrent KRAS mutations. Hence, the different KRAS- signatures
characterizing these subpopulations pushed us to investigate any relevant effects after the
targeted inhibition of KRAS®!?P. For this purpose, the small molecule inhibitor MRTX-1133

was chosen to selectively target the oncogenic protein.
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Developed in 2021 (103), MRTX-1133 showed relevant antitumor efficacy both in vitro and in
vivo especially against KRASS?P-mutant pancreatic cancer cells, where it caused the
downregulation of cell cycle regulator and pro-survival genes, and the concomitant
upregulation of pro-apoptotic genes (103). Therefore, based on these encouraging results,
MRTX-1133 has entered a phase I/II clinical trial (119) involving patients with PDAC,
colorectal cancer and other solid tumors characterized by KRAS mutations (120). However,
a recent study also reported that certain types of PDAC cells are able to develop an
adaptative response to MRTX-1133 treatment which involves the mechanism of autophagy.
Although the drug inhibitor prevented cell growth in all four KRASS?> PDAC cell lines, a
marked increase in autophagic flux was detected in two of them, correlating with a lower
effectiveness of MRTX-1133 treatment. These data suggested a potential resistance by those
cells which can be promptly overcome by combining MRTX-1133 with chloroquine, a
common autophagy inhibitor (121). Notably, when we tested the responsiveness of B250
and B211 organoids to treatment, an increase of autophagic structures was noticed under
transmission electron microscope. However, these structures were frequently observed near
damaged mitochondria, which were often surrounded by phagophores. This spatial
association suggests that, in these conditions, MRTX-1133 may specifically interfere with
mitochondrial clearance pathways. Thus, inhibition of KRAS®!?P appeared to be associated
with a restoration of mitophagic activities. However, secretome analysis did not show
consistent changes in vesicle cargo, indicating that the KRAS signature may not directly
influence all vesicle types. Additional functional validation studies are required to better
determine whether the restoration of the mitophagy machinery in these PDAC cells is linked

to more complex mechanisms rather than to an intrinsic resistance to treatment.

Notably, our investigation into the modulation of key factors involved in mitochondrial
degradation and secretory activity is consistent with emerging literature. Mitophagy has
been shown to limit the extracellular release of mtDNA following cellular damage;
accordingly, the deletion of key mitophagy genes has been found to increase circulating
mtDNA levels (122). In this context, while the leakage of mitochondrial material was

previously reported to occur in the absence of Parkin expression (25), Rabas et al. have
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recently demonstrated that PINK-1 is critical for driving the packaging of mtDNA into EVs.
Interestingly, this process appears to be independent of its kinase activity (123). Collectively,
these findings point to a previously unrecognized role of PINK-1 in the biogenenesis of
mtDNA-containing EVs, a function mechanistically distinct from its canonical role in
mitophagy. Furthermore, these insights may explain our observation that PINK-1 signal
remains detectable and broadly distributed even in untreated conditions, where RNA-seq

data indicated a downregulation of the entire Parkin-dependent mitophagy pathway.

In conclusion, our study supports the potential use of mitochondria-derived vesicles
markers for PDAC diagnosis. We identify NDUFA4L2 as a particularly promising candidate
for a more specific diagnostic approach, because of its functional relevance in tumor-driven
reprogramming. In this context, the detection of NDUFA4L2 may be more indicative of an
active and targeted secretory phenotype adopted by pancreatic cancer cells. Since PDAC-
derived EVs were shown to promote metastasis (124) and in light of the benefits associated
with horizontal mitochondrial transfer, future studies should investigate the role of
NDUFA4L2-enriched EVs in altering the stromal cell phenotype. Additionally, clarifying
whether this selective delivery correlates with tumor aggressiveness could improve patient
stratification and support the development of more personalized therapeutic strategies,

including the selection of the most appropriate chemotherapeutic agent.
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