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Abstract

Pancreatic cancer is one of the deadliest cancers, with a five-year survival rate being less than
9%. This low survival rate is explained by the late diagnosis and the inefficient treatments.
Therefore, developing new therapeutic strategies is needed to improve the survival of patients
with pancreatic cancer. In this context, targeting cancer cell metabolism has been proposed as
a promising approach, since cancer cells adapt their metabolism to face challenging
environmental conditions and to fit their needs for proliferation. Many proteins have been
proposed as therapeutic targets, where their targeting enables to create a metabolic
imbalance, sensitizing cancer cells to other therapeutics treatments. One of these proteins,
named myoferlin, is overexpressed in pancreatic cancer, where it influences cell metabolism.
Indeed, myoferlin silencing in pancreatic cancer cells impairs lysosomes integrity, endosomal
trafficking and also decreases mitochondrial respiration, which is associated with a fragmented
network. Since mitochondria have been reported as key actors for proliferation, relapse and
resistance to chemotherapy, we aimed at investigating the role of myoferlin in mitochondrial
metabolism and dynamics. We first hypothesized that myoferlin was directly involved in
mitochondrial dynamics and metabolism by being present on this organelle and by interacting
with proteins involved in mitochondrial dynamics. Interestingly, we found that myoferlin is
interacting with MFNs, proteins involved in mitochondrial fusion. However, our results
suggested that myoferlin is unlikely located on mitochondria but is rather located in the
membranes associated with this organelle. Due to its peculiar structure and reported function
in the cell, we investigated a potential function for myoferlin in calcium transfer between
endoplasmic reticulum and mitochondria. Our results showed that myoferlin silencing
significantly reduces the mitochondrial calcium level upon stimulation, probably through its
interaction with IP3R3. This discovery improves our comprehension of myoferlin function in

cancer biology and could be extended to other myoferlin functions in a non-cancer context.
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1. Introduction

1.1.  Structure and functional role of the pancreas

The pancreas is an organ of the digestive system, handling exocrine and endocrine functions.
This organ is located in the upper abdomen, behind the stomach and close to the small

intestine. It can be anatomically divided into three parts: the head, the body and the tail (1).

Stomach
Liver
Common bile duct
Dorsal
pancreas o Dorsal pancreas
Ventral pancreas
Galbladder Ventral pancreatic duct

Ventral
pancreas

Common
bile duct
Accessory pancreatic duct
Main pancreatic duct

Figure 1-1. Development of the pancreas. (A) The dorsal and ventral pancreatic buds develop in opposite directions from
the foregut. During the seventh week of gestation, the stomach and the duodenum rotate. (B-C) As a consequence of the
rotation, the ventral bud fuses with the “head” part of the dorsal bud. (D) The ducts from the ventral and dorsal pancreas
fuse and give rise to the main pancreatic duct, running the entire length of the pancreas. A part of the dorsal duct does
not fuse with the ventral duct, forming the accessory pancreatic duct. The picture is from the publication of Leung et al.

(2010) (1).

Dorsal pancreatic duct

Embryologically, during the fourth week of human gestation, the pancreas begins to develop
from two endoderm lined primordial buds of the duodenum (Figure 1-1). On one hand, the
dorsal bud extents, forming the pre-head, body and tail of the pancreas. On the other hand,
the ventral bud arises next to the hepatic diverticulum and the biliary system. During the
seventh gestation week in human, the stomach and the duodenum rotate. Thus, the ventral

bud fuses with the “head” part of the dorsal bud, forming the pancreas. In addition, ducts from
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the ventral and dorsal pancreas fuse and give rise to the main pancreatic duct, which runs the
entire length of the pancreas, from the tail to the head. This duct will allow the secretions from
the exocrine pancreas to reach the duodenum, in order to digest food. A part of the dorsal duct
does not fuse with the ventral duct, forming the accessory pancreatic duct (also named the
duct of Santorini). At later stages, the pancreas will continue to mature through a process of

branching morphogenesis (1).

Intralobular
d

Pancreas :\’Auag\ pancreatic Interlobular icts

Common
bile duct

Main pancreatic

duct Lobule

Intralobular
ducts

Intercalated
duct

Acinar cell

Pancreatic acinar cell

Mitochondrion
Acinus

Pancreatic duct epithelial cell

Mitochondria

Zymogen

granules

Rough ER

Figure 1-2. Structure of the exocrine pancreas. The lobules are constituted of several acini, being the assembly of acinar
cells. Those last ones secrete a pancreatic juice which is conveyed to the main pancreatic duct. From the acinar cells to
the main pancreatic duct, the secretions are transported to the intercalated ducts, then to the interlobular ducts and,
finally, to the extralobular ducts. Both pancreatic acinar and ductal cell are represented. The picture is from the
publication of Leung et al. (2010) (1).
In the mature pancreas, 80-85% of the organ’s mass is constituted of lobular structures,
participating in the secretory function (Figure 1-2). Those lobules are constituted of several
acini, themselves being the assembly of acinar cells. They are interconnected by ducts, allowing
the secretions to reach the duodenum, through the main pancreatic duct. From the acini to the

main duct, the secretions are first conveyed to the intercalated ducts, then to the interlobular

4
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ducts and finally to the extralobular ducts. The place where the main pancreatic duct discharges
the secretions to the duodenum is named the major duodenal papilla (or the ampulla of Vater),
while the accessory pancreatic duct allows the secretions to reach the duodenum through the

accessory papilla (1,2).

Histologically, two main basic elements are observed in the pancreas: the Langerhans islets,
involved in the endocrine function of the pancreas, and the secretory cells, representing 80-
85% percent of the pancreatic mass and being involved in the secretion of pancreatic juice and
enzymes (1). Five varieties of cells can be found in the Langerhans islets (1): (i) the alpha cells
that produce the hormone glucagon, which is released when the blood glucose level is low. (ii)
The beta cells, which are the dominant cell type in the islets, releasing insulin to lower the level
of glucose in blood (insulin favors the uptake of glucose by the peripheral tissues, such as
adipose and skeletal muscle tissues, and prevents glucose production by the liver). (iii) The delta
cells, that secrete the somatostatin, inhibiting the overproduction of insulin or glucagon. (iv)
The PP cells secrete the pancreatic polypeptide hormone, involved in satiety and appetite. (v)
And finally, the epsilon cells, responsible of the ghrelin secretion, also involved in appetite,
intestinal motility and feeding behaviors (1,3). In accordance with their endocrine functions,
the pancreatic islets are highly vascularized, receiving ~ 10-15% of the total pancreatic blood
flow (1). Dysfunction of the endocrine pancreas is associated with diseases such as type-2
diabetes. This disease is characterized by an insulin resistance, associated with a reduced
capacity of the beta cells to produce insulin. Thus, patients with type-2 diabetes also present

high glucose level in blood (4).

Besides its endocrine function, the pancreas has also an exocrine activity involving acinar and
ductal cells. On one hand, acinar cells produce four families of enzymes: the glycosidases, the
lipases, the nucleases and proteases, able to digest, respectively, carbohydrates, fats, nucleic
acids and proteins. Those cells are polarized, with the apical part being directed toward the
acinus lumen, and are associated to each other by tight-junctions. In accordance with their
secretory function, acinar cells have abundant mitochondria, developed endoplasmic reticulum
and Golgi apparatus. In addition, they contain zymogen granules, composed of digestive
enzymes under the form of precursors, including trypsinogen, chymotrypsinogen and
procarboxypeptidases. In order to hydrate the protein-rich secretions from acinar cells, a juice,

composed of NaCl, is produced. Briefly, the Clis driven towards the acinar lumen, followed by
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Na*flow through the tight junctions. In fine, this osmotically draws water to the lumen, creating
the pancreatic juice. Once secreted in the duodenum, the trypsinogen is activated by
enterokinase, produced by enterocytes. Then, the activated trypsin can activate itself and other
enzymes such as chymotrypsinogen and procarboxypeptidases. Thanks to the proenzyme (the
precursors), the “autodigestion” of the pancreas is avoided. In patients with mutations such as
PRSS1 mutation, the pancreatic enzymes are overactivated, leading to inflammation of the
pancreas, named pancreatitis (1). On the other hand, the exocrine function of the pancreas
also involves ductal cells, responsible for the secretion of sodium bicarbonate, which
neutralizes the acidic pH of the gastric chyme, in the duodenum. This prevents damages to the
duodenum mucosa and provides optimal pH for the activity of pancreatic enzymes. Therefore,

dysfunction of ductal cells can lead to ulcers and maldigestion (1).

In the following work, we will discuss of pancreatic cancer, which can arise from the exocrine
(for instance, ductal adenocarcinoma) or endocrine (depending on the cell type; insulinoma,
glucagonoma, etc...) pancreas. Because the ductal adenocarcinoma is the most frequent type

of pancreatic cancer, with low survival, we will mainly focus on this type of pancreatic cancer.

1.2. Pancreatic Cancer

In 2020, according to the Global Cancer Observatory of the World Health Organization

(https://gco.iarc.fr/), 495.773 patients have been diagnosed worldwide with pancreatic cancer

(Figure 1-3). Furthermore, it is estimated that the five-year survival rate is of 9%, making it the
seventh leading cause of cancer-related death worldwide (Figure 1-4) (5,6)

(https://gco.iarc.fr/). Incidence and mortality of pancreatic cancer are correlated with

increasing age and with gender, men being more prone to develop the disease (7). The etiology
is complex and multifactorial but smoking, alcohol consumption, family history, type-2 diabetes
and obesity have been associated with a higher risk of developing pancreatic cancer (7). This
cancer can be subdivided in two main categories: pancreatic ductal adenocarcinoma (PDAC),
which arises from the exocrine part of the pancreas, and which is the most common (90-95%
of cases) and aggressive type of pancreatic cancer; and the pancreatic neuroendocrine tumor
which arises from the endocrine part of the pancreas and which is less common (6). Most of
the time, diagnosis of PDAC occurs at very late stages and metastases have already spread,

making the surgery impossible (8). Chemotherapy is therefore proposed to lower the burden
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but the benefit is only temporary (8). In this work, we will focus on the pancreatic

adenocarcinoma subtype because of its poor prognosis and high frequency.

Number of new cases in 2020, both sexes, all ages
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Figure 1-3. Estimated number of new cases in 2020 from various types of cancers worldwide, including both males and
females and all ages. The number of new cases for pancreatic cancer is highlighted in yellow. (https://gco.iarc.fr/).
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Figure 1-4. Number of deaths from various types of cancers worldwide in 2020, for both sexes and all ages. Pancreatic
cancer, highlighted in yellow, was the seventh leading cause of cancer-related death. (https://gco.iarc.fr/).
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1.2.1. Etiology and risk factors of pancreatic cancer
Two categories of risk factors for pancreatic cancer have been identified: the modifiable and
non-modifiable factors. Smoking, alcohol consumption, obesity, type-2 diabetes, diet, and
occupational exposures (for instance, nickel exposure) constitute some external and modifiable
factors, while gender, age, ethnicity, family history, infections and genetic are intrinsic factors

that cannot be modified (6,9).

Among maodifiable factors, smoking is the major environmental factor for pancreatic cancer
(6,10). Compared to never-smoker, smokers increase their risk of developing PDAC (odds ratio
(OR) = 1.72; 95% confidence interval: 1.39-2.12) (11). In addition to smoking, alcohol also
represents another risk factor for developing pancreatic cancer (6,9). Indeed, drinking more
than nine glasses of alcohol per day is considered as high alcohol consumption and significantly
increases the risk of developing the disease compared to people drinking less than one glass
per day (OR = 1.6; 95% confidence interval: 1.2-2.2) (9). However, no increased risk is observed
in low to moderate alcohol consumers, except if they are smoking, suggesting intertwine effects
of both alcohol and cigarette (6). Another modifiable and external factor is obesity (6,9).
Indeed, many studies have shown that being overweight can increase the risk of developing
pancreatic cancer (6,9). The diet can also impact the risk (6). For instance, red meat
consumption (120 g/day) has been positively associated with risks of developing pancreatic
cancer (relative risk (RR) = 1.13; 95% confidence interval: 0.93-1.39) (6,12). Furthermore, some
studies have shown that some compounds used to conserve the meat such as nitrosamines,
nitrite or N-nitroso, may increase the risk of developing the digestive disease (6,13). On the
opposite, consuming vegetables was reported to have protective effects against pancreatic

cancer (6).

Family history, genetic, gender and age are non-modifiable factors associated with pancreatic
cancer (6,9). It is estimated that 5 to 10% of patients with pancreatic cancer have a family
history (6). The risk is increased if the patient has a first degree relative with pancreatic cancer
(6,14). This risk doubles if there are two relatives with the disease and can rise 32-fold and
higher if the number of relatives presenting the cancer is more than two (6,15). Cases of
inherited pancreatic cancer are usually related to germ-line mutations in genes such as breast
cancer type 1 susceptibility protein 1 and 2 (BRCA1 and BRCAZ2 respectively), partner and
localizer of BRCA2 (PALB2) or cyclin dependent inhibitor 2A (CDKNZ2A). Finally, chronic
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pancreatitis can also increase the risk of developing pancreatic cancer (6). For instance, patients
with serine protease 1 (PRSS1) gene mutations and related pancreatitis are more likely to

develop pancreatic cancer (6).

1.2.2. Development of PDAC
Years before the apparition of the first symptoms (such as jaundice, loss of weight and
abdominal pain) and diagnosis, pancreatic lesions arise, grow and evolve progressively into
invasive PDAC (Figure 1-5) (16). Those precursor lesions are named the pancreatic
intraepithelial neoplasia (PanIN) and can be classified in three categories: the low, intermediate
and high grades (16). PanIN-1a and -1b are part of the low-grade category and are characterized
by minimal cytological and architectural atypia while, PanIN-3 is an advanced lesion with severe
atypia and is called “carcinoma in-situ” (16). On a side note, PanIN constitutes the main type of
lesion leading to PDAC. However, even if it is less frequent, other types of lesions such as
intraductal papillary mucinous neoplasms (IPMN) and mucinous cystic neoplasms (MCN) can

develop into PDAC (17).

' Normal = PanIN-1A PanIN-1B PaniN-2 ' PaniN-3
K-RAS CDKN2A P53

SMAD4

BRCA2

Figure 1-5. Development of PDAC from normal pancreas to PanIN-3. Driving mutations involved in tumorigenesis such as
KRAS, CDKN2A or TP53 are represented in accordance with the PanIN status. The picture is from Daoud et al. (2019) (18).

The study of PanIN lesions is essential to find new strategies allowing early detection (and
prevention) of PDAC. It has been identified that the kirsten rat sarcoma viral oncogene homolog
(KRAS) gene is mutated in 70-85% of cases, initiating early PanIN-1 stage (Figure 1-5) (16,19). In

PDAC, the main mutation found in KRAS (in ~80 % of cases) is the G12D mutation, meaning that
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the glycine at position 12 is replaced by an aspartic acid (20). This small GTPase is anchored to
the plasma membrane and creates a bond between growth factor receptors and intracellular
pathways involved in cell survival and proliferation (19). In some cancers, the mutant KRAS is
permanently bound to GTP in its activated form. Therefore, the pro-survival and proliferative
downstream signaling pathways, such as the AKT/PI3K or the MAPK pathways, are
constitutively activated (19). Although KRAS mutations have been involved in PanIN initiation,
studies performed on transgenic mice showed that only 20% of mice with mutated KRAS
develop pancreatic cancer even if 100% of those mice had developed PanIN lesions, suggesting
that KRAS mutation alone is not sufficient to drive PanIN into pancreatic cancer (19). Indeed,
other driving mutations on genes such as the tumor protein p53 (TP53), the mothers against
decapentaplegic homolog 4 (SMAD4), and the CDKN2A are involved in tumorigenesis (Figure
1-5): PanIN lesions in transgenic mice mutated for KRAS and TP53 evolve into PDAC in more
than 99% of cases, meaning that the succession of mutations in proto-oncogenes and tumor

suppressor genes is required for tumorigenesis (19).

Even if the name pancreatic ductal adenocarcinoma may suggest that the cellular origin of
PDAC is ductal cells, the cellular origin of PDAC is still under debate (17). In fact, recent studies
performed in engineered mouse models, reported that PDAC may emerge either from
pancreatic embryonic precursors, ductal cells or acinar cells, all of them being capable to give
rise to the cancer (Figure 1-6) (17,21,22). PDAC cells display ductal features, explaining why
ductal cells were initially considered as the origin of PDAC (17). Nevertheless, it is now known
that acinar cells can undergo acinar-to-ductal metaplasia (ADM) and give rise to PDAC (21). In
addition, it seems that the cellular origin of PDAC may influence the disease progression.
Indeed, in their study published in 2019, Lee et al. showed that acinar cells, mutated for KRAS
and TP53 in mice model, lead to invasive PDAC (22). Nonetheless, they required prolonged time
to develop into PDAC compared to ductal cells mutated for the same genes (22). Moreover, it
seems that mutated-ductal cells can give rise to PDAC without formation of PanIN lesions, while
acinar cells seem to be systematically associated with those lesions (Figure 1-6) (23).
Nevertheless, the possibility that ductal cells can develop into PDAC through PanIN lesions

cannot be excluded regarding actual scientific knowledge (17,23).
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Figure 1-6. PDAC can originate from acinar or ductal cells. Acinar cells (top) will undergo an ADM, which becomes
irreversible upon KRAS mutation. The resulting ductal-like cells will evolve into PanIN lesions, and finally, PDAC. If the
cellular origin of the tumor arises from ductal cells (bottom), the tumoral development is thought to be faster, without
formation of PanIN lesions. Nevertheless, the possibility that ductal cells can develop into PDAC through PanIN lesions
cannot be excluded. Adapted from Malinova et al. (2021) (17).

1.2.3. Diagnosis, staging and treatment of PDAC
1.2.3.1. Diagnosis and staging of PDAC
Patients with pancreatic cancer usually exhibit unspecific symptoms such as epigastric pain,
cachexia and jaundice (24). In case of pancreatic cancer suspicion, an abdominal CT-scan is
performed to check the presence of a pancreatic mass (25). Moreover, in order to corroborate
the lesion and to appraise the degree of differentiation, a biopsy is harvested (25). Based on
imaging, the extent of the cancer is assessed using the TNM score, established on three
parameters: the T parameter gauges the size of the tumor. Whether the cancer has reached or
not the lymphatic system is assessed by the N parameter. And finally, the presence of
metastases is determined by the M parameter (25). According to the TNM score, the cancer is

classified in three categories: the resectable, limited resectable or non-resectable cancers (25).
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This is summarized in (Table 1). The cancer is considered as non-resectable when it has reached

the vascular system and when there is the presence of metastases (25,26).

Table 1. TNM score. According to the size of the tumor (T), the spread to lymph nodes (N) or the presence of metastases (M),

a stage from 0 to IV is established. Based on the stage, the tumor is classified as (borderline) resectable or unresectable.

Stages Tumour (T) Nodes (N) Metastasis (M) Surgery

Stage O Tis NO MO

Stage IA T1 NO MO Resectable

Stage IB T2 NO MO Resectable

Stage IIA T3 NO MO -

Stage |IB T1,T2, T3 N1 MO Borderline
resectable

Stage |l T1,7T2,T3 N2 MO Unresectable

T4 Any N
Stage IV Any T Any N M1 Unresectable

1.2.3.2.Standard treatments of PDAC
Because in 80% of cases, patients are diagnosed at late stages, the tumor is not resectable (8).
In this situation, the 5-year survival rate is below 5% (27,28). Nevertheless, even if the benefit
is only of a few months, chemotherapies, such as FOLFIRINOX, which is a combination of
molecules, including Folinic Acid (improves the effect of Fluorouracil by promoting optimal
binding to the thymidylate synthase), Fluorouracil (a nucleoside metabolic inhibitor, interfering
with DNA and RNA synthesis; it inhibits the thymidylate synthase by competitive binding, and
its metabolites incorporate into DNA and RNA), Irinotecan (inhibits the type-| topoisomerase,
preventing ligation of the single strand break) and Oxaliplatin (induces crosslinking of
macromolecules such as DNA, preventing its replication and transcription) can be
administrated. In addition, gemcitabine (after being metabolized, gemcitabine inhibits the
ribonucleotide reductase, involved in deoxynucleoside triphosphate synthesis and incorporates
into DNA, further inhibiting DNA synthesis) or gemcitabine combined with paclitaxel (impacts
mitosis by preventing microtubules depolymerization), can also be used to prolong the survival
(Figure 1-7) (8,25,29-34). On the opposite, for the 20% of remaining cases with limited or fully
resectable tumors, the surgery can be performed (8,25). Naturally, this decision considers the
patient’s comorbidities and performance status (25). In case of a resectable tumor, the surgery
is directly performed without neo-adjuvant therapy if the global patient’s health allows it (8,25).

If the tumor is considered as borderline for resection, a neo-adjuvant treatment such as radio-
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chemotherapy or chemotherapy alone may be administrated (8,25). This is followed by surgery,
if a positive response from the patient after neo-adjuvant treatment is observed (Figure 1-7)
(25). It is worth mentioning that, even for patients undergoing surgery, the risk of relapse is
high. Indeed, 76.7% of patients with resected tumor experiment a relapse within 2 years after

the surgery (27,28).

Resectable >
. Neo-adjuvant
sodere | MU |
chemotherapy A AdJU‘;;a”t
chemotherapy:
e

Becomes Surgery FOLFIRINOX/
locally advanced gemcitabine

Becomes
Locally advanced Neo-adjuvant resectable
Non-resectable chemotherapy

\Stays localized

Eventual local
Becomes treatment
metastatic
. FOLFIRINOX
Metastasis I %alliativg !
Non-resectable chemotherapy

Figure 1-7. Treatment strategy according to the resectable, borderline resectable and non resectable status of the tumor
(with or without metastases). If the tumor is resectable, the surgery can directly be performed (rare situation). This is
followed by adjuvant chemotherapy (usually FOLFIRINOX). If the tumor is borderline resectable or non-resectable (without
metastases), neo-adjuvant chemotherapy is administrated. It is followed by surgery if the tumor becomes resectable. For
advanced diseases, palliative chemotherapy is administrated. The picture was created with BioRender.com

1.2.3.3.Targeted therapy in PDAC
As opposed to chemotherapy, targeted therapy specifically targets molecules involved in
cancer progression. One example of targeted therapy is the use of Trastuzumab, a monoclonal
antibody, in human epidermal growth factor receptor-2 (HER2) positive breast cancer (35,36).
Indeed, in some breast cancers, HER2 is highly expressed, leading to abnormal tumor growth
(36). The monoclonal antibody Trastuzumab blocks HER2 and, as a consequence, downstream
signaling pathways involved in tumor progression are under-stimulated (36). Studies showed

that the use of Trastuzumab in combination with chemotherapy improved the relative overall
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survival by 37% and increased the 10-year survival from 75 to 84% (35). However, even if those
therapies have demonstrated satisfactory results for some cancers, in the case of PDAC,
targeted therapy only improves the overall survival by a few days. Indeed, the only targeted
therapy approved by the food and drug administration (FDA) for patients with advanced

pancreatic cancer is the Erlotinib (https://www.fda.gov/). This molecule inhibits the epidermal

growth factor receptor (EGFR), which is often overexpressed in PDAC (37). Because the EGFR is
involved in cell proliferation, apoptosis and division, its inhibition reduces tumor growth and
metastasis (37). It is noteworthy to point out that the mutation in KRAS (occurring in ~ 85% of
cases in PDAC (16,19)) is associated with a lack of sensitivity for the drug. Indeed, KRAS is part
of downstream signaling pathways of the EGFR (38). According to the study of Moore et al.
published in 2007, the combination of Erlotinib and gemcitabine increases the median survival
time of patients with PDAC by approximatively ten days (6.24 months versus 5.91 months for
the gemcitabine-Erlotinib versus gemcitabine-placebo) (39). Moreover, the one-year survival
rate increased from 17% to 23% when Erlotinib was used with gemcitabine (39). Even if the use
of Erlotinib prolonged the survival, the benefit remains minor. Notably, in Belgium, the Erlotinib

is not used to treat pancreatic cancer.

In that regard, having a better understanding of PDAC biology and finding new therapeutic
targets for this disease are needed. Since cancer cells exhibit uncontrolled cell proliferation,
they adapt their energy metabolism to support their growth and division (40—42). In addition,
cancer cells have to face challenging environmental conditions such as the lack of nutrients and
hypoxia, which require metabolic adaptations (40—42). This reprogramming of energy
metabolism in cancer cells has been described in 2011 by Hanahan et al. as an emerging
hallmark (40). Therefore, targeting cancer cell metabolism, in order to create a metabolic
imbalance able to slow down cell proliferation and sensitize them to other therapies, is
currently under investigations. In this context, numerous metabolic pathways have been
investigated, such as the mammalian target of rapamycin (mTOR) pathway, often involved in
cancer metabolism (43). Unfortunately, targeting the mTOR pathway has demonstrated toxic
side effects in clinical trials, highlighting the important role of this pathway in normal
proliferating cells (43). In this context of cancer cell metabolism, our team studies a protein,
named myoferlin, overexpressed in PDAC compared to non-cancer tissues, where it is barely

detectable (44). Such an expression profile makes this protein a good candidate for targeted
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therapy, especially since myoferlin has also been associated with cancer cell metabolism (45—
49). Before introducing myoferlin, the following sections will approach the hallmarks of PDAC
metabolism and the relationship existing between metabolism and inter-organelle

communication.

1.2.4. Overview of PDAC metabolism
PDAC is characterized by an exacerbated desmoplasia that represents up to 90% of the tumor
volume. Desmoplasia is constituted of cancer-associated fibroblasts (CAFs) that, under
activation, deposit a large amount of extracellular matrix. This accumulation of extracellular
matrix is responsible for the hypovascularisation observed in PDAC and represents a barrier for
immune cells and chemotherapeutic compounds (16). As a consequence of desmoplasia and
resulting hypovascularisation, pancreatic cancer cells are submitted to nutrient starvation,
hypoxia and metabolic stress (50). To survive to those extreme conditions, cancer cells adapt
their behavior and metabolism, for instance, by increasing autophagy and switching to

glycolysis (50).

Indeed, since its discovery in the 20s by Otto Warburg, it is now known that cancer cells switch
their metabolism towards glycolysis, even in the presence of oxygen (Figure 1-8) (51). Despite
the fact that glycolysis is less efficient for adenosine triphosphate (ATP) production than
oxidative phosphorylation (OXPHQOS), it is thought to confer advantages to proliferating cells by
providing them biosynthetic precursors needed for nucleotides or proteins, thus supporting
their growth (50). In addition, ATP obtained by glycolysis is produced faster than via
mitochondrial respiration, which can confer advantages under competitive environments (52).
Another consequence of this so-called Warburg effect is the acidification of the tumoral
environment by lactate production. This acidification of the tumoral microenvironment is
thought to alter the tumor-stroma interface, allowing the invasion of surrounding tissues by
cancer cells (52). In addition to environment acidification, the high glycolysis rate might
indirectly provide elevated ratios of NADPH,H*/NADP* (for instance through the pentose
phosphate pathway or the “single carbon” pathway) needed for the reactive oxygen species
(ROS) detoxification (52). Indeed, ROS level is elevated in cancer due to hypoxia, high metabolic
rate and genetic alterations. Moderate levels of ROS can favor tumor progression, for instance,
by inducing DNA mutations. However, excessive amounts of ROS can be harmful for cancer

cells, explaining their need for ROS detoxification (53).The Warburg effect is also influenced by
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mutations found in cancers (50). For instance, oncogenic KRAS upregulates the glucose
transporter-1 (GLUT1), increasing glucose influx inside the cell. It also upregulates the
expression of hexokinase 1 and 2 (HK1 and HK2), increasing glycolysis rate, and drives glucose
intermediates into glycolysis side-paths such as the pentose phosphate pathway, to support
biomass synthesis (54). In addition, mutations in TP53, SMAD4 or the activation of the hypoxia
inducible factor-1 subunit alpha (HIF-1a) pathway all contribute and favor the Warburg effect
(50).

Another characteristic found in PDAC is their increased reliance on lipid synthesis and/or uptake
(Figure 1-8) (50). This confers building blocks for membrane formation, signaling molecules, or
post-translational modifications of proteins (55). Furthermore, it is a non-negligible source of
energy for the cell, required for migration and metastasis (50). Compared to normal cells relying
mainly on dietary fat, some cancer cells produce more than 90% of their own triacylglycerol
fatty acids (55,56). This observation is well illustrated by the study of Daemen et al. published
in 2015, where the metabolite and transcriptional profile of 38 pancreatic cancer cell lines
showed three main metabolic subtypes, including a glycolytic and a lipogenic one (57). While
the glycolytic subtype depended more on glycolysis, the lipogenic one was characterized by
high levels of metabolites and enzymes involved in cholesterol, steroid and lipid synthesis as
well as OXPHOS (57). As for the Warburg effect, this increased reliance on lipid metabolism
observed in PDAC is also modulated by oncogenes such as KRAS (58). In parallel to the de novo
lipid synthesis, PDAC cells enhance their uptake of cholesterol and store it as cholesteryl-ester.
Indeed, cholesterol is a major constituent of plasma membrane lipid rafts, which modulates
cell signaling. This explains why in PDAC the acyl-coenzyme-A cholesterol acyl-transferase-1
(ACAT1) is highly expressed and associated with cancer progression (55). This enzyme is also
highly enriched in the contacts existing between endoplasmic reticulum (ER) and mitochondria

(59).

Besides glucose and lipid metabolism, PDAC cells also rewire their amino acid metabolism (50).
In this context, glutamine constitutes a good example (Figure 1-8) (50). Indeed, in non-cancer
cells, glutamine is converted into glutamate and then into alpha-ketoglutarate to fuel the
tricarboxylic acid (TCA) cycle (50). However, in cancer cells, glutamate is preferentially rewired
toward the aspartate/malate pathway, the end products being pyruvate and an elevated ratio

of NADPH,H*/NADP* (50). This pathway helps for the detoxification of ROS and, therefore,
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maintains the cell redox homeostasis (50). As for lipid or glucose metabolism, KRAS plays a
major role in this rewiring. On one side, it downregulates the glutamate dehydrogenase
(GLUD1), which converts glutamate into alpha-ketoglutarate, while on the other side, it
upregulates the aspartate aminotransferase 1 (GOT1) and the malate dehydrogenase 1

(MDH1), that participate to the aspartate/malate pathway (50).
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Figure 1-8. Major metabolic pathways in PDAC. (1) PDAC proliferative cells sustain their metabolic needs thanks to the
Warburg effect. (2) Some PDAC cells rely exclusively on lipogenesis, providing them non-negligible sources of energy. (3)
PDAC-specific glutamine metabolism: in PDAC, glutamine is preferentially converted into aspartate, then into
oxaloacetate, malate and finally into pyruvate. This results in a high NADPH,H*/NADP* ratio, allowing ROS detoxification.
(4) The metabolic needs of the cell are supported by autophagy (and macropinocytosis). G6P: glucose-6-phosphate; F6P:
fructose-6-phosphate; FBP: fructose biphosphate; G3P: glyceraldehyde-3-phosphate; PEP: phosphoenolpyruvate; Asp:
aspartate; OAA: oxaloacetate; a-KG: alpha-ketoglutarate; TCA: tricarboxylic acid cycle; ROS: reactive oxygen species. The
picture was created with BioRender.com

Furthermore, PDAC have been characterized by their enhanced autophagy and
macropinocytosis (Figure 1-8) (50). While autophagy is often anti-tumorigenic in normal cells
and at early stages of cancer development, it becomes beneficial for cancer cells at later stages
(50). Indeed, inhibition of autophagy in PDAC suppresses growth and proliferation (50). This is
explained by the fact that, under nutrient deprivation, cancer cells use autophagy (and
macropinocytosis) to recycle sugars, amino acids, fatty acids and other molecules through

anabolic pathways (50). Interestingly, the cells adapt themselves in a sustained manner,
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meaning that even after restoring nutrients, an enhanced level of autophagy is still observed
(50). This could be explained by the involvement of oncogenes such as KRAS, known to favor
autophagy. Indeed, KRAS can suppress autophagy through the PI3K/AKT/mTOR pathway, while
it can promote autophagy through the MAPK pathway. In cancer cells, an upregulation of the
MAPK pathway and downregulation of the PI3K/AKT/mTOR axis, promoting the KRAS-induced
autophagy was reported (60). In the literature, it has been proposed to target autophagy in
combination with chemotherapy. However, this strategy was not successful due to a
compensation through macropinocytosis. Therefore, inhibition of both macropinocytosis and

autophagy has been proposed as a more successful approach (50).

Finally, during decades, the scientific community believed that cancer cells switched their
metabolism to glycolysis because their mitochondria were not functional (51). However, this
belief has been questioned and, today, it is known that, even if mitochondrial respiration is
often repressed in cancer cells, it remains perfectly functional (51). For instance, in 2020,
Hollinshead et al. showed that, unlike cell lines derived from less hypoxic tumors such as lung
and colon, PDAC cell lines were able to proliferate under severe hypoxia (61). Interestingly,
under anoxia, the cells stopped proliferating but were able to maintain their viability for several
days. Those results suggest that a minimal oxygen concentration is required in PDAC cellular
processes to maintain growth and that PDAC cells establish strong metabolism adaptation to
sustain viability in the absence of oxygen. By creating mitochondrial DNA-deficient cells for key
respiratory chain catalytic subunits, they were able to show that PDAC cell lines, under severe
hypoxia, required functional electron transport chain (ETC) to maintain growth, demonstrating
the importance of mitochondria in PDAC (61). In addition to this study, pancreatic cancer stem
cells (CSCs), that have been involved in cancer relapse and metastasis, have been recently
shown to be highly dependent on oxidative metabolism and to display a low energetic flexibility.
Indeed, researchers showed that those cells, relying exclusively on OXPHQOS, were unable to
efficiently produce ATP from glycolysis upon mitochondrial inhibition with metformin (62). This
lead CSCs to apoptosis, while a small fraction of CSCs survived because of an intermediate
metabolic status (62). Similar studies highlighted mitochondria in pancreatic cancer as a
promising therapeutic target. Indeed, in their report, Masoud et al. showed in 2020 that PDAC

cell lines with a high OXPHQOS capacity were more resistant to gemcitabine. Moreover, treating

18



Introduction

those cells with phenformin, an inhibitor of the mitochondrial respiratory complex I, was able

to re-sensitize them to gemcitabine (63).

In the context of mitochondrial targeting as a therapeutic strategy, a growing interest for the
interconnections existing between mitochondria and other organelles, such as ER, emerged
(64,65). Indeed, it has been demonstrated that those contacts constitute real metabolic
platforms, with distinct lipid and protein compositions, where exchanges of metabolites occur
(64—66). Cancer cells use those metabolic platforms to fit their metabolic needs and to avoid
apoptosis (64—67). Interestingly, researchers found that proteins involved in those contacts
were often modulated or overexpressed by cancer cells (65,68,69). Some studies showed that
targeting proteins located in those contacts negatively impacted tumor progression, by
creating metabolic stress or sensitizing cells to apoptosis (70,71). Additionally, a recent
publication showed that mitochondria from neuroblastoma cells, obtained from patients after
the diagnosis or after cancer relapse, did not present differences in DNA content, size or shape
(72). However, the contacts existing between mitochondria and ER were modified, conferring
apoptotic resistance to cancer cells responsible of the relapse (72). This study highlighted the
importance of communication between organelles in cancer. Even if studying the physical and
metabolic interconnections existing between organelles seems promising, researchers only
recently began to study those interconnections in the context of cancer. Therefore, it probably
remains lot of proteins, functions and modulations related to those contacts that should be
investigated in cancers and that will probably be discovered in future years. In this work, we
studied a protein named myoferlin in the context of PDAC metabolism, and more precisely, in
the context of mitochondrial metabolism. We first believed this protein to be located on
mitochondria. Nevertheless, our investigations prompted us to wonder whether myoferlin was
located in the metabolic platforms existing between organelles. In the following section, such
metabolic platforms, the mitochondria-associated membranes (MAMs), will be described in

more details.

1.3. Mitochondria-associated membranes

Membrane contact sites between organelles have been recently defined by Scoranno et al. in

2019. To be considered as a contact site, the membranes in association should: (a) not fuse
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together, (b) display protein tethering, (c) fulfii a function and (d) have a specific

proteome/lipidome (73).

The term MAMs designates the membranes in contact with mitochondria. Therefore,
considering strictly the meaning of MAMs, this includes plasma membranes (74,75) and
organelles such as ER (76), lysosomes (77,78), and peroxisomes (79). Ideally, MAMs should
englobe all of the overmentioned organelles. However, the term MAMs is often used in the
literature to designate exclusively the membrane of ER in association with mitochondria (80).
When referring to the specific ER-mitochondria tethering, the terms of mitochondria-ER
contact sites (MERCS) or ER-mitochondria contact sites (ER-MCSs) are often used in the
literature (81,82). Even if the terminology MAMSs or MERCS (as well as ER-MCSs) refers slightly
to different concepts, MAMs referring to the ER membrane in contact with mitochondria and
MERCS to the contact sites, those terms are usually used to designate the same concept, being
the association of ER with mitochondria (83). In the present work, the term MAMs will be

mainly used to refer to the association between both organelles.

Since its discovery in the late 50’s (84), efforts to understand and characterize MAMs function
have emerged. Nowadays, it is known that contacts between ER and mitochondria largely
influence cell metabolism and fate. MAMs have been described in many cellular processes
including mitochondrial dynamics, apoptosis, lipid synthesis, calcium (Ca?*) transfer, autophagy
and inflammation. In addition, this metabolic platform has been associated with pathologies

such as cancer, diabetes, Alzheimer (AD) and Parkinson (PD) diseases (85,86).

The present section briefly describes mitochondria and ER. This is followed by a review of the
structure and the specific constituents of MAMs as well as their main functions. In addition, the
way MAMs influence and participate in pathologies such as cancer, neurodegenerative and

metabolic diseases is approached.

1.3.1. Mitochondrial structure and metabolism
The mitochondrion is an organelle found in eukaryotic cells. It is responsible for the aerobic
respiration where the oxygen is the final electron acceptor. It is used to produce energy under
the form of ATP. Because mitochondria harbor their own DNA and exhibit a specific double-
membrane structure, it is thought that the presence of this organelle in eukaryotic cells is the

result of endosymbiosis (87).
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Mitochondria are delimited by two distinct membranes: the outer mitochondrial membrane
(OMM) which surrounds the inner mitochondrial membranes (IMM). The space between those
membranes is named the intermembrane space (87). On one side, the OMM is more permeable
than the IMM because of the presence of numerous porins, allowing the passive diffusion of
molecules smaller than 6 kDa (88). Interestingly, the main type of porin located on the OMM is
the voltage-dependent anion channels (VDACs), representing more than 50% of OMM proteins
and allowing the entry of ions and uncharged molecules into the inter-membrane space (88).
On the other side, the IMM is less permeable. It contains proteins involved in the ETC.
Moreover, one particularity of the IMM is the presence of invaginations named cristae. Those
structures increase the IMM surface and thus, the amount of proteins involved in the OXPHOS.
Finally, the space delimited by the IMM is called the mitochondrial matrix, where the TCA or

Krebs cycle occur (87).

Mitochondria use the pyruvate produced by glycolysis. This last one is a metabolic pathway
found in eukaryotic and prokaryotic cells that converts glucose into pyruvate to provide energy.
Through this metabolic process, occurring in the cytosol, two net molecules of ATP, pyruvate
and NADH, H+ are produced from one molecule of glucose. The pyruvate produced through
glycolysis may enter the mitochondria where it is processed into acetyl-Coenzyme A to feed
the TCA cycle (Figure 1-9). Pyruvate, can cross the OMM through porin, such as VDACs, and
then the IMM through a specific symport with proton, the mitochondrial pyruvate carrier, to
enter the mitochondrial matrix (88). Once in the matrix, the molecule is oxidized by the
pyruvate dehydrogenase (PDH) into acetyl-Coenzyme A. The Krebs cycle starts when acetyl-
Coenzyme A reacts with oxaloacetate to produce citrate and ends when the malate is oxidized
into oxaloacetate to re-start the cycle. There exist three steps where the intermediates of the
TCA cycle are oxidized with the production of NADH, H+ or FADH2. Indeed, in addition to malate
oxidation, the isocitrate is oxidized by the isocitrate dehydrogenase (IDH) into alpha-
ketoglutarate (a-KGDH), which is in turn, oxidized by the alpha-ketoglutarate dehydrogenase
into succinyl-CoA. Consequently, the succinyl-CoA is converted into succinate thanks to the
succinate dehydrogenase with the production of GTP. Next to the production of NADH, FADH?2
is also produced during the sixth step of the TCA cycle through the oxidation of succinate into

fumarate. FADH2 and NADH, H+ provide electrons to the ETC (89).
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Figure 1-9. Representation of the TCA cycle and OXPHOS. The Krebs cycle starts when acetyl-Coenzyme A (Acetyl-CoA)
reacts with oxaloacetate to produce citrate and ends when the malate is oxidized into oxaloacetate to re-start the cycle.
NADH, H+ or FADH2 are generated by the TCA cycle and provide electrons to the ETC. The transport of electrons through
complexes I, Il and IV allows H* pumping from the matrix to the intermembrane space, creating an electrochemical
gradient across the IMM. This accumulation of protons in the intermembrane space is required for the proper activity of
the ATP synthase. Most of the protons from the intermembrane space return to the matrix through the ATP synthase,
synthetizing ATP from ADP and inorganic phosphate. The picture is from the publication of Martinez-Reyes and Chandel
(2020) (89).
The ETC chain is a set of protein complexes located in the IMM (Figure 1-9). There are four
complexes composing this chain: the complex |, I, lll and IV. The chain starts when the complex
| oxidizes the NADH, H+ into NAD+, while the complex Il accepts the electrons from FADH?2,
generated during the TCA cycle. Then, the electrons from the complex | and Il transit to the
complex lll thanks to the ubiquinone/ubiquinol, also known as coenzyme Q. Following this step,
the electrons are carried to the complex IV thanks to the cytochrome c. At the end of the
process, the complex IV passes the electrons to the oxygen, forming water. The transport of
electrons through complex I, lll and IV allows H+ pumping from the matrix to the
intermembrane space, creating an electrochemical gradient across the IMM. This accumulation
of protons in the intermembrane space is required for the proper activity of the ATP synthase.

Indeed, most of the protons from the intermembrane space return to the matrix through the
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ATP synthase, synthetizing ATP from ADP and inorganic phosphate. Combined together, the
ETC and the passage of protons through the ATP synthase constitute the “OXPHOS” (90).

As explained in this work, mitochondria are in contact with other organelles such as
endoplasmic reticulum. Those contacts are known to influence mitochondrial metabolism. For
instance, Ca?*, which is transferred from the ER to the mitochondria, acts as a cofactor of some
enzymes of the TCA cycle. Before describing those contacts in more details, the ER is briefly

approached.

1.3.2. Structure and function of the endoplasmic reticulum
The endoplasmic reticulum is an organelle characterized by continuous membranes that can
be divided into distinct subdomains such as tubules or sheets (Figure 1-10). Fission and fusion
of the network participate to the ER dynamics, involving proteins such as reticulons and atlastin
(91). While the branched tubules, found at cell periphery, mainly correspond to smooth
endoplasmic reticulum, the flat sheets, located near the nuclear region, often correspond to
rough endoplasmic reticulum. This last one is enriched in ribosomes and is involved in synthesis,
folding and post-translational modifications of proteins. On the other hand, smooth ER is often
associated with Ca?* handling (see section Calcium transfer at MAMs modulates cellular

metabolism) and lipid synthesis (see section MAMSs participate to ER stress relief ) (92).

Ribosomes play an important role in protein synthesis. They interact with mRNA in the cytosol
and dock to the ER membrane, where they deliver proteins for the secretory pathway. The
newly synthesized proteins, harboring a signal peptide, are recognized by a signal recognition
particle (SRP), which binds to its receptor on the ER. After docking to the ER membrane, the
protein is translated in the ER. Once in the ER lumen/membrane, the proteins undergo proper
folding by the chaperones. As discussed in the MAMs participate to ER stress relief section,
unproper folding can lead to ER stress and activate the UPR response. In accordance with their
functions, some proteins are retained in the ER, while others are packed and sent to the Golgi

apparatus for final destinations (92).

The ER is also involved in lipid synthesis and participates to the detoxification of drugs or
alcohol. For instance, the synthesis of glycerophospholipids, sphingolipids and triglycerides has
been described on the ER membrane. The newly synthesized lipids can be transported to final

destinations through vesicles or contacts with other organelles such as mitochondria. This
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transfer of lipids occurring between ER and mitochondria is described in the Lipid transfer

occurs at MAMSs and participates to mitochondrial membrane integrity section (94). In the

following section, the functional aspect of those membranes in association with mitochondria
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Figure 1-10. Endoplasmic reticulum (ER) structure. (A) Immunostaining of ER showing the ER tubules at the cell periphery
and the ER sheets near the perinuclear region. (B) schematic representation of the ER tubules and sheets. The picture is
from the publication of Park and Blackstone (2010) (93).

1.3.3. Structure and composition of MAMs
MAMs structure and composition are closely related to their functions (Figure 1-11). For
instance, in relation with their function in lipid transfer, lipids such as cholesterol, ceramides
and sphingolipids as well as proteins involved in lipid synthesis and phospholipid transfer are
found to be enriched in MAMs (see Lipid transfer occurs at MAMs and participates to
mitochondrial membrane integrity section) (80). In addition to their function in lipid transfer,
MAM s are involved in Ca?* transfer. Therefore, proteins, such as VDACs and the inositol 1,4,5-
triphosphate receptors (IP3Rs) as well as proteins involved in their modulation, such as the
phosphatase and tensin homolog (PTEN) or the protein kinase B (AKT), were described in those
cellular regions (96) (see section Implication of MAMs in diseases). VDACs and IP3Rs are

channels located, respectively, on the OMM and on the ER membrane. In MAMs, those
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channels are in proximity, allowing efficient Ca?* transfer from the ER to the mitochondria. In
order to stabilize those proteins, a linker, the 75 kDa glucose-regulated protein (GRP75),
creates a bridge between them. Whereas VDACs and IP3Rs were not reported to interact with
each other, GRP75 was shown to interact with both VDACs and IP3Rs (97) (see section Calcium

transfer at MAMs modulates cellular metabolism).
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:
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Figure 1-11. Protein composition of MAMs and their related functions. MFN1 and MFN2 tether the membranes of ER and
mitochondria, which is essential for efficient Ca2* and lipid transfer. IP3Rs and VDAC1 allow Ca?* transfer between both ER
and mitochondria. The stabilization of the VDAC1-IP3Rs axis is assured by linker proteins such as GRP75. Ca?* transfer can
be modulated by proteins such as AKT, PTEN or S1R. Proteins involved in lipid synthesis, and transfer, such as PEMT or
PSD, are also found in MAMs. The picture was made with BioRender.com

Furthermore, in order to allow Ca%* and lipid transfer between both organelles, an optimal
distance between ER and mitochondria is required. Some proteins such as MFN2 and
phosphofurin acidic cluster sorting protein-2 (PACS-2) have been described at MAMs, where
they participate to the tethering of both organelles (96). In 2008, MFN2 silencing has been
reported to increase the distance between ER and mitochondria and, by consequence, to
decrease the transfer of Ca’* between both organelles (98). Nonetheless, the contrary has also
been reported, where MFN2 silencing enhanced the contacts between ER and mitochondria,
thus, increasing the transfer of Ca%* (99). In the study published by Filadi et al. in 2015, a model
was proposed, where MFN2 would prevent Ca®* overload and toxic effects on the cells (99).

Due to those discrepancies, in 2016, Naon et al. re-evaluated the effect of MFN2 depletion on
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MAMSs (100). They found similar results to Scorrano and his team in 2008 (98), where MFN2
reduced ER-mitochondria contact sites (100). Nevertheless, despite the study published by
Naon et al. in 2016 (100), further investigations are probably needed to clarify this point.
Besides MFN2, there is also the interaction of the vesicle-associated membrane protein-
associated protein B (VAPB), located on the ER, with the protein tyrosine phosphatase
interacting protein 51 (PTPIP51), located on mitochondria (101,102). In the literature,
overexpression or silencing of those proteins was shown to increase or decrease, respectively,
the contacts between ER and mitochondria. Moreover, PACS-2, a protein involved in
membrane trafficking, was also reported in MAMs (103). Its depletion was shown to induce
mitochondrial fragmentation and to uncouple ER from mitochondria. Conversely, the
overexpression of PACS-2 has been associated with enhanced ER-mitochondria contact sites
(96,103,104). In addition, it was reported that PACS-2 could regulate the activity of calnexin,
which is a protein found in MAMs. Since calnexin regulates the activity of the sarcoendoplasmic
reticulum calcium-ATPase (SERCA) pump, located on the ER, the redistribution of calnexin to
the plasma membrane, upon PACS-2 knockdown, influenced the Ca?* dynamics between ER
and mitochondria (105). On the opposite, proteins such as the fetal and adult testis-expressed
transcript protein (FATE-1) have been described as MAMs spacers (96,106). Disruption of
MAMs tethering have been reported to impact mitochondrial dynamics and metabolism,

showing the importance of tethering proteins (100,107).

In the literature, even if this definition tends to evolve with time, the distance between ER and
mitochondria should be less than 30 nm to be considered as a contact (108). Moreover, the
optimal distance between ER and mitochondria is estimated to be about 15 nm. Nevertheless,
the optimal distance between organelles must also take into consideration whether this is
rough or smooth ER in contact with mitochondria, the cell line on which the study is performed
and the environment. Indeed, since MAMs are involved in cell metabolism, the environment
may impact the cell requirements and thus, MAMs ultrastructure (96,109). Impairment of this
last one can have major effect on MAMs function such as defective Ca?* signaling, as observed
in AD, diabetes or PD (98). In addition to MAMs ultrastructure, the overmentioned parameters
(for instance, cell lines or environment) may also influence “MAMs frequency”. Indeed, the

proportion of mitochondrial membranes in contact with ER is estimated to be approximately
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20% (110). However, this proportion may vary according to the model used and cell

metabolism.

The interest for the existence of inter-organelle communication and its impact on cell
metabolism and function is relatively new. This is only since recently that diseases such as
cancer, PD, AD or even diabetes have been associated with inter-organelle communication such
as MAMs (111-114). As described previously, many proteins have already been identified in
MAMs. Nonetheless, our comprehension and knowledge about proteins involved in MAMs is
still limited. For instance, even in 2022, new MAMs proteins are being identified, such as the
proline-rich tyrosine kinase 2 (Pyk2) protein, recently reported in MAMs of hippocampal
neurons (115). In this work, we studied a protein named myoferlin. The silencing of this protein
has been shown to impact mitochondrial metabolism of PDAC cell lines (47). In order to identify
the underlying mechanism, we aimed at identifying myoferlin localization in relation with
mitochondria. As it will be approached in this work, our research lead us to investigate the

presence of myoferlin in MAMs.

Before describing in more details the functional aspect of MAMs, the techniques commonly

used to study MAMSs are briefly approached.

1.3.4. Technical approaches to investigate MAMSs
In order to study MAMs composition, isolation using cell fractionation has been used for the
first time in 1990 by Vance (116). Using this technique, crude mitochondria are collected and
further centrifuged, allowing the obtention, on the one hand, of a purified mitochondrial
fraction and, on the other hand, a fraction containing organelles associated to mitochondria,
being mainly ER. This technique is a gold standard to assess the presence of proteins in MAMs
fractions and to evaluate, under specific conditions, how the abundance of those proteins may
vary in the cells and in MAMs (117,118). It can also be used in association with mass-
spectrometry to identify unknown proteins (119-121). Nevertheless, one limitation of this

technique is the contamination with other organelles, which can affect result interpretations.

Technigues based on fluorescence can also be used to assess whether a protein is located in
MAMs or the contacts between ER and mitochondria (98,122). Probes, plasmids or antibodies
can be used for those purposes. The advantage of fluorescence-based techniques is the visual

assessment of the protein of interest regarding ER and/or mitochondria. Depending on the
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tools used, those techniques may even allow visualization of MAMs in living cells. It is also less
time consuming than techniques such as TEM, where image analysis is often laborious.
Nevertheless, microscope resolution constitutes a limitation and can impact result
interpretations. To overcome this issue, some strategies have been developed, such as the
fluorescence resonance energy transfer (FRET) (73), irreversible split fluorescent probes
(73,123) or the use of reversible fluorescent reporters (73,124). This allows the detection of
fluorescence where the ER is in proximity with mitochondria. Even if those techniques allow us
to visualize MAMs, they constitute challenging approaches and cannot compete with TEM

resolution for MAMs visualization.

In the MAMs research field, TEM is commonly used for the visualization of ER-mitochondria
contact sites. Thanks to its resolution, it allows to quantify the distance between ER and
mitochondria, the length of the ER membrane in contact with mitochondria and the
mitochondrial perimeter (73,100). Nevertheless, this technique is time consuming for image

analysis and cannot be performed on living cells.

The proximity ligation assay (PLA) is another technique often used to study MAMs. Similarly to
immunofluorescence assays, one pair of primary antibodies are used against proteins of
interest, followed by the addition of secondary antibodies conjugated to DNA oligonucleotides.
Then, hybridizing connector oligonucleotides are added. They bind to the DNA oligonucleotides
from the secondary antibodies, if they are in proximity. Following this step, a ligase creates a
circular template for rolling circle amplification. Finally, the amplified DNA is detected using
some fluorescent probes. In 2016, Tubbs and Rieusset provided an exhaustive protocol to study
ER-mitochondria interactions by PLA on fixed cells (125). The authors proposed couples of
proteins that could be used to study MAMs, such as the couple IP3R1 and VDAC1 as well as
GRP75 and VDAC1. The advantage of this technique is its simplicity and rapidity, assessing
alterations in contact sites. Nevertheless, this technique requires specific antibodies to avoid
false positive signals. In addition, signals can be detected if less than 40 nm separate proteins
of interest. Thus, upon small variations in distance between proteins, signals could still be

detected, creating false negative results (125).

Besides the structural study of MAMs, some techniques also allow us to investigate functional
alterations of MAMs. For instance, since MAMs have been involved in Ca?* transfer, it is possible

to study this transfer using probes or plasmids in living cells (see sections Calcium transfer at
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MAMSs modulates cellular metabolism and Plasmid preparation and transfection). Those tools
allow the assessment of ER, cytosolic or mitochondrial Ca?* level upon stimulation. It is
particularly interesting as it is known that dysfunctional Ca?* transfer to mitochondria can
impact their metabolism. In the literature, a way to study this relationship between Ca?* and
mitochondrial metabolism has been published by Hajnoczky et al. in 1995, where vasopressin
injection induced an increase in mitochondrial Ca%* level and thus, mitochondrial

dehydrogenases activity (126). This link was established using microscopy.

Besides Ca®* transfer, MAMs have also been involved in lipid exchanges. One strategy to study
lipid transfer between both organelles is to use radioactive isotopes ([3->H] Serine) and to check
for the formation of PS, PE or PC by thin layer chromatography from different fractions (for
instance, crude mitochondria or pure mitochondria) (116). In their article published in 2022,
Peter et al. proposed the MATALIC method, where enzymes, able to tag phospholipids of
interest, are send to ER or mitochondria (127). If the phospholipids are tagged twice, it means
they were transferred between both organelles. In this case, the detection of tags was

performed by mass-spectrometry.

1.3.5. Role of MAMs in cellular functions
1.3.5.1. MAMs are involved in mitochondrial dynamics
Mitochondria were often described as small, static, individual entities. However, thanks to
imaging, it is known that mitochondria form a dynamic network that can undergo fission and
fusion events (128). The fusion is characterized by the union of two mitochondria while the
fission designates the division of one mitochondrion into two individual organelles (128). The
concept of mitochondrial dynamics relies on the equilibrium between fission and fusion events
(128). For instance, an excess of fusion or a lack of fission both lead to an apparent hyperfused
network while an excess of fission or a lack of fusion both lead to a fragmented network. This
dynamic depends on the cell type, the specific needs of the cell and the environment (128,129).
Namely, under nutrient deprivation, mitochondria fuse to allow distribution of matrix
components and to increase the surface of the IMM, and by consequence, the OXPHOS
(128,130). On the opposite, fragmented mitochondrial networks have been described in high

nutrient environment, cell division, apoptosis and prolonged stress (128,130,131).
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Figure 1-12. Steps leading to mitochondrial fusion. (1) MFNs tether mitochondria prior to fusion thanks to their HR
domains. (2) Following this step, MFNs change their conformation and (3) GTP is hydrolyzed, leading to OMM fusion.
Thanks to S-OPA1 and L-OPA1 as well as cardiolipin (CL), both IMMs fuse (4). This process involves GTP hydrolysis (5). This
figure is adapted from Tilokani et al. (2018) (128).

Mitochondrial fusion is a fast event, occurring in less than 2 minutes and involving proteins such
as mitofusins (MFNs) and optic atrophy protein 1 (OPA1) (Figure 1-12). While MFNs are involved
in the OMM fusion, OPA1 participates to the IMM fusion (128,132,133). To allow the fusion,
mitochondria have to be in proximity, where MFNs can accumulate and tether both
mitochondria by forming hetero- or homo-typic complexes (128,133). This is followed by
guanosine-5'-triphosphate (GTP) hydrolysis, triggering OMM fusion. Indeed, MFNs are
GTPases, harboring a transmembrane domain, allowing MFNs insertion in the OMM. In
addition, those proteins have a cytosolic N-terminal GTPase domain, allowing membrane
fusion, and cytosolic C-terminal heptad repeats (HR) domains, allowing tethering (128,133).
The MFNs family encompasses MFN1 and MFN2, each protein coming from distinct genes. Both
MFNs are involved in mitochondrial fusion and have been described on mitochondria (134).
However, differences exist between MFN1 and MFN2. For instance, MFN1 has been reported
to have a higher GTPase activity and a higher efficiency for mitochondrial tethering than MFN2
(134). In addition, while MFN1 has been reported only on mitochondria, MFN2 has also been

reported on the ER, and more precisely in MAMs, where it participates to the tethering
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between both mitochondria and ER (98,135). Such tethering is essential to preserve the
metabolic integrity of the platform. Beside MFNs, the IMM fusion requires the OPA1 GTPase,
which supports IMM fusion through GTP hydrolysis. OPA1 is a protein located in the IMM,
encompassing several isoforms required for IMM fusion, such as the isoforms S and L.
Furthermore, OPA1-mediated fusion requires cardiolipin, a phospholipid enriched in the IMM
(128,133). As it will be discussed in the Lipid transfer occurs at MAMs and participates to
mitochondrial membrane integrity section, MAMs are involved in mitochondrial membrane

integrity and can impact cardiolipin synthesis (80).

Mitochondrial fission is a multistep process, requiring the action of the ER as well as cytosolic
and mitochondrial proteins (Figure 1-13) (128). During the first step of mitochondrial fission,
the ER wraps around mitochondria, allowing actin to polymerize between both organelles. This
is followed by constriction, reducing the mitochondrial diameter. Once the diameter is reduced,
the cytosolic dynamin-related protein 1 (DRP1) is recruited by the OMM where it forms a ring-
like structure around mitochondria. Due to its GTPase activity, DRP1 hydrolyzes GTP and further
decreases mitochondrial diameter. Because DRP1 cannot bind directly the phospholipids, it is
recruited by adaptor proteins located on the OMM (128). Those proteins accumulate at fission
sites and include the mitochondrial fission factor (MFF), the mitochondrial fission 1 (FIS1)
protein and the mitochondrial dynamics proteins 49 and 51 (MiD49 and MiD51) (136). Finally,
in order to divide completely the mitochondria, another GTPase has been reported to be
recruited at the fission site where it hydrolyzes GTP and finalizes the constriction (137). This
protein, the dynamin-2 (DNM2), is involved in intracellular membrane trafficking, vesicle
formation and endocytosis (128,138). Nevertheless, the role of DNM2 in mitochondrial fission
has been recently challenged (139,140). In their study, Fonseca et al. showed that DNM2
knockdown cells (as well as triple-knockout cells for DNM1, DNM2 and DNM3) were still able
to undergo mitochondrial fission. On the opposite, they observed a defect in mitochondrial
fission upon DRP1 knockdown, showing the importance of DRP1 for fission while DNM2 seems

to be dispensable (140).

As aforementioned, MAMs are involved in mitochondrial fission processes by constricting
mitochondria prior to fission. In addition, some publications reported that Ca?* transfer occurs
between ER and mitochondria to allow IMM fission. Indeed, in their study published in 2017,

Chakrabarti et al. demonstrated that rapid and elevated increase of Ca%* in the matrix lead to
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IMM constriction and mitochondrial fission (141). This Ca®* -mediated mitochondrial fission has
been shown to occur before the intervention of DRP1 and to be independent of this pathway
(141). This observation was confirmed by another study, where Ca?* overload conducted to a
fragmented mitochondrial network, while mitochondrial Ca%* depletion lead to an hyperfused
mitochondrial network (142,143). In parallel, this is only since recently that mitochondrial fusion
has been associated with MAMs. Indeed, in their article published in 2020, Abrisch et al.
showed that mitochondrial fusion machinery also assembles at MAMs to modulate
mitochondrial morphology. Interestingly, they found that 88% of mitochondrial fusion events

occurred in those subcellular regions (144).
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Figure 1-13. Mitochondrial fission. ER (in green) wraps around mitochondria to allow a first constriction. The constriction
is achieved by actin polymerization between ER and mitochondria. This step is followed by the recruitment of DRP1 on the
OMM thanks to adaptor proteins such as MFF or MIDs. After GTP hydrolysis by DRP1 and further constriction, the DNM2
protein finalizes the mitochondrial fission. This figure is adapted from Tilokani et al. (2018) (128).

1.3.5.2. Role of MAMs in cell death
Apoptosis is a programmed form of cell death that can occur through different pathways. One
of those pathways involves mitochondria and is named the intrinsic pathway (145). As

suggested by its name, this pathway induces cell death in response to intrinsic stimuli such as
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ER stress, hypoxia, metabolic stress or DNA damages (146). Because it has been associated with

MAMs, the following section describes the intrinsic pathway.

At the early stage of apoptosis, the pro-apoptotic BCL-2 associated-X and BCL-2 homologous
killer proteins (BAX and BAK) accumulate and permeabilize the OMM, allowing proteins located
in the intermembrane space, such as cytochrome c, to escape mitochondria (145). Once in the
cytosol, cytochrome c associates with the procaspase-9 and the apoptotic protease activating
factor-1 (APAF-1) into apoptosome. This triggers the activation of caspase-3 and caspase-7,
which induces DNA fragmentation and cell death. BAX and BAK proteins are regulated by the
B-cell lymphoma-2 and -extra-large (BCL-2 and BCL-XL) anti-apoptotic proteins by direct
interaction (145). Those proteins have been extensively described in cancer as they promote
cell survival. Besides BAX and BAK OMM permeabilization, the formation of the mitochondrial
permeabilization transition pore (mPTP) has also been reported (147). In apoptotic conditions,
the voltage-dependent anion channel 1 (VDAC1) and the adenine nucleotide translocase (ANT)
proteins, which do not usually interact, form the mPTP channel. It allows the entry of water and
ions into the mitochondrial matrix and provokes the matrix swelling and the dissipation of the
mitochondrial electrochemical gradient (147). Therefore, the production of ATP is reduced and,
as a consequence of mitochondrial swelling, the OMM breaks, leading to cytochrome c release

into the cytosol (148,149).

Interestingly, Ca?* has been described as leading to PTP formation. Under high level of Ca?* in
the mitochondria, Ca?* interacts with cyclophilin D, a protein involved in PTP regulation, and
conducts to PTP formation (148). MAMs have been associated with apoptosis due to their
ability to act as a Ca’*-delivery platform for mitochondria (Figure 1-14) (64—67). Indeed,
modulation or alteration of MAMs can lead to mitochondrial Ca?* overload and, thus, to cell
death. It is worth mentioning that cyclophilin D has been shown to modulate Ca?* transfer at
MAM s by being part of a protein complex with key proteins involved in Ca?* signaling (111,150).
In cancer cells, Ca%* transfer at MAMs is optimized to fit the metabolic needs and also to avoid
apoptosis (64-67). Interestingly, this modulation of Ca®* transfer at MAMs by cancer cells is

often associated with (proto-)oncogenes, such as BCL-2 or the AKT (151).

Additionally, mitochondrial fission has also been associated with apoptosis. In their report,
Frank et al. showed in 2001 that cells undergoing apoptosis displayed a fragmented

mitochondrial network (152). The inhibition of DRP1 prevented mitochondrial fragmentation
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as well as the release of cytochrome c and, by consequence, apoptosis (152). However, other
studies have shown that, even if DRP1 inhibition reduced cytochrome c release and
mitochondrial fission, it does not prevent BAX and BAK-induced apoptosis (153). Despite the
controversy, those results may suggest that mitochondrial fission is closely related to apoptosis

(152).

Cytochrome ¢ ——— Apoptosis

Figure 1-14. MAMs and intrinsic apoptosis. Mitochondrial CaZ* overload induces the formation of mPTP, allowing
cytochrome c release and apoptosis. Since MAMs constitute metabolic platforms where Ca2?* transfer occurs, they
participate to apoptosis. Created with BioRender.com

1.3.5.3. Calcium transfer at MAMs modulates cellular metabolism
The intracellular Ca?* concentration varies according to its localization in the cell (Figure 1-15).
In order to sense faint variations in Ca®* as a signal, cytosolic Ca?* has to be maintained at low
concentration of approximatively [Ca?*]c= 0.1 uM (Figure 1-15) (154,155). To achieve this goal,
Ca?" is extruded out of the cell thanks to the plasma membrane Ca?*-ATPase (PMCA) and the
Na*/Ca®* exchanger (NCX), located on the plasma membrane (154,155). In addition, the cell
pumps Ca®* into the ER by the SERCA pump. Indeed, the ER is the main intracellular Ca®* store,
where the [Ca®*]er can reach up to 500 uM in resting conditions (Figure 1-15) (154). In addition
to the ER, mitochondria can accumulate Ca?fupon stimulation but in a lesser extent. Indeed, in
resting conditions, the mitochondrial Ca?* concentration ([Ca®*]mt) is similar to the [Ca?*]c, but

under high level of Ca?* in the cytosol (0.2-5 uM), [Ca?*]mt can rise up to 100 uM (Figure 1-15)
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(155). Therefore, even if mitochondria do not play a role of intracellular Ca%* store as the ER
does, they modulate Ca?* signaling thanks to their ability to accumulate reasonable amounts of
Ca?* (156). Remarkably, this buffering capacity can modulate Ca?* propagation inside the cell.
For instance, in pancreatic acinar cells, mitochondria create a perinuclear ring which acts as a
firewall, preventing the propagation of Ca®* signaling from the apical to the basal region of the

cell (Figure 1-15) (156,157).

Many stimuli including membrane depolarization, mechanical stress, extracellular or
intracellular messengers can lead to a [Ca%*]c increase (154,155). This phenomenon is mediated
by Ca?* channels located on the plasma membrane, such as transient receptor potential
channels (TRPCs) mainly found in non-excitable cells, or by the release of Ca?* from the ER
through the IP3Rs or by the ryanodine receptor (RyR) in the case of sarcoplasmic reticulum
(154,155). A good illustration of a process involving IP3Rs and TRPCs is the effect of histamine
stimulation on Ca?* signaling (Figure 1-15). Indeed, upon histamine binding to its G-protein
coupled receptor, the phospholipase C (PLC) is activated (154,158). Activated PLC cleaves the
phosphatidylinositol 4,5 biphosphate (PIP2) into inositol triphosphate (IP3) and diacylglycerol.
While diacylglycerol contributes to TRPCs activation, IP3 diffuses throughout the cytosol and
binds to its receptor (IP3R) located on the ER, allowing Ca?release in the cytosol. Once
completed, the cell has to restore its basal ER Ca?* level. This phenomenon is named the store-
operated Ca?*entry, which is mediated by the stromal interaction molecule-1 (STIM1) and the
calcium release-activated calcium channel protein 1 (ORAI1), both located in plasma
membrane-ER contact sites (Figure 1-15) (154). In order to restore basal [Ca®*]., Ca®* is extruded
out of the cell thanks to PMCA and NCX channels and, in parallel, is pumped back into the ER
thanks to the SERCA pump (Figure 1-15). Interestingly, cell stimulation with histamine in a Ca®*-
free medium conducts to a rise of [Ca*]mt. Because of the Ca?*-free medium, the observed
increase of [Ca’*]mt is related to the internal Ca®* stores, which are closely apposed to
mitochondria (154,155). In this context, MAMs play an important role in Ca?* transfer between
both ER and mitochondria, creating a synapse-like structure. Such structures allow efficient Ca®*

transfer to mitochondria (126,159).
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Figure 1-15. Cytosolic and mitochondrial Ca2* concentration in the cell at resting conditions is ~0.1 uM, while in ER, this
concentration is about ~500 uM. To maintain low cytosolic CaZ* concentration, the excess of Ca2* is pumped out of the cell
thanks to the PMCA or pumped in the ER thanks to the SERCA pump. Upon stimulation, the PLC is activated, resulting in
the production of IP3. This last one diffuses in the cytosol until it binds to its receptor (IP3R) located on the ER. This induces
Ca?* release from the ER. The transfer of Ca?* to mitochondria can efficiently occur at the contact sites existing between
ER and mitochondria (MAMs). CaZ* enters mitochondria through VDAC and MCU, where it regulates mitochondrial
respiration and ATP production. If the Ca2* concentration is sustained in time and elevated, it could cause apoptosis. The
CaZ* concentration after stimulation is annotated in red. This illustration comes from Giorgi et al. (2018) (154).

Effective Ca?* transfer occurring at MAMSs is crucial for bioenergetic, apoptosis and
mitochondrial dynamics (141,154). This is ensured by an optimal distance (usually < 30 nm)
separating both ER and mitochondria membranes (83). Under stimulation (e.g. histamine), Ca%*
is released through IP3Rs and is brought into mitochondria through VDACL1. In order to
maximize and facilitate Ca%* exchange, IP3Rs and VDAC1 create a physical bridge, stabilized by
the GRP75 (97,160,161). Once in the intermembrane space, Ca’* ions accumulate and create
high Ca®* microdomains, allowing the opening of the mitochondrial calcium uniporter (MCU)

located on the IMM. Due to the presence of electrochemical gradient across the IMM (-180
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mV), Ca®* enters the mitochondrial matrix (154). Nevertheless, it is soon extruded from
mitochondria thanks to the Na*/Ca%*/Li* exchanger (NCLX) located on the IMM. This channel
allows the exchange of Na* for Ca®*. However, in order to avoid accumulation of Na* inside the
matrix, the cation is exchanged for H* by the Na*/H* exchanger located on the IMM. Thus, under
[Ca?*]cincrease or Ca’* release from ER at MAMs, the pattern of [Ca%*]mt over time is transient

and resembles a narrow peak (155).
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Figure 1-16. CaZ* transfer at MAMs regulates mitochondrial respiration and ATP production. Ca?* acts as a cofactor of
enzymes involved in the TCA cycles and is involved in the PDH phosphorylation. Reduced CaZ* transfer at MAM s results in
decreased ATP production and activation of AMPK, which leads to increased autophagy. This illustration comes from
Cardenas et al. (2010) (162).

It is was reported that Ca?* strongly influences mitochondrial bioenergetic by enhancing ATP
production and OXPHOS (Figure 1-16) (160). Indeed, this cation stimulates activity of the IDH
and a-KGDH as well as the ATP synthase (160,163,164). Moreover, the phosphatase
responsible of PDH dephosphorylation and activation is dependent on Ca?* (165). Therefore, if
mitochondria run out of Ca?*, the TCA cycle slows down its activity, producing less NADH,H*
and reduced flavin adenine dinucleotide (FADH>) required for the ETC. As a result, the oxygen
consumption rate (OCR) is reduced as well as the ATP production (160). This can lead to AMP-
activated protein kinase (AMPK) activation and pro-survival autophagy (154). Considering the

fact that mitochondria are less sensitive to cytosolic Ca?* fluctuation, their dependency on
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MAM s for Ca?* supply is significant, meaning that MAMs impairment can greatly impact the cell
bioenergetic (126,159). Muscle contraction is a perfect illustration of the relationship existing
between Ca®* and cellular bioenergetic. Indeed, under muscular contraction, the cell requires
large amounts of ATP. This demand is, in part, reached thanks to the proximity existing between
mitochondria and sarcoplasmic reticulum, allowing Ca%* supply to mitochondria and, by
consequence, increased ATP production (166). The study of Combot et al. published in 2022
also illustrates this relationship (167). In their study, they investigated a protein named seipin,
which is enriched in the ER membrane of MAMs. This protein was interacting with Ca?*
regulators in MAMs and its deficiency impaired mitochondrial Ca?* import. This lead to reduced
ATP production and level of TCA cycle intermediates (citrate, alpha-ketoglutarate, fumarate,
malate and succinate). Those observations were also reported by Ding et al. in 2018, where
they showed that seipin promoted lipogenesis by controlling Ca%* transfer between ER and
mitochondria (168). Indeed, upon seipin deficiency, NCLX knockdown reversed the lipogenesis

deficiency.

As mentioned in the Role of MAMSs in cell death and MAMs are involved in mitochondrial
dynamics sections, Ca®* is also involved in apoptosis and mitochondrial fission, meaning that
Ca?* has both beneficial and detrimental effects on the cell (141,154). In fact, accurate and fine
tuning of Ca?* signaling is essential for cell fate and metabolism. In this context, MAMs and its
relative role in Ca?* transfer have been associated with disorders such as cancer, PD, and AD

(85,86).

As already mentioned, key proteins are involved in Ca®* transfer at MAMs. They include IP3Rs,
VDACs and MCU. VDACs are abundant proteins of approximatively 30-35 kDa, located on the
OMM. Three isoforms (VDAC1, VDAC2 and VDAC3) are expressed in mammals and display
specific characteristics such as gating threshold, localization and interaction with proteins
(160,169,170). VDACs are not homogeneously distributed in the OMM and the main isoform
located in MAM s is VDAC1 (97,160,171). For this reason, we will focus mainly on this isoform.
As indicated by its name, VDAC1 is a voltage-dependent channel. In vitro studies, performed
with purified VDAC1 and artificial lipid bilayers, revealed that between -30 to +30 mV, VDAC1
is in a high conductance state, often referred to as open-state. In this range of potentials,
VDAC1 is permeable to small (<5 kDa) neutral molecules, and to negatively charged molecules

such as ADP or ATP as well as inorganic phosphate (160). Beyond this range, the channel
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changes its conformation and becomes gated. Interestingly, this change of conformation
reduces the permeability for negatively charged and small neutral molecules, while it increases
the conductance for Ca?* (160). Despite the fact that in vitro studies provide us with essential
information for the understanding of voltage-dependent channels, the conformation of VDAC1
under physiological conditions is still unclear and under debate (160). In parallel to voltage
dependency, VDAC1 is modulated by other mechanisms. Indeed, some metabolites such as
NADH* or some domains of interacting proteins may close the porin by occlusion. Moreover,
Ca?* itself has the capacity to increase its own conductance by binding to VDAC1. Finally, the
lipid composition of the OMM, the protein interactions and the post-translational

modifications, such as phosphorylation, also modulate the porin conformation (160,169,170).

Beside VDAC1, MCU is a 40 kDa protein located on the IMM, allowing Ca?* entry into the
mitochondrial matrix. This protein is found in all mammalian tissues but its activity varies among
tissues according to interacting partners (155,172,173). A high [Ca®*] is required for the channel
opening, explaining why the correct alignment of IP3R3-VDAC1-MCU proteins leads to Ca’*
loading into mitochondrial matrix (155,174,175). MCU is modulated by proteins such as the EF-
hand Ca%*-sensing proteins 1 and 2 (MICU1 and MICU2), conducting to the channel opening
under increasing [Ca?*] (155). Compared to the SERCA pump, MCU has a lower affinity for Ca®*
but its transport rate for the cation is higher, meaning that the SERCA pump is more suitable to
respond to modest elevation of [Ca?*]c (155). Remarkably, MCU silencing modulates the cell
metabolism by reducing ATP production and OXPHOS activity (176). This observation highlights

once again the connection existing between Ca?* and mitochondrial metabolism.

Finally, the last channel often described in Ca?* transfer at MAM s is IP3R. This channel is the
result of homo- or hetero-tetramerization of four subunits encoded either form the Inositol
1,4,5-Trisphosphate Receptor Type 1, 2 or 3 genes (ITPR1, ITPR2 or ITPR3 genes, respectively)
and giving rise to IP3R1, IP3R2 or IP3R3 proteins (177). This homo- or hetero-tetramerization is
thought to confer diversity for IP3Rs. Indeed, all IP3R isoforms do not display the same
properties. For instance, they do not have the same affinity for IP3, IP3R2 having the highest
affinity for this molecule, while IP3R3 has the lowest affinity (178). In addition, post-
translational modifications of isoforms also contribute to the complex diversity of IP3Rs. Those
channels are located on the ER and also on the Golgi apparatus, where they allow Ca®* release

from those organelles (178,179). All the IP3R subunits must bind IP3 to allow the opening of
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the channel (178). The IP3Rs Ca®* release can be regulated, for instance, by cytosolic and ER
Ca?*, phosphorylation, ATP and also by proteins such as BCL-2 or BCL-XL (178). As mentioned
previously, IP3Rs are found in MAMs, where they promote efficient Ca%* transfer (180).
Historically, the main IP3R isoform studied in MAMs was IP3R3, because it was found to be
abundant in MAMs (180,181). Nevertheless, recent studies showed that IP3R1 as well as IP3R2
can also be found in MAMs (182).

1.3.5.4. Lipid transfer occurs at MAMs and participates to mitochondrial

membrane integrity
ER has been described as the major place for phospholipid synthesis in the cell (80). Thanks to
specific enzymes located on its external phospholipid layer, the ER synthetizes the majority of
phospholipids required for membrane integrity. Once synthesized, phospholipids are conveyed
to their final destinations through vesicular or non-vesicular transport. The ER can establish
membrane contacts with other organelles, such as mitochondria, to allow phospholipid
exchanges (80). Indeed, even if mitochondria can synthetize some of their own phospholipids
such as phosphatidylethanolamine (PE), they require phosphatidylserine (PS),
phosphatidylcholine (PC) and phosphatidic acid (PA) from the ER (183). As a side note, because
mitochondria were not considered as being part of the endomembrane system, it was reported
to establish contact sites with ER to allow phospholipid exchanges. Nevertheless, it is now
known that mitochondria generate mitochondrial-derived vesicles, being for instance targeted

to lysosomes, endosomes or peroxisomes (184).

More specifically, the interplay between ER and mitochondria allows the transfer of PS to the
mitochondria where it is converted to PE thanks to the PS decarboxylase (PSD). A fraction of PE
is then sent back to the ER where it is converted to PC by the PE methyl-transferase (PEMT).
Finally, PC is sent to the mitochondrial membrane, where it participates to its integrity (Figure
1-17) (80). In addition to this exchange to provide PS and PC to mitochondria, another process
involving oxysterol binding proteins like (ORP) 5 and 6 allows the transfer of PS to mitochondria
via the interaction with the PTPIP51 located in the OMM. Depletion of ORP5 and 6 has been
shown to impact mitochondrial morphology and respiration, suggesting a role of lipid transfer

on mitochondrial dynamics and metabolism (185).
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Figure 1-17. Phospholipid transfer occurring at MAMs and participating to mitochondrial membrane integrity. PS is
transferred to mitochondria, where it is converted to PE thanks to the PSD. Then, a fraction of the PE is conveyed to the
ER and converted into PC thanks to the PEMT. Finally, the PC is transferred to the mitochondria. Dotted lines and question
marks represent undefined pathways. The picture is from the publication of Jean.E.Vance (2014) (80).

Besides phospholipid transport, MAMs also allow the transfer of PA from ER to mitochondria
(Figure 1-18). Even if mitochondria have the capacity to synthetize PA, the majority of
mitochondrial PA originates from the ER. Once in the mitochondria, PA is used as a precursor
of cardiolipin, a very important and specific phospholipid component of the IMM as it regulates
several mitochondrial processes such as Ca?* signaling, ETC activity, apoptosis and ROS
signaling (186). Without close and functional membrane apposition, this lipid transfer would

not take place and would impair cardiolipin synthesis, required for mitochondrial integrity (183).

MAM

ER

OMM === == ===

[CL]._CLS [PA
MM _——" A

OMM/IMM contact site

Figure 1-18. Transfer of PA from ER to mitochondria occurring at MAMs. Once transferred to mitochondria, the PA is
converted into cardiolipin (CL) thanks to the cardiolipin synthase (CLS). PREL1 and TR1AP1 are part of a protein complex
able to transfer PA from the OMM to the IMM. Dotted lines and question marks represent undefined pathways. The
picture is from the publication of Jean.E.Vance (2014) (80).

In addition to phospholipid exchange, MAMs participate to steroid synthesis. After entering the
cell or being synthetized de novo in the ER, cholesterol may be used by the cell or stored in lipid

droplets. Storage in lipid droplets requires cholesterol esterification by the ACAT1 enzyme
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which is enriched in MAMs and even used as a MAMs marker (187). Cholesterol can also be
transported to the IMM where it is converted to pregnenolone, a hormone precursor, by the
cytochrome P450 cholesterol side chain cleavage enzyme (CYP11A1). The cholesterol
translocation from the OMM to the IMM is achieved by a protein complex located in MAMs.
Once synthetized, the pregnenolone is sent back to the ER where it can be used for further

reactions (80,188).

Additionally, similarly to lipid rafts found on the plasma membrane, MAMs are enriched in
cholesterol, sphingolipids and ceramides, supporting their role as a platform for lipid transfer
(189). Cholesterol clustering in MAMs has been shown to be a protein-mediated process.
Sigma-1 receptor (S1R) is an ER transmembrane chaperone protein, containing two sterol-like
binding domains able to attach cholesterol and induce its clustering in MAMs (190). Due to its

high abundance in MAMs, S1R has been validated and often used as a MAMs marker (118,189).

Alongside S1R, another protein named caveolin-1 (CAV1) has been found in MAMs. CAV1 has
been extensively studied in lipid raft dependent-endocytosis, where it plays a role of scaffolding
protein (191). However, its role in MAMs has been less investigated. In 2016, Sala-Vila et al.
have identified CAV1 as enriched in MAMs of healthy mouse livers. The absence of CAV1 lead
to a mitochondrial fragmented network. Proteomic studies performed on MAMs extracts
showed that CAV1 knock-out mice displayed a reduced amount of proteins involved in steroid
metabolism and cholesterol biosynthesis. Interestingly, this reduced amount of proteins was
only visible in MAMSs extracts and not in total cell extracts, suggesting a role of CAV1 in protein
sorting at MAMs (95). In addition, the presence of CAV1 in MAMs is believed to regulate
cholesterol transfer towards mitochondria. Indeed, the absence of CAV1 leads to an
accumulation of cholesterol in mitochondria, resulting in impaired respiration as well as

glutathione activity and increased of ROS production (192).

1.3.5.5.MAMs are involved in autophagosome formation and mitophagy
Autophagy is a process responsible for the recycling of cytosolic components. While this
process is found at basal level in cell, allowing turnover of cytoplasm constituents, it is also
induced during nutrient starvation (193). Autophagy is a complex multistep process and
whether it is beneficial or detrimental for the cell depends largely on the context. For instance,

in PDAC, autophagy sustains survival and proliferation of cancer cells (194). However, even if it
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represents an advantage for those cells, exacerbated and prolonged autophagy is detrimental,

leading to cell death (195).

At cellular level, autophagy, referred here to as macro-autophagy, consists of several steps and
starts with the formation of an “isolation membrane” also named phagophore. This
phagophore encloses a portion of the cytoplasm by folding on itself, forming an
autophagosome. The fusion of autophagosomes with lysosomes for the degradation of
cytosolic components leads to the formation of autolysosomes, also called
autophagolysosomes (196). At the end of the process, sugars, amino acids, fatty acids and
nucleotides obtained from molecule degradation are recycled through anabolic pathways or
used to generate energy (193,196,197). Those steps are regulated by specific sets of proteins
including the autophagy-related proteins (ATGs) that participate in formation and development
of autophagosomes (196). Interestingly, the origin of membranes leading to autophagosome
formation is still unknown but recent evidences show that MAMs could initiate their formation
(196). Indeed, in their report, Hamasaki et al. showed in 2013 that ATG14 and ATG5, which are
markers of autophagosome formation, are localized in MAMSs under nutrient starvation (198).
Interestingly, they found that MAMSs disruption under MFN2 or PACS-2 silencing prevented
ATG14 and ATGS localization at MAMs. They also found that the SNARE protein syntaxin-17
(STX17) was responsible for ATG14 recruitment in ER-mitochondria contact sites. Surprisingly,
STX17 knockdown cells presented an accumulation of phagophores while almost no
autolysosomes were observed (198). Later, it has been shown that STX17 participated to the
induction of a non-canonical mitophagy through the recruitment of ATG14 at MAMs (199). In
addition, Gelmetti et al. showed in 2017 that PTEN-induced kinase 1 (PINK1) and Beclin-1, both
involved in mitophagy, relocalized at MAMs following mitophagy induction. This promoted ER-
mitochondria tethering and autophagosome formation (200). Alongside the discovery of
Hamasaki and Gelmetti, the Ras-related protein RAB32 (RAB32) has also been identified in
contact sites between ER and mitochondria where it triggers degradation of MAMs in a process
called MAM-phagy, showing a new process involved in MAMs regulation (201). Finally,
inhibition or silencing of IP3Rs and MCU leads to a strong induction of autophagy. Indeed,
preventing Ca?* transfer to mitochondria could reduce ATP production, resulting in AMPK

activation and autophagy induction (202).
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1.3.5.6. Proteins involved in inflammation and anti-viral responses are localized
in MAMs

Besides its role in lipid metabolism, Ca?* transfer, mitochondrial dynamics, apoptosis and
autophagy, MAMs are also involved in inflammation, by providing critical sites for
inflammasome formation. Indeed, upon elevated ROS production by mitochondria, the NLR
family pyrin domain containing 3 (NLRP3) protein activates and relocates from the ER and the
cytosol to MAMs, in order to efficiently sense the presence of ROS. There, it associates with
adaptor proteins and caspases, forming inflammasomes. (203,204). Besides NLRP3, MAMs
have also been involved in antiviral response. One example implies the mitochondria anti-viral
signaling protein (MAVS) located on the OMM (119,203). Localization studies found that the
major place for MAVS signaling exists in contacts between ER and mitochondria (119,205). In a
model proposed by Vazquez et al. in 2015, MAVS is maintained inactive in MAMs by proteins
such as MFN2 (206). Upon virus infection, MAVS becomes activated and oligomerized, forming

a signaling complex and triggering antiviral response (206).

1.3.5.7.MAM s participate to ER stress relief
The ER is the main site for chaperone-assisted folding and post-translational modifications.
Proteins synthesized by ER-bound ribosomes are destined to the Golgi apparatus, plasma
membrane, extracellular space as well as to the ER itself (207). Once delivered into the ER
lumen, proteins undergo post-translational modifications and should be folded properly into a
correct three-dimensional conformation by ER chaperone proteins (207). The chaperone heat
shock protein-70 (HSP70) and the binding immunoglobulin protein (BIP) are the most abundant
proteins in ER and exert important functions (207). For instance, BIP plays a major role in
protein folding by avoiding protein aggregation. In addition to chaperones, pathways involved
in degradation, such as the ER-associated degradation pathway (ERAD), avoid unfolded protein

accumulation (207).

However, some situations such as hypoxia, nutrient deprivation or aberrant Ca%* level (208)
may conduct to overload of unfolded proteins, which could be toxic and lead to cell death. The
large amount of unfolded proteins triggers a substantial stress which is referred to as “ER
stress” (207). In response to the ER stress and in order to restore protein folding capacity, a
process called unfolded protein response (UPR) is initiated. Three main actors, located on the

ER, participate to this response: the inositol requiring enzyme 1 (IRE1), the PKR-like ER kinase
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(PERK) and the activating transcription factor 6 (ATF6) (207). IRE1 and PERK share similarities
in structure and response. IRE1 triggers the activity of the transcription factor X-box-binding
protein-1 (XBP1) that, in turn, increases the ER capacity for protein folding and degradation. On
the other hand, PERK phosphorylates the eukaryotic translation factor-2a (elF2a). This globally
suppresses protein translation, with the exception of the transcription factor 4 (ATF4) mRNA,
which is preferentially translated (207,209). The purpose of the UPR is to restore ER
homeostasis and ensure cell survival. However, if the ER stress is sustained and severe, signaling
pathways switch in favor of apoptosis. For instance, under sustained activation of PERK, the
transcription factor C/EBP-homologous protein (CHOP) is upregulated and induces

transcription of gene involved in apoptosis regulation (207).

Remarkably, MAMs have been involved in a metabolic response observed during ER-stress
(109,111). Indeed, in order to function properly, chaperone proteins require large amounts of
ATP (210) and Ca®* as a cofactor (207). Under ER stress, synthesis of ER chaperones increases
to overcome accumulation of unfolded proteins. As a consequence, the number of contacts
between ER and mitochondria expands, allowing higher mitochondrial Ca?* uptake.
Consequently, the OCR rises and mitochondria produce more ATP, helping the cell to relieve
the ER stress (211). This adaptive response, with Ca®* as a key actor, is of major importance as

blocking IP3Rs increases cell death upon ER stress (211).

In addition, several studies showed that the alteration of MAMs components impaired ER stress
management, confirming the importance of ER-mitochondria coupling. Indeed, in addition to
its role in lipid composition, S1R is also involved in Ca?* homeostasis. In resting condition, S1R
interacts with BIP but, upon stimulation or ER Ca®* release, S1R dissociates from BIP and
interacts with IP3R3, which results in prolonged Ca?* signaling. The upregulation of SIR has
been shown to counteract ER stress, while its depletion favors apoptosis (212). Furthermore,
the protein MFN2, which is involved in mitochondrial dynamics, is also a major component of
MAMSs where it tethers both ER and mitochondria. MFN2, but not MFN1 deletion, has been
shown to exacerbate ER stress and to induce cell death (213,214). Finally, it has been
demonstrated that IRE1a has the ability to distribute IP3Rs at MAMs by working as a scaffold
(215). Through this function, IRE1a modulates mitochondrial Ca®* uptake and thus, metabolism
(215). Altogether, those studies show the importance of MAMs regulation through Ca?* transfer

in response to ER stress.
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1.3.6. Implication of MAMs in diseases
As mentioned previously, MAMs participate in several cellular functions such as lipid transfer,
autophagy, inflammation, response to ER stress and Ca?* dynamics. Therefore, impairment of
MAMs can have dramatic effects on cell physiology (66). For instance, MAMs disruption has
been associated with diseases such as PD, AD and cancers (66). In the following work, we will

mainly focus on cancer and briefly approach PD and AD disorders.

MAMs have been associated with cancer in numerous studies, where they are involved in cell
proliferation and resistance to apoptosis (64). In this context, Ca* is a key modulator. While a
sustained and a high level of Ca%* inside mitochondria triggers apoptosis, its shortage conducts
to a drop in ATP production, leading to AMPK activation and, eventually, cancer cell death
(64,65). Therefore, it is not surprising that channels such as IP3R3, MCU and VDAC1, playing

key roles in Ca?* dynamics in MAMs, have been reported in cancer progression (64,65).

Several studies demonstrated the importance of IP3R3 in cancer progression and some of them
have even discussed about “cancer addiction” to this protein (70). In this context, IP3R3 has
been found to be overexpressed in several type of cancers such as colorectal (216), breast (68),
renal (69) and bile duct (70) cancers. In the study conducted by Shibao et al. in 2010, IP3R3 was
not present in normal colorectal mucosa, but was only found in colorectal cancer tissues. In
addition, they showed a significantly reduced survival of patients displaying a higher expression
of IP3R3. Interestingly, knockdown of this channel in colon cancer cell lines enhanced apoptosis
(216).This discovery was confirmed in 2019 by Rezuchova et al. who demonstrated the
importance of IP3R3 for cancer cell survival, proliferation and tumor growth in colon cancer
(69). In a similar study published in 2022 on breast cancer, researchers found that the
expression of IP3R3 was significantly higher in breast cancer tissues compared to normal ones
and was accompanied by a significant reduction of the overall survival (68). Finally, those
observations were also confirmed in cholangiocarcinoma, where IP3R3 silencing decreased cell

proliferation by prolonging the S phase of the cell cycle and finally induced cell necrosis (70).

This effect on cell proliferation and death has been associated with IP3R3 capacity to regulate
cellular bioenergetics thanks to Ca?* transfer to mitochondria (67,112,162,217-219). Indeed,
fueling the TCA cycle does not only provide energy to the cell but also biosynthetic precursors
required for proliferation. Altogether, those results demonstrate the ability of some cancer cells

to cope with IP3R3 upregulation and to use this feature at their advantage to fulfil their
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metabolic needs. Therefore, targeting IP3Rs in cancer seems to be a promising therapeutic
approach. In their study published in 2016, Cardenas et al. showed that inhibition of IP3Rs
impaired mitochondrial metabolism and induced a bioenergetic crisis involving AMPK in both
tumorigenic and non-tumorigenic cell lines (Figure 1-19). However, cell death was mainly
observed in tumorigenic cells. Interestingly, non-cancer cells stopped their cell cycle in the G1
phase while cancer cells progressed in cell cycle, leading to mitotic cell death. The authors
proposed that cancer cells undergoing mitosis are not able to cope with the energetic crisis due
to their capacity to bypass cell cycle checkpoints (for instance, with TP53 mutations) (Figure
1-19) (67). Even if those results provide a better comprehension regarding the importance of
Ca®*signaling for cancer cells, further studies considering the proliferative state and the genetic

background of the tumor should be performed.

On the other hand, IP3Rs modulation can also contribute to apoptosis resistance. Indeed, BCL-
2 has been shown to directly target all IP3R isoforms, decreasing their ability to transfer Ca?* to
mitochondria and protecting cells from apoptosis. Remarkably, in chronic lymphocytic leukemia
cells, the use of peptide, resembling and acting as a competitor of IP3Rs, disrupts interaction
of BCL-2 with the channel. As a consequence, an elevated [Ca%*]mt was observed in cancer, but
not in normal cells (which depend less on BCL-2), and drove cells to apoptosis (220). Moreover,
KRAS (G13D mutation) colon cancer mutated cells have been described as being less sensitive
to apoptosis thanks to the downregulation of Ca%* signaling occurring at MAMs and involving
IP3Rs (217). Finally, it is worth mentioning that AKT, which is often over-activated in cancer, is
able to phosphorylate IP3Rs in order to prevent Ca?* release from the ER and thus protect cells
from apoptosis (151). Whereas PTEN negatively regulates AKT activity by dephosphorylation of
PIP3 into PIP2, it has also been reported in MAMs, where it interacts with IP3Rs and favors Ca?*
transfer to mitochondria. In their publication, Bononi et al. hypothesized that PTEN may
counteract the activity of AKT by dephosphorylation of IP3Rs (221). Furthermore, in their study
published in 2017, Kuchay et al. showed that PTEN competes with the F-box/LRR-repeat protein
2 (FBXL2) for IP3R3 binding, preventing IP3R3 degradation and thus, favoring Ca®* transfer to
mitochondria (222).
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Figure 1-19. When Ca?* signaling reaches the metabolic needs of cancer cells, it sustains their proliferation through optimal
ATP and biosynthetic precursors production. Proteins involved in Ca?* transfer at MAMs are often upregulated but also
modulated to avoid apoptosis. Impaired regulation of Ca2* signaling at MAMs can lead to cancer cell death, through CaZ*
overload inside mitochondria or through reduced mitochondrial Ca2* “uptake”. Reduced levels of Ca2* inside mitochondria
lead to AMPK activation and mitotic catastrophe for cancer cells. Picture created with BioRender.com

In addition, VDAC1 has also been associated with cancer through its role in Ca%* signaling (223).
This mitochondrial protein appears to be overexpressed in several cancers and to promote
cancer cells proliferation and tumor growth (224). As for IP3Rs, VDAC1 can be modulated by
other proteins including BCL-2 or BCL-XL (225—-227). Those interactions have been reported as
preventing apoptosis by limiting Ca?* entry inside mitochondria of MEFs (mouse embryonic
fibroblast) cells (225). However, the opposite has also been reported in breast cancer cells,
where the interaction of BCL-2 and BCL-XL with VDAC1 promotes migration by favoring
mitochondrial metabolism through Ca?* signaling (226). Finally, in lung cancer cell lines, VDAC1
has been shown to interact with the myeloid cell leukaemia-1 protein (Mcl-1) to promote cell

migration, without impacting proliferation, through a Ca%* dependent-ROS production (228).

Although it is not strictly speaking located in MAMs, MCU is a major player in Ca®* signaling
occurring between ER and mitochondria. Comparably to IP3Rs and VDAC1, MCU is associated
with cancer, as described in the study of Tossato et al. in 2016, where MCU promoted tumor
growth and metastasis in breast cancer (229). Moreover, a recent article published in 2020

demonstrated that MCU-induced mitochondrial Ca®* uptake promotes mitochondrial
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biogenesis, resulting in tumor growth in colon cancer (230). In PDAC, MCU promotes metastasis
and confers resistance to metabolic stress in a cystine-dependent manner. Paradoxically, MCU-
overexpressing PDAC exhibits features of cystine-deprived cells and becomes more prompt to

ferroptosis (231).

In conclusion, those channels are required for cell metabolism and tumor growth. However,
their modulation by cancer cells is also associated with resistance to apoptosis, highlighting a
“bivalent” role in cancer and the importance of accurate and fine regulation of Ca?* signaling.
This also demonstrates that Ca?* handling largely depends on the cell type, the nature of the
tumor, the genetic background and the metabolic needs of the cell. In addition, it is worth
mentioning that no studies in regards to expression and patients’ survival for IP3R3 in
pancreatic cancer have been published yet. In the present work, based on data available online,

we briefly approach this question.

Alongside cancer, MAMs have been involved in neurodegenerative diseases including
Alzheimer disease (AD). This pathology is the first leading cause of dementia in adults and is
characterized by an accumulation of amyloid-R plagues and intracellular tangles composed of
hyperphosphorylated tau (232). This accumulation of plaques and tangles leads to a progressive
neuronal loss, associated with cognitive impairment. Interestingly, proteins involved in AD such
as ¥-secretase, presenilin-1 and -2 (PS-1 and PS-2, respectively) are found in MAMs. It has been
shown that mutated PS-1 and -2, which are associated with higher risks for AD, lead to the
opening of IP3Rs, resulting in intracellular Ca®* flooding and a higher production of amyloid-R
(232). Some pieces of evidence indicate that MAMs participate in the early development of AD,
which could explain the aberrant homeostasis, lipid metabolism, mitochondrial function and
autophagy observed in AD (233). Currently, MAMs are the subject of investigations for this
pathology (234,235).

Parkinson disease (PD) is the second most prevalent neurodegenerative disease. It is
characterized by the loss of dopaminergic neurons due to the cytosolic accumulation of
misfolded a-synuclein, forming aggregates named Lewis bodies (232). Interestingly, the a-
synuclein is found in MAMs where it modulates mitochondrial morphology. Mutations in a-
synuclein reduce the apposition of the ER with mitochondria, impacting MAMs-related

functions. Such impaired apposition is accompanied by impaired mitochondrial function, being
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a characteristic of PD (113,232). Therefore, PD is also a good example of how MAMs

dysfunctions can influence or participate in pathologies.

Alteration of MAMs integrity has also been associated with metabolic disorders such as obesity
or type-2 diabetes (96). Indeed, alterations of MAMs have been observed in insulin-resistant
hepatocytes as well as obese and diabetic mice (96,236). Interestingly, pharmacological or
genetic targeting of cyclophilin D (see section Role of MAMs in cell death), a protein involved in
Ca?* signaling in MAMs, induces insulin-resistance and impairs insulin signaling in human
primary hepatocytes. A rescue, by overexpressing cyclophilin D, was shown to improve the
sensitivity to insulin (96,237). Equivalent observations were made upon MFN2 deficiency,
where MFN2 overexpression also improved sensitivity to insulin (238). Furthermore, the use of
antidiabetic drugs, in diabetic mice, decreased insulin resistance and also restored ER-
mitochondria contact sites (238,239). In the literature, impaired Ca?* transfer at MAMs have
been proposed as leading to insulin resistance, by impacting insulin signaling (96). Finally, a
recent study published in 2022 by Beaulant et al. showed that diet-induced obese mice
displayed higher distance between ER and mitochondria. Interestingly, those mice developed
steatosis and resistance to insulin (236). Upon a reverse diet, the communication between ER
and mitochondria was restored, with improvement of insulin sensitivity and steatosis. In
healthy mice, disruption of MAMs using the spacer FATE-1 impaired insulin sensitivity and
induced steatosis, while using linker in diet-induced obese mice prevented glucose intolerance

(236). This shows the importance of ER-mitochondria contact sites in metabolic disorders

1.4. Myoferlin

Myoferlin, also named fer-1-like family member 3 (FER1L3), is a protein from the ferlin family.
It was discovered for the first time in skeletal muscle in 2000 (240). This protein harbors a
unique and rare structure with multiple C2 domains, known to bind membrane in a Ca®*

dependent manner (241).

This large type-ll transmembrane protein of approximatively 230 kDa is found in many
subcellular structures such as plasma membrane, late and early endosomes as well as ER and
lysosomes (240,242,243). In accordance with its localization, myoferlin has been shown to play
a role in intracellular trafficking of receptors such as the receptors tyrosine kinases (RTK)

(244,245).
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The FER1L3 is involved in membrane fusion and repair of normal cells (246). Interestingly,
myoferlin has been found to be overexpressed in several cancers such as breast and pancreatic
cancers (44,247). Its depletion strongly reduces cell migration, invasion and proliferation in
vitro and decreases tumor size and metastasis in vivo. Recent studies highlighted myoferlin as

a promising therapeutic target thanks to the use of myoferlin-targeting drugs (45,46).

In the literature, myoferlin has also been associated with mitochondrial dynamics and
metabolism in pancreatic cancer (47,49). This observation was correlated with migratory
capacity of PDAC cell lines (48). However, as it is described in the following chapter, the cellular
mechanism linking myoferlin to mitochondria is still unknown. For this reason, and because no
study investigated the localization of myoferlin with respect to this organelle, we aimed to

clarify this point.

The present section reviews the structure and the particular functions of myoferlin in a
physiological context. In addition, the way myoferlin influences and participates in pathologies

such as cancer is approached.

This section is an update on the following publication: “Peulen O, Rademaker G, Anania S, Turtoi
A, Bellahcéne A, Castronovo V. Ferlin Overview: From Membrane to Cancer Biology. Cells. 2019

Sep;8(9):954.” https://doi.org/10.3390/cells8090954

1.4.1. Myoferlin, a member of the ferlin family
Myoferlin, as indicated by its name, is a member of the ferlin family (248). Six proteins have
been identified as being part of this family and all of them have common characteristics such
as the presence of multiple C2 domains (248). Proteins from the ferlin family all harbor a name
in reference to their parental ortholog, the fertilization defective-1 protein (FER1), found in the
Caenorhabditis elegans worm and involved in spermatid motility (248). The first discovered
member of the family corresponds to the FER1L1, the second corresponds to the FER1L2 and
so on, until six. Dysferlin, a major and well-studied member of this family, corresponds to the
FER1L1, while otoferlin is referred to by the name FER1L2 and myoferlin by FER1L3 (248).
Nowadays, despite extensive efforts, the role of ferlins in cell biology remains poorly
understood. It is known, however, that dysferlin mutations are involved in myopathies such as
the Limb-Girdle muscular dystrophy 2B and that otoferlin mutation is involved in deafness

(249,250). Recently, myoferlin gain-of-function variant has been associated with a new type of
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hereditary angioedema (251). In addition, myoferlin has been associated with cancer diseases
(44,247). However, in the case of cancer, no genetic alterations of myoferlin have been

described.

1.4.2. Transcriptional regulation and alternative splicing of myoferlin
Ferlin genomic organization has not been extensively investigated. Nevertheless, valuable
information can be obtained from protein databases. In Caenorhabditis elegans, FER1 gene is
approximately 8.6 kb in length and composed of 21 exons (252). In humans, the dysferlin gene
is composed of 55 exons, and encodes 19 splice variant transcripts. The Otoferlin gene contains
47 exons and encodes 7 splice variants (253). According to the UniProt database

(https://www.uniprot.org/), eight isoforms are obtained from alternative splicing for myoferlin.

The first isoform, considered as the canonical one, has a predicted molecular weight of 234,709
kDa. The second isoform has a predicted molecular weight of 229,855 kDa, while the third,
fourth, fifth, sixth, seventh and eighth have predicted molecular weights of 233,324 kDa, 160
kDa, 179,551 kDa, 233,477 kDa, 49.720 kDa and 46.697 kDa, respectively. In the literature,
there are few studies investigating myoferlin isoforms. In the publication of Blomme et al. from
2016, the authors described an enrichment of two bands corresponding to myoferlin in their
exosome fractions. One of the bands had a molecular weight of ~ 230 kDa, while the other had
a molecular weight of ~ 175 kDa. The authors attributed those bands to the isoforms one and
five of myoferlin, respectively (254). Regarding the lack of knowledge about myoferlin isoforms,

it would be of interest to confirm their existence and to investigate their function in cells.

In the literature, myoferlin has been described as being overexpressed in several types of
cancers (44,247,255). Myoferlin plays a role in receptors trafficking, cell proliferation and
migration in cancers (45,46,48,244). Its targeting or silencing also reduces tumor size and
metastases (45,46). Nevertheless, why, when and how myoferlin is overexpressed in some type
of cancers is still mysterious. In the literature, there are few publications describing
transcription factors responsible of myoferlin expression. In 2010, Demonbreun et al. found
that the myoferlin promoter had several binding sites for the nuclear factor of activated T-cells
(NFAT). They suggested that upon membrane injury, the intracellular Ca%* concentration
increases, activating NFAT. This last one would promote myoferlin expression, leading to
membrane resealing mediated by vesicle fusion (256). In 2017, Hermanns et al. identified

myoferlin as a target gene of the Megakaryoblastic leukemia 1 and 2 (MKL1/2) transcription
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factors, involved in hepatocellular carcinoma growth (257). They found that myoferlin was
downregulated upon diminished activity of MKLs. In accordance with other studies (244), the
authors found that myoferlin downregulation was associated with a high level of

phosphorylated EGFR, impacting downstream signaling pathways (257).

1.4.3. Structure of ferlins
Ferlins structural organization is unique and rare by its repetition of C2 domains able to bind
Ca?* ions but also because it encompasses other unique regions such as the FerA or FerB
domains (258). A typical ferlin protein contains a transmembrane region at C terminal. In
addition, only a small portion of those proteins has been shown to be exposed in the
extracellular space when they are located on plasma membrane. The other side constitutes a
cytosolic portion, harboring multiple C2 domains, participating in a Ca®* dependent manner, to
the membrane organization (Figure 1-20) (258). In addition, the cytosolic fraction of ferlins can
harbor SH3 domains, involved in protein-protein interaction, FerA and FerB domains, a highly
conserved Ferl domain and finally, a DysF domain that could be involved in phospholipids
binding (240,248,258). However, ferlin members do not systematically contain all
aforementioned domains. In this context, a classification, considering the presence of the DysF
domain, has been elaborated. The type | ferlin group englobes ferlins possessing DysF such as
myoferlin, dysferlin and the Fer1L5, while the type Il ferlin group contains the otoferlin, the
Fer1lL4 and the FerlL6 members. In similarity with DysF, the FerA domain is only found in the
type | ferlin group (Figure 1-20 and Figure 1-21) (248,259). The function of DysF, FerA, FerB and
Ferl domains remains nowadays obscure. For this reason, finding their individual and synergic
functions in relation with C2 domains could provide a better understanding of ferlin roles in cell
biology. Furthermore, even though our comprehension of C2 domains has evolved during last
decades, a gap still remains between the functional/structural and the biological role of C2
domains. The following section approaches our current knowledge of C2 domains in the context

of the ferlin family.
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Figure 1-20. Representation of a ferlin protein on the plasma membrane (PM). The small C-terminus region is exposed to
the extracellular space. The cytosolic fraction harbors multiple C2 domains as well as FerA, FerB and Ferl, SH3 and DysF
(DysFN in the picture) domains. On a side note, only ferlins from the type-I ferlin group display DysF and FerA domains.
The picture was created with BioRender.com

1.4.4. Calcium, C2 domains and interaction with phospholipids
C2 domains are ~130 amino acids long, independently folded modules, found in several
eukaryotic proteins. The typical C2 domain is composed of a beta-sandwich made of 8 beta-
strands coordinating Ca’* ions, participating to their ability to bind phospholipids (260).
However, some C2 domains have lost their capacity to bind Ca%* but still bind membranes (261).
A large variety of proteins containing C2 domains have been identified, and most of them are
involved in membrane biology, such as vesicular transport (synaptotagmin), GTPase regulation
(Ras GTPase activating protein) or lipid modification (PLC) (262). Nevertheless, few protein
families harbor more than five C2 domains as the ferlins do. Indeed, only three vertebrate
protein families contain more than two C2 domains: the multiple C2 domain and
transmembrane region proteins (MCTP) (263), extended synaptotagmins (264), and the ferlins.
Notably, C2 domains nomenclature in the ferlin family begins from the amino to the carboxy
terminal by C2A, C2B, ..., and C2F domains (Figure 1-21) (248). Moreover, it is interesting to
mention that a C2 domain is more similar to other C2 domains at a similar position in ortholog

proteins than it is to the other C2 domains within the same protein (265).
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Figure 1-21. Representation of ferlin structure. TM represents the transmembrane region (C-terminus). Ferlins harbor
multiple C2 domains. The numeration of C2 domains begins at the N-terminus region (C2A, ... until C2F at the C-terminus
region). Dysferlin, myoferlin and FER1L5 proteins display a DysF domain, while FER1L4, otoferlin and FER1L6 do not display
this domain. The picture is from Posey et al. (2011) (248).

Experimentally, myoferlin C2A was the single C2 domain able to bind to phospholipid vesicles.
A significant presence of negatively charged PS was required for this interaction. Myoferlin C2A
binding to PS-containing vesicles did not occur with Ca’* concentration similar to the one
observed in the basal physiological condition (0.1 uM). Indeed, the half-maximal binding was
observed at 1 uM (241), suggesting that the C2A domain is involved in specific processes inside
the cell requiring Ca?* release from intracellular stock, like the ER does. When cells are
stimulated by various means, including depolarization and ligand binding, the cytosolic Ca%*
concentration increases up to 1 uM or more, similar to the one required by myoferlin C2A
domain to bind lipids. It appears that dysferlin C2A domain has the same binding properties as
myoferlin C2A domain. However, its half-maximal lipid binding is higher (4.5 uM) (241). Thanks
to a fluorescent probe able to reflect the degree of membrane organization, Marty et al. were
able to show that myoferlin, as well as dysferlin and otoferlin, are able to influence lipid packing
of vesicles. The experiments conducted with individual recombinant Ferlin’s C2A-C domains

demonstrated that all of them are able to increase lipid order (266). In addition, this property

55



Introduction

is enhanced by the presence of Ca?* and requires negatively charged phospholipids. The
authors concluded that ferlins are probably able to actively sculpt membranes, increase
membrane curvature and thus, facilitate membrane fusion and fission processes. Ferlin
proteins also contain a FerA domain recently described as a four-helix bundle fold with its own
Ca’*-dependent phospholipid-binding activity (267). On the opposite of C2 domains, the FerA
domain is able to bind a phospholipid mixture containing 100% PC, meaning that negatively

charged phospholipids are not required for FerA interaction with membranes (267).

1.4.5. Myoferlin’s functions in a non-cancer context
1.4.5.1. Myoblast fusion
Dysferlin and myoferlin have a specific temporal pattern of expression in muscle development.
Myoferlin is highly expressed in myoblasts that have elongated prior to fusion to syncytial
myotubes. After fusion, myoferlin expression is decreased. The dysferlin expression increases
concomitantly with the fusion and maturation of myotubes (Figure 1-22) (241,246,246). A
proteomic analysis revealed the interacting partners of dysferlin during muscle differentiation
(268). It appeared that the number of partners decreases during the differentiation process,
while the core-set of partners is large (115 proteins). Surprisingly, the dysferlin homolog
myoferlin was consistently co-immunoprecipitated with dysferlin. The gene ontology analysis
of the core-set proteins indicates that the highest ranked cluster is related to vesicle trafficking
(268). In the C2C12 myoblast model, immunoprecipitation experiments showed that myoferlin
interacts with the Eps15 homology domain 2 (EHD2) protein apparently through its C2B domain
(Figure 1-23) (245). EHD2 is involved in endocytic recycling. It was inferred that the interaction
between EHD2 and myoferlin might indirectly regulate disassembly or reorganization of the

cytoskeleton that accompanies myoblast fusion (245).
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Figure 1-22. Myoferlin and dysferlin expression in myoblasts and myotubes. While myoferlin expression is high in
myoblasts and decreases during differentiation, dysferlin expression increases during differentiation into myotubes. The
picture is from Posey et al. (2011) (248).

In mouse skeletal muscles, myoferlin was found at the nucleus and plasma membrane (240). It
was highly expressed in myoblasts before their fusion to myotubes (240,246) and found to be
highly concentrated at the site of apposed myoblast and myotube membranes, and at site of
contact between two myotubes (246). Myoblast fusion requires a Ca?* concentration increase
to 1.4 uM (269), similar to the one reported for myoferlin C2A binding to phospholipids (241).
Myoferlin-null mice show impaired myoblast fusion in vitro, and display smaller muscles and
smaller myofibers in vivo (246). Altogether, these observations support a role for myoferlin in
the maturation of myotubes and the formation of large myotubes that arise from the fusion of

myoblasts to multinucleated myotubes.

Interestingly, myoferlin-null mice are unresponsive to insulin growth factor-1 (IGF-1) for the
myoblast fusion to the pre-existing myofibers (Figure 1-23). Mechanistic experiments indicate
a defect in IGF-1 internalization and a redirection of the insulin growth factor receptor (IGF1R)
to the lysosomal degradation pathway instead of recycling. As a consequence, myoferlin-null
myoblasts lack the IGF1-induced increase in AKT and mitogen-activated protein kinases

(MAPKs) activity downstream to IGFR (270).

1.4.5.2. Muscle repair
Myoferlin expression is also up regulated in damaged myofibers and in surrounding
mononuclear muscles and inflammatory cells (256). As it was observed for dysferlin, myoferlin
can be cleaved by calpain to produce a mini-myoferlin module composed of the C2E and C2F
domains (271). Interestingly, this mini-myoferlin module bears structural resemblance to
synaptotagmin, a well-known actor in synaptic vesicle fusion with the presynaptic membrane

(272).
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Figure 1-23. Role of myoferlin in muscle cells. Myoferlin participates to endosomal recycling and interacts with EHD2.
Upon myoferlin silencing, the IGFRs recycling is impaired and directed to the lysosomal degradation pathway. As a
consequence, the cell responds less to IGF stimulation, which is associated with a decreased activity of the MAPKs and
AKT pathways. This impacts growth and differentiation of muscle cells. Myoferlin is also involved in membrane damage
repair. Upon membrane injury, the intracellular Ca?* concentration increases, activating the calcineurin and NFAT. This
last one promotes myoferlin expression, leading to membrane resealing mediated by vesicles fusion. This picture is from
the publication of Zhu et al. (2019) (230).
The defects in myoblast fusion and muscle repair observed in myoferlin-null mice are
reminiscent of what was reported in muscle lacking nuclear factor of activated T-cells (Figure
1-23). Demonbreun and colleagues suggested that in injured myofibers, the membrane
damages induce an intracellular increase of Ca?* concentration producing a calcineurin-
dependent NFAT activation and subsequent translocation to the nucleus. The activated NFAT

can therefore bind to its response element on the myoferlin promoter (256).

1.4.5.3. Membrane resealing of endothelial cells
Bernatchez and colleagues reported that dysferlin and myoferlin are abundant in caveolae-
enriched membrane microdomains/lipid rafts isolated from human endothelial cells and are

highly expressed in mouse blood vessels (273,274). As observed for muscle cells, myoferlin
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regulates the endothelial cell membrane resealing after physical damage. In endothelial cells,
myoferlin silencing reduces or abolishes the extracellular regulated kinase-1/2 (ERK-1/2), c-Jun
N-terminal kinase (JNK) or PLCy phosphorylation by vascular endothelial growth factor (VEGF),
resulting from a loss of vascular endothelial growth factor receptor-2 (VEGFR-2) stabilization at
the membrane. Indeed, myoferlin silencing causes an increase in VEGFR2 polyubiquitination,
which leads to its degradation (273). Another angiogenic tyrosine kinase receptor, the tyrosine-
protein kinase receptor tie-2 (Tie-2), is significantly less expressed at the plasma membrane
when myoferlin is silenced in endothelial cells (275). In this case, it appears that proteasomal
degradation plays a minor role in the down regulation of the receptor. Strikingly, G-protein
coupled receptors seemed unaffected by the decrease of myoferlin expression, suggesting a
selective effect on RTKs. It was also reported that in endothelial cells, myoferlin is required for
an efficient clathrin and caveolae/raft-dependent endocytosis, and is co-localized with DNM2

(276).

1.4.6. Myoferlin in cancer
Beside its role in myoblast fusion and membrane repair, myoferlin has been described in
pathology such as cancers. Indeed, myoferlin was experimentally discovered as highly
expressed in several tumor tissues including the pancreas (277), breast (278), kidneys (278),
and head and neck squamous cell carcinoma (HNSCC) (279). This expression was confirmed at
a protein level in tumor tissue and/or cell lines from the pancreas (44,280), breast (281,282),
lungs (282), melanoma (282), hepatocellular carcinoma (257), HNSCC (255), clear cell renal
carcinoma (283,284), and endometroid carcinoma (285). In the following section, in order to
have a global vision of myoferlin in cancer, its role in several types of cancers is first described,

followed by a focus on PDAC.

The first study highlighting myoferlin in the progression of breast cancer was published in 2011
(247), eleven years after the first publication on myoferlin in myoblasts by Davis and his
collaborators (Figure 1-24) (240). In this study, a mathematical model was proposed to examine
the role of myoferlin in breast cancer cell invasion. This model confirms the experimental
observation of decreased invasion of the myoferlin-null breast MDA-MB-231 cell line, and
predicts that the pro-invasion effect of myoferlin may be partly mediated by matrix-
metalloproteinases (MMPs) (Figure 1-24) (247). The model was further validated in vitro

suggesting a mesenchymal to epithelial transition (MET) when myoferlin was knockdown
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(Figure 1-24) (286,287). Using the same cell model, Blackstone and colleagues showed that
myoferlin depletion increases cell adhesion to polyethylene terephthalate (PET) substrate by
enhancing focal adhesion kinase (FAK) and its associated protein paxillin (PAX) phosphorylation
(Figure 1-24) (288). Interestingly, myoferlin was reported as regulating cell migration through
a tumor growth factor-f1 (TGF-B1) autocrine loop (Figure 1-24) (289). Recently, similar results
in regard to MMPs were reported in melanoma (290). Myoferlin expression was first correlated
with vasculogenic mimicry in patients, then its in vitro depletion in A375 cell line impaired

vasculogenic mimicry, migration, and invasion by decreasing MMP-2 production.

Several pieces of evidence, obtained from normal endothelial cells, indicate that myoferlin is
involved in RTKs recycling (Figure 1-24). It was shown that MDA-MB-231 and -468 cells depleted
for myoferlin are unable to migrate and to undergo EMT upon epidermal growth factor (EGF)
stimulation. The authors discovered that myoferlin depletion alters the EGFR fate after ligand

binding, most probably by preventing phosphorylated-EGFR degradation (244).

The co-localization of myoferlin with CAV1 (244), the main component of caveolae considered
as a metabolic hub (291) prompted researchers to investigate the implication of myoferlin in
energy metabolism (Figure 1-24). In this context, the authors showed in triple-negative breast
cancer cells that myoferlin-silencing leads to an accumulation of monounsaturated fatty acids
(C16:1). Its depletion further decreases oxygen consumption switching the cell metabolism
toward glycolysis (49). This was the first report regarding the role of myoferlin in mitochondrial

function and cell metabolism.

Several breast cancer cell lines and tissues showed a calpain-independent myoferlin cleavage,
regardless of cell injuries and subsequent Ca®* influx (292). The resulting cleaved myoferlin
increases ERK phosphorylation in an overexpressing HEK293 system (Figure 1-24). It would be
of interest to further study the link between mini-myoferlin and KRAS mutated cancers as ERK

is a mid-pathway signaling protein in this context.

In accordance with previous publications related to myoferlin in breast cancer, a recent study,
published in 2020, showed an interaction of myoferlin with the particularly interesting new Cys-
His protein 1 (Pinch-1), a protein involved in cell adhesion (293). In order to prove the existing
interaction between myoferlin and Pinch-1, the authors co-immunoprecipitated both proteins

and showed that the interaction occurs via the LIM-2 domain of Pinch-1 and the C2D-E-F
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domains of myoferlin (293). In addition, the absence of Pinch-1 decreases myoferlin abundance
through proteasomal degradation. Interestingly, Pinch-1 silencing limits breast cancer cells
proliferation, migration and endothelial cell tube formation in vitro and reduces tumor size and
metastasis in vivo. Those phenomena are dependent on the Lim-2 domain previously shown as

interacting with myoferlin (293).
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Figure 1-24. Impact of myoferlin silencing on breast cancer cells. Myoferlin silencing induces a MET, characterized by a
decreased in MMPs as well as TGF-R1 expression and an increase in PAX and FAX. This prevents cells from migration and
invasion. In addition, myoferlin-silenced cells do not induce an epithelial to mesenchymal (EMT) transition upon EGF
stimulation (which is associated to invasion and migration). Studies showed that impaired degradation of EGFR (associated
with impaired CAV1 oligomerization) is responsible for the lack of response to EGF stimulation. Furthermore, myoferlin
silencing has been shown to impact mitochondrial metabolism, characterized by a decrease in OCR, ATP and
dehydrogenase activity, creating a metabolic imbalance. Impaired lipid homeostasis, characterized by an imbalance in
saturated/unsaturated fatty acids also participates to the metabolic imbalance. Finally, ERK is less activated upon
myoferlin silencing in HEK293 cell line. Those results could be extended to cancer cells, explaining partly the reduced tumor
growth. The picture was created with BioRender.com

Metabolic imbalance

Finally, Zhang et al. in 2018 discovered a new molecule exerting an anti-metastatic effect in
breast cancer (46). This molecule, named WJ460, impairs cell migration and proliferation in
vitro, while it strongly reduces tumor mass and metastasis in vivo and improves the overall
survival of mice (46). Strikingly, this molecule has been shown to bind the C2D domain of
myoferlin and to impair endocytic recycling as described previously under myoferlin silencing
in breast cancer. This discovery about myoferlin targeting in breast cancer may open new doors
in clinical practice and demonstrates once again the interest of studying myoferlin in the

context of cancer (46).
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In mice bearing solid Lewis Lung Carcinoma tumors, the intratumoural injection of myoferlin
siRNA mixed with a lipidic vector reduces the tumor volume by 73%. The observed reduction is
neither the consequence of a difference in blood vessel density nor of VEGF secretion.
However, a significant reduction of the proportion of the Ki67-positive cells indicates a
decrease in cell proliferation (282). Myoferlin was reported as expressed in human non-small
cell lung cancer tissues where it was correlated with VEGFR2, thyroid transcription factor (TTF)-

1 and transformation-related protein 63 (p63), especially in the low stage tumors (283).

In the hepatocellular carcinoma cell lines, the silencing of the transcriptional coactivator of the
serum response factor (SRF), MKL1/2, induces a reduction in myoferlin gene expression. It was
shown by chromatin immunoprecipitation that MKL1/2 binds effectively to the myoferlin
promoter (257). As in other cancer types, hepatocellular carcinoma requires myoferlin to
proliferate and perform invasion or anchorage-independent cell growth. Its depletion enhances
EGFR phosphorylation, in agreement with the concept of myoferlin being a regulator of RTK

recycling.

A myoferlin expression pattern was investigated in oropharyngeal squamous carcinoma. It was
reported that myoferlin is overexpressed in 50% of the cases and significantly associated with
worse survival. Moreover, human papilloma virus (HPV)-negative patients have significantly
higher expressions of myoferlin. A subgroup survival analysis indicates the interaction between
these two parameters as HPV-negative has the worst prognosis when myoferlin is highly
expressed. Nuclear myoferlin expression appears to be highly predictive of the clinical outcome
and associated with IL-6 and NANOG overexpression (255). Upon HNSCC cell line stimulation
with IL-6, myoferlin dissociates from EHD2 and binds activated signal transducer and activator
of transcription 3 (STAT3) to drive it in the nucleus. The observation was extended to breast
cancer cell lines (279). Finally, a recent study published in 2021 found myoferlin as being highly
overexpressed in nasopharyngeal carcinoma where it influences proliferation, invasion and
migration. Moreover, as described in breast cancer, myoferlin knockdown sustains EGFR
phosphorylation upon EGF stimulation. The authors also demonstrated that EGFR and the

ephrin type-A receptor-2 (EPHA2) co-immunoprecipitate with myoferlin (294).

In gastric cancer, myoferlin has been proposed as a promising biomarker and therapeutic

target. Indeed, this protein has been found to be overexpressed in oxaliplatin-resistant gastric
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cancer. Its expression was significantly correlated with poor prognosis and its knockdown

repressed stem cell features, tumor growth, cell migration and resistance to oxaliplatin (295).

Finally, it is interesting to mention that a new drug, the YQ456, resembling WJ460 and 6y, was
also found to attenuate colorectal cancer progression. In colorectal cancer, a high expression
of myoferlin was associated with poor survival (45,296). As described for WJ460 and 6y in
breast and pancreatic cancer, the small molecule YQ456 is able to interact with the C2D domain
of myoferlin and to reduce cell migration, invasion and proliferation in vitro as well as
metastasis, tumor mass and blood vessels formation in vivo. Surprisingly, the authors reported
for the first time an interaction of myoferlin with RAB32 and explained that this interaction
counteracts DRP-1 activation and the resulting mitochondrial fission. Thus, the authors
suggested that treating cells with YQ456 may induce a disruption of the myoferlin-RAB32
complex, resulting in mitochondrial fission, reduced OCR and enhanced mitophagy. However,

the link between myoferlin and rab32 needs to be clarified as mentioned in the article (45).

In pancreatic ductal adenocarcinoma, myoferlin was shown to be overexpressed in high grade
in comparison to low grade PDAC (280). Patients with high myoferlin have a significantly worse
prognosis than those with low myoferlin (280,297). This observation of myoferlin
overexpression in pancreatic cancer was in accordance with the proteomic study performed on
PDAC by Turtoi et al., in 2011 (44). The discovery of myoferlin overexpression prompted
researchers to investigate its role in PDAC (Figure 1-25). Experiments undertaken with
pancreatic cell lines and siRNA-mediated silencing demonstrated that myoferlin is requested to
maintain a high proliferation rate. Myoferlin was reported as a key element in VEGFA exocytosis
by PDAC cell lines, correlating with microvessel density in PDAC tissue (Figure 1-25) (298). In
addition to its role in angiogenesis, myoferlin has been associated with PDAC metabolism.
Indeed, in agreement with the results published by Blomme et al. in 2017 in breast cancer,
myoferlin-silenced cells exhibit reduced mitochondrial respiration, impaired morphology and
fragmented mitochondrial network (Figure 1-25) (47,49). This discovery was extended and
confirmed in colon cancer, where myoferlin silencing also protects cells from apoptosis in TP53-
mutated cells (296). The concept claiming that metastatic dissemination relies on oxidative
phosphorylation is broadly accepted (299,300). Based on these reports, Rademaker et al.
discovered in 2019 that myoferlin is highly expressed in PDAC cells with a high metastatic

potential, where it was correlated with mitochondrial respiration (48).
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In parallel to the discovery of WJ460 in breast cancer, a small molecule named 6y has been
shown to exert anti-metastatic effect in PDAC (Figure 1-25). As for the WJ460, 6y is interacting
with myoferlin, showing this time the interest of myoferlin-targeted therapy in PDAC (301). In
2022, Rademaker et al. showed that using WJ460 in PDAC reduces mitochondrial respiration
and leads to a fragmented mitochondrial network. This was associated with impaired
mitochondrial morphology and increased mitophagy. Interestingly, treating PDAC cell lines with
WJ460 did not induce apoptosis. Instead, it triggers a ferroptosis-like cell death (Figure 1-25)
(302). This ferroptosis-like cell death could be associated with increased mitophagy observed
upon myoferlin targeting and the role of myoferlin in lysosome membrane integrity. Indeed, in
2021, Gupta et al. demonstrated the importance of myoferlin for lysosome function as well as
lysosomal membrane protection against damages (Figure 1-25) (243).
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Figure 1-25. Impact of myoferlin silencing/targeting in PDAC cells. Myoferlin targeting induces a ferroptosis-like cells death,
characterized by increased ROS, mitophagy and lipid peroxidation. It also impacts cell migration and reduces metastasis in
mouse model. This impact on migration and metastasis is believed to be associated with decreased MMPs expression and
impaired EGFR, VEGFR degradation. Additionally, myoferlin silencing in PDAC cells reduces their secretion of VEGFA, which
is associated with angiogenesis. Myoferlin has also been shown to protect lysosome membranes. Therefore, myoferlin
silencing impairs their membrane integrity, that could participate to a metabolic imbalance. Finally, myoferlin silencing
also impacts mitochondrial dynamics, respiration, morphology and decreases dehydrogenase activity. The picture was
created with BioRender.com
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1.4.7. Subcellular localizations of myoferlin
Even if our comprehension is improving, subcellular localization of myoferlin remains unclear.
For instance, it is only since 2021 that the presence of myoferlin in lysosomes of PDAC cell lines
was clearly proved (243). Another example is the lack of knowledge regarding the potential
localization of myoferlin on mitochondria. Indeed, myoferlin has been shown to interact with
RAB32 in colon cancer (45) or to influence respiration and mitochondrial network in pancreatic
and breast cancer (47,49). However, until this work, no studies had investigated myoferlin
presence on this organelle. This means that, even if our understanding of myoferlin localization

in the cell becomes more accurate with time, some gaps remain.

When myoferlin was discovered in skeletal muscle for the first time in 2000 by Davis et al., they
found that the ferlin member was located at the plasma membrane but also in the nucleus
(240). Plasma membrane localization was further confirmed in several reports (245,246,303),
with the additional notion that myoferlin accumulates at sites of membrane fusion between
myoblasts (246). On the other hand, the fact that IL-6 stimulation induces myoferlin
translocation into the nucleus also further confirmed its presence in this region (279). Since
2002, the observation of myoferlin in the cytoplasm, and more precisely in cytoplasmic vesicles,
was described by the group of Davis (241). However, no accurate studies about myoferlin
subcellular localization had been performed until 2016 (242). In their study, Redpath and his
collaborators showed the presence of exogenous myoferlin on the plasma membrane but also
in intracellular regions using immunofluorescence techniques. Indeed, they described a bright
labeling for the plasma membrane but also for the perinuclear region and cytoplasm. After
investigation, they found that myoferlin was partly colocalizing with calreticulin, which is a
marker of ER, at the perinuclear region. They also observed colocalization, still in the
perinuclear region, with the Golgi apparatus and trans-Golgi network, confirming the previous
reports of myoferlin in the Golgi apparatus of cancer cell lines and normal airway epithelium
(282,304). Moreover, they found strong colocalization between the ferlin member and RAB5
as well as RAB7 markers, corresponding to early and late endosomes markers respectively.
Surprisingly, myoferlin only sporadically colocalized with LAMP1-positive lysosomes in C2C12
(mouse, myoblasts), Cos-7 (monkey, kidney) and HEK293 (human, embryonic kidney) cells
(242). Those results were confirmed by Gupta et al. in 2021, where they showed that

exogenous myoferlin was not present in HEK293 lysosomes (243). However, they identified the
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exogenous protein in lysosomes of PDAC cell lines where it maintains membrane integrity
(243). Finally, myoferlin was also described in exosomes from PDAC and breast cancer cell lines.
Myoferlin silencing rendered exosomes inefficient for nucleic acids delivery and altered

migration and proliferation of the targeted cells (254). This is all summarized in Figure 1-26.

In conclusion, myoferlin has been described in many subcellular localizations such as plasma
membrane, late and early endosomes, lysosomes, exosomes but also the Golgi apparatus and
endoplasmic reticulum (240,242,243,254). Nevertheless, even if a clear link has been
established between myoferlin and mitochondrial dynamics as well as metabolism
(45,47,48,296), there was no study investigating myoferlin localization in the context of
mitochondria. Therefore, we strongly believe that a better understanding of protein
localization within the cell can provide us precious information about its biological function. For
this reason, we wanted to clarify myoferlin position in accordance with mitochondria and we

wanted to understand how this protein influences mitochondrial metabolism and dynamics.
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Figure 1-26. Myoferlin localization within the cell. Myoferlin has been reported on plasma membrane, where it is enriched
in the lipid rafts, on late and early endosomes, on lysosomes of PDAC cell lines, on the Golgi apparatus, on the ER and in
the nucleus. Whether myoferlin is localized on mitochondria is unknown. The picture was created with BioRender.com
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2. Aim of the project

PDAC is an aggressive type of cancer, with a 5-year survival rate being lower than ~9% (305).
Due to its late diagnosis, the surgery, being considered as the only curative treatment, is
possible in less than 20% of cases (8,25). Among patients benefiting from surgery, it is
estimated that 76.70% will experiment a relapse within two years, while for patients diagnosed
at late stages (>80% of cases), palliative chemotherapy is often administrated (25,27,28).
Unfortunately, there is no effective chemotherapy or targeted therapy for this cancer (8,39).
Therefore, there is a real need to have a better comprehension of PDAC biology, allowing us to
find the Achilles’ heel of cancer cells. In that regard, one proposed strategy is to target cancer
cell metabolism (43). Indeed, cancer cells adapt their energy metabolism to support their
growth and division but also to face challenging environmental conditions such as the lack of
nutrients and hypoxia (40—42). Thus, targeting cancer cell metabolism, in order to create a
metabolic imbalance able to slow down cell proliferation and sensitize them to other therapies,

is currently under investigations.

In that context, our team studies a protein named myoferlin. This protein is overexpressed in
PDAC and its silencing/targeting has been reported to impact cancer cell metabolism,
proliferation and migration in vitro (47-49,302). In a mouse model, targeting myoferlin using
small compounds reduces the number of metastasis and tumor size (45,46,301). In addition, it
increases the overall survival, without showing toxic side effects on mice (45,46,301).
Therefore, myoferlin targeting seems to be a promising therapeutic target. Nevertheless, our
comprehension of myoferlin functions in the cell remains limited and the underlying
mechanisms explaining the effect of myoferlin targeting are still unknown. For instance, it has
been reported that myoferlin silencing leads to a fragmented mitochondrial network and to a
reduced mitochondrial respiration (47). However, no mechanisms have been described. Since
mitochondria have been involved in PDAC relapse and tumor growth, we aimed at
understanding the mechanism linking myoferlin silencing to mitochondrial dynamics and

metabolism (61-63).

As a first attempt, we investigated whether myoferlin was directly implicated in mitochondrial
dynamics and metabolism. Thus, we tried to identify whether myoferlin was located on

mitochondria and whether it was interacting with proteins involved in mitochondrial dynamics
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(see Part I: myoferlin interacts with proteins involved in mitochondrial fusion in PDAC cell lines).
Our investigations finally prompted us to investigate a potential localization for myoferlin in
MAMs. Due to its rare structure with multiple C2 domains able to bind Ca?* and phospholipids,
we hypothesized that myoferlin could play a role in Ca%* signaling at MAMs, explaining the
impact on mitochondrial metabolism and dynamics observed upon its silencing (see Part Il:
myoferlin is located in MAMSs, where it plays a role in calcium transfer and interacts with IP3R3)

(241).
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3. Material and methods

3.1. Cells and chemicals

The investigations performed in this work were based on PDAC cell lines (Panc-1, PaTU8988T,
BxPC-3 and MiaPaCa-2), on human pancreatic normal epithelial cell line (HPNE) and on murine
undifferentiated myoblast cell line (C2C12). PaTu8988T (ACC162) were purchased from the
Leibniz-Institute (DSMZ, Braunschweig, Germany) while HPNE (CRL- 4023) were purchased
from the American Type Culture Collection (ATCC, Virginia, USA). Panc-1 (CRL-1469), BxPC-3
(CRL-1687), MiaPaCa-2 (CRL-1420) and C2C12 (CRL-1772) were generous gifts from Prof. Muller
and Burtea (NMR Laboratory, University of Mons, Belgium), Prof. Bikfalvi (Inserm U1029,
Bordeaux, France), Prof. De Wever (Laboratory of Experimental Cancer Research, University of
Gent, Belgium) and Prof. Francaux (University of Louvain, Louvain la Neuve, Belgium)
respectively. Antibodies against hemagglutinin (HA, 3724S), AMPK (2795), phospho-AMPK
(2535), GRP75 (clone D13H4, 3593), mitochondrial import receptor subunit TOM20 homolog
(TOM20, clone D8T4N, 42406), calreticulin (clone D3E6, 12238), GLUT1 (12939), BIP (3177),
IRE1 (3294), XBP1s (12782), PERK (5683), ATF4 (11815) and CHOP (2895) were from Cell
Signaling (Danvers, MA). Vinculin (sc-25336), Myoferlin (clone D-11, sc-376879), Myoferlin
(clone K-16, sc-51367), S1R (sc-137075), MFN1 (H-65, sc-50330), specificity protein 1 (SP1, sc-
17824), and heat shock cognate 71 kDa protein (HSC70, sc-7298) antibodies were purchased
from Santa-Cruz Biotechnology (Dallas, TX). 78-kDa glucose-regulated protein (GRP78, also
known as BIP, MAB4846) and mitochondria (Clone 113-1, MAB1273) antibodies were obtained
from R&D systems (Minneapolis, MN) and Millipore (Burlington, MA), respectively. Myoferlin
(identified here under as HPA - HPAQ14245) was from Sigma (Bornem, Belgium). VDAC1 (clone
20B12AF2, ab14743), PDHal (clone EPR11098, ab168379), phospho-PDHal (ab92696),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, ab8245), total OXPHOS cocktail
(ab110413) and MFN1/2 antibody (clone 3C9, ab57602) were from Abcam (Cambridge, UK).
Antibody against IP3R3 (PA5-88758) was from Invitrogen (Waltham, USA). The antibodies used
for the UPR were a generous gift from Dr. Arnaud Blomme (GIGA stem cells, ULiege). The list of
antibodies used in this work is presented on Table 2. All reagents were purchased from Sigma

(Bornem, Belgium), unless mentioned otherwise.
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Antibodies

Source

|dentifier

Rabbit anti-IP3R3 (polyclo-

nal)

Invitrogen, Thermo Fisher

Scientific

Cat# PA5-88758, RRID:

AB_2805108

Rabbit anti-GRP75 (mono-

clonal)

Cell Signaling Technology

Cat# 3593, RRID:
AB_2120328

Rabbit anti-AMPK (polyclo-

nal)

Cell Signaling Technology

Cat# 2795, RRID:
AB_560856

Rabbit anti-Phospho-AMPK

(monoclonal)

Cell Signaling Technology

Cat# 2535, RRID:
AB_331250

Rabbit anti-TOM20 (mono-

clonal)

Cell Signaling Technology

Cat# 42406, RRID:
AB_2687663

Rabbit anti-calreticulin

(monoclonal)

Cell Signaling Technology

Cat# 12238, RRID:
AB_2688013

Rabbit anti-GLUT1 (mono-

clonal)

Cell Signaling Technology

Cat# 12939, RRID:
AB_2687899

Rabbit anti-HA (monoclonal)

Cell Signaling Technology

Cat# 3724, RRID:
AB_1549585

Rabbit anti-BIP (monoclonal)

Cell Signaling Technology

Cat# 3177, RRID:
AB_2119845

Rabbit anti-IRE1 (monoclo-

nal)

Cell Signaling Technology

Cat# 3294, RRID:

AB_823545

Rabbit anti-XBP1s (monoclo-

nal)

Cell Signaling Technology

Cat# 12782, RRID:
AB_2687943

Rabbit anti-PERK (monoclo-

nal)

Cell Signaling Technology

Cat# 5683, RRID:
AB_10841299
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Rabbit anti-ATF4

Cell Signaling Technology

Cat# 11815, RRID:
AB_2616025

Mouse anti-CHOP (mouse)

Cell Signaling Technology

Cat# 2895, RRID:
AB_2089254

Mouse anti-Myoferlin (mon-

oclonal)

Santa-Cruz Biotechnology

Cat# sc-376879

Goat anti-Myoferlin (polyclo-

nal)

Santa-Cruz Biotechnology

Cat# sc-51367, RRID:
AB_2148879

Mouse anti-Vinculin (mono-

clonal)

Santa-Cruz Biotechnology

Cat#t sc-25336, RRID:
AB 628438

Mouse anti-S1R (monoclo-

nal)

Santa-Cruz Biotechnology

Cat# sc-137075, RRID:
AB_2285870

Rabbit anti-MFN1 (polyclo-

nal)

Santa-Cruz Biotechnology

Cat#t sc-50330, RRID:
AB_ 2250540

Mouse anti-SP1 (monoclo-

nal)

Santa-Cruz Biotechnology

Cat# sc-17824, RRID:
AB_628272

Mouse anti-HSC70 (mono-

clonal)

Santa-Cruz Biotechnology

Cat#t sc-7298, RRID:
AB 627761

Rabbit anti-Myoferlin (poly-

clonal)

Sigma-Aldrich

Cat# HPAO14245, RRID:
AB_1848495

Mouse anti-Mitochondria

(monoclonal)

Millipore

Cat# MAB1273, RRID:
AB_94052

Mouse anti-GRP78 (mono-

clonal)

R and D Systems

Cat#f MAB4846, RRID:
AB_2233235

Mouse anti-VDAC (monoclo-

nal)

Abcam

Cat# ab14734, RRID:
AB_443084
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Rabbit anti-PDHal (mono-
Abcam Cat# ab168379
clonal)
Rabbit anti-Phospho-PDHal Cat# ab92696, RRID:
Abcam
(polyclonal) AB 10711672
Mouse anti-GAPDH (mono- Cat# ab8245, RRID:
Abcam
clonal) AB 2107448
Mouse anti-OXPHOS cocktail Cat# ab110413, RRID:
Abcam
(monoclonal) AB 2629281
Mouse anti-MFN1/2 (mono- Cat#t ab57602, RRID:
Abcam
clonal) AB 2142624

Table 2. List of antibodies used in this work. Antibodies species, clonality, source and identifiers are specified.
3.2.  Cell culture

Panc-1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Lonza, Basel,
Switzerland) supplemented with 10% fetal bovine serum (FBS). Miapaca-2 and C2C12 were
maintained in DMEM supplemented with 10% FBS, 1mM sodium pyruvate and 4mM L-
glutamine. PaTu8988T were cultured in DMEM supplemented with 5% FBS, 5% horse serum
and 2mM L-glutamine. BxPC-3 were maintained in RPMI1640 supplemented with 10% FBS,
1mM sodium pyruvate, 10mM HEPES and 2.5g/L of glucose. HPNE required a medium
composed of 75% DMEM, 25% M3 (Incell Corporation LLC, San Antonio, TX), 2.5% FBS, 0.01%
epidermal growth factor, 2mM L-glutamine and 1g/L of glucose. The cells were cultured in a
humidified 5% CO2 incubator, at 37-C and were used between passage 1 and passage 10. The

cells were tested monthly for mycoplasma thanks to lab-made reagents.

3.3.  Small interfering RNA transfection

The cells were transfected with 20nM small interfering RNA (siRNA) using Ca’* phosphate. The
medium was replaced 16 h after transfection, media replacement was considered as time 0. All
experiments  were  performed 48 h  after transfection. Myof#l - 5%

CCCUGUCUGGAAUGAGAUUUU 3’ and Myof#2 - 5" CUGAAGAGCUGUGCAUUATT 3’ siRNA were
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used to target myoferlin while the irrelevant siRNA - 5" CUUACGCUGAGUACUUCGAUU 3’ was

used as transfection control. All siRNA were purchased from Eurogentec (Liege, Belgium).

3.4. Plasmid preparation and transfection

pPCDNA3.1-Myoferlin HA (273), a plasmid encoding for human myoferlin cDNA with a C-terminal
HA-tag was constructed by William Sessa (Addgene plasmid #22443). CMV-mito-R-GECO1 was
a construction from Robert Campbell (Addgene plasmid # 46021) (306) (Figure 3-1). pCDNA3.1-
Myoferlin HA or CMV-mito-R-GECO1 plasmids were amplified in DH5alpha or DH10B bacteria,
respectively. Bacteria were cultured in classical LB medium, supplemented with ampicillin (100
ug/ml), overnight at 37°C in an agitating incubator (200 rpm). pCDNA3.1-Myoferlin HA plasmid
purification was performed using the PureYield™ Plasmid Maxiprep System (A2393) from
Promega (Fitchburg, WI). Purification of CMV-mito-R-GECO1 was performed using the
NucleoBond Xtra Maxi kit (740424.50) and the NucleoSnap Finisher kit (740434.50) from
Macherey Nagel (Diren, Germany) with the help of the GIGA viral platform. Panc-1 or MiaPaCa-
2 cells were transiently transfected with 1 pg of plasmid using 2.5 plL Lipofectamine 2000
(Invitrogen, Carlsbad, CA) as reported by the manufacturer’s recommendation. The medium
was replaced 4h after transfection. 48h after transfection, both Panc-1 and MiaPaCa-2 cells
were selected with 600 pg/ml of G-418 for 7 days. Antibiotic pressure using G-418 solution was
maintained at a concentration of 200 ug/ml for cell culture. To address CMV-mito-R-GECO1
plasmid localization on mitochondria, we used a MitoTracker Green dye (M7514, Thermo
Fisher Scientific, Waltham, USA), at a final concentration of 200nM, which was a generous gift

from Dr. Laurent Nguyen (GIGA Stem Cells, ULiege).
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Figure 3-1. CMV-mito-R-GECO1 plasmid (Red intensiometric Ca?* indicator). The plasmid codes for a fusion protein
involving cytochrome c oxidase subunit 8 (COX8) and calmodulin. The picture is from https://www.addgene.org/.

3.5. Western blotting

Protein samples were solubilized in 1% sodium dodecyl sulfate (SDS) supplemented with
phosphatase and protease inhibitors. Bicinchoninic acid (BCA) protein assay kit (Thermo
Scientific, Waltham, MA) was used for protein quantification. Proteins were denatured in
Laemmli’s buffer during 5 min at 99°C. Samples were loaded on sodium dodecyl sulfate
polyacrylamide gel for migration and were then electro-transferred on PVDF membrane during
90 min at room temperature (RT) or overnight at 4°C. Membranes were blocked for 1 h
according to antibody manufacturers’ instructions. Then, they were incubated overnight at 4°C
with primary antibodies (dilution 1:1000) and probed with corresponding secondary antibodies
linked to horseradish peroxidase (dilution 1:3000) for 1 h at RT. The revelation was performed

using chemiluminescent reagents (ECL western blotting substrate, Thermo Scientific, Waltham,
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MA or clarity western ECL substrate, Bio-Rad, California, USA). Quantifications were performed

by densitometric analysis using ImagelJ software (307) and HSC70 was used as a loading control.

3.6.  Immunofluorescence

Regarding part | of the Results section (see Part I: myoferlin interacts with proteins involved in
mitochondrial fusion in PDAC cell lines), cells (6x10%) were seeded on sterilized glass coverslips.
After 24 h, cells were washed once with PBS and fixed with ice-cold methanol-acetone (4:1)
during 10 min. Then, cells were washed twice with PBS and were blocked for 30 min in 2%
bovine serum albumin diluted in PBS. After blocking, coverslips were incubated during 2 h with
primary antibodies (dilution 1:100 in BSA-PBS) at RT in a humidified chamber. This step was
followed by three washes in 2% BSA-PBS. Coverslips were then incubated with corresponding
Alexa Fluor 488 or Alexa Fluor 546 conjugated secondary antibodies (Invitrogen, Molecular
Probes, Carlsbad, CA) in a humidified chamber for 45 min (dilution 1:1000 in BSA-PBS). Nuclei
counterstaining was performed using hoechst DNA probe (0.01g/L, Calbiochem, San Diego, CA).
Pictures were acquired using Nikon A1R confocal microscope or LSM880 Airyscan Elyra

Microscope (Zeiss, Oberkochen, Germany).

In part Il of the Results section (see Part Il: myoferlin is located in MAMSs, where it plays a role
in calcium transfer and interacts with IP3R3), the same protocol than in part | was used for
immunofluorescence, except for the fixation, blocking and permeabilization steps. Indeed, cells
were fixed with paraformaldehyde (PAF) 4% (pH 7,4) for 20 min. After washing, the cells were
blocked and permeabilized for 30 minutes with a solution containing 5% BSA - 0,5% saponin -

PBS. Antibodies were diluted in 1% BSA - 0,1% saponin - PBS solution.

3.7. Colocalization studies

Regarding part | of the Results section (see Part I: myoferlin interacts with proteins involved in
mitochondrial fusion in PDAC cell lines), immunofluorescence images were deconvoluted using
online NIS-elements (Nikon). Colocalization analyses were first performed, without selection of
regions of interest (ROI), using correlation methods: Pearson coefficient correlation (PCC),
Spearman’s rank correlation coefficient (SRCC), Manders’ colocalization coefficients (M1 and
M?2), and intensity correlation quotient (ICQ), thanks to EzColocalization Imagel plugin (308).
The background was automatically identified according to the Costes method. Then, we used

“distance between objects”-based methods: distance analysis (centers of mass of channel 1
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objects inside channel 2 masks), parametric analysis of the Ripley’s K function, and non-

parametric Ripley’s analysis (SODA), thanks to colocalization studio plugin in Icy software (309).

A 5-pixel maximal limit was used as threshold.

The coefficients are described below:

80

The PCC quantifies the correlation between two data sets, in our case channels,
assuming a linear correlation between the two. An obvious limitation is when the data
sets are correlated but not in a linear manner. The PCC takes values between -1 and +1,
with -1 being a perfect linear anti-correlation, +1 a perfect linear correlation and 0 no
correlation (310,311).

The SRCCis an improvement upon the PCC. Indeed, the correlation is quantified without
assuming a linear correlation. This method assesses the relation between the two data
sets by comparing their ordering. For instance, monotonous relationships will have a
maximum score. Conversely, periodic relations such as sine function will have a reduced
score. The SRCC takes values between -1 and +1, with -1 being a perfect monotonous
anti-correlation, +1 a perfect monotonous correlation and 0 no correlation (311,312).
The Manders coefficients assess the proportion of pixels from one data set colocalizing
with the other. Conversely to PCC and SRCC, Manders’ method is not based on
mathematical relations between two sets but rather represents the colocalization. The
Manders coefficients vary from 0 to 1, 0 being no overlapping of the signal and 1 being
complete overlapping of the signal (313).

The ICQ assesses the correlation between the intensities of two data sets. These
intensities are compared to their respective means. Comparably to the SRCC, the ICQ
does not assume a linear correlation. It ranges from -0.5 to 0.5, -0.5 being a complete
anti-correlation of the intensities, -0.5 being the complete correlation of intensities and
0 being no correlated variation of the intensities (random staining) (314).

The parametrization of Ripley’s K function relies on Ripley’s K function, which represents
the clustering of objects as function of their relative distance. In 2015, Lagache et al.
have defined a parametrization of this function allowing to estimate the proportion of
objects in one channel colocalizing with those in the second (this will be referred to as
Ripley’s K in the figures) as well as the mean distance between these objects (this will

be referred to as distance (K function) in the figures). The specificity of this method is
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that it assesses the relation between objects without requiring them to be located at
the exact same spot (315).

e The SODA method is also based on Ripley’s K function. Nevertheless, rather than
adjusting a parametric function, the values are compared to the expectation in the case
of normally distributed random objects. Therefore, SODA in the figures represents the
probability of colocalization between objects. The method provides the probability of
colocalization between objects (labelled SODA in the figures) with a mean distance
between these objects (labelled distance (SODA) in the figures) (316).

e The center of mass analysis represents the proportion of objects of which the center of

mass in the first channel overlaps with object in the second channel (315).

In part Il of the Results section (see Part Il: myoferlin is located in MAMSs, where it plays a role
in calcium transfer and interacts with IP3R3), we focused mainly on Manders ‘'method (313).
The goal was to assess myoferlin localization on mitochondria. Therefore, we needed a method
focused on relative position rather than correlation. In part | of the Results section, we used
Manders” method to assess myoferlin localization on mitochondria. Nevertheless, we used the
whole picture as ROl and Costes method for threshold, this can be a problem and lead to an
overestimation of the coefficients. Indeed, we observed that the automatic threshold
estimation was often too low, leading to the inclusion of non-specific signals such as
background noise. Consequently, using Costes method without selecting any ROl can produce
an overestimation of colocalization coefficients, which does not represent the biological
staining. To address this issue, we wrote a script based on JACoP Imagel plugin to standardize
the results and make them comparable (317). This was enforced by keeping consistent
threshold values throughout the set of images. In addition, individual cells were used as ROI.
For images randomization, the rows were randomly permutated and the same was done with
columns, creating a randomized image. The scripts are available on

https://github.com/Yuglut/Imagel-Colocalisation-Analyses. Scripts were written by Dr. Martin

Farnir (Center for Fusion, Space and Astrophysics, Warwick, UK).

3.8. Proximity ligation assay

The Duolink proximity ligation assay (PLA) kit (Sigma, Bornem, Belgium) was used according to

the manufacturer’s instructions. Primary antibodies were used at dilution 1:75 (Myoferlin-
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MFN1/2) or 1:100 (others). Oligonucleotides conjugated secondary antibodies were provided
by the kit allowing detection of a red signal if less than 40nm separates both proteins of interest.
Pictures were acquired using a Nikon A1R confocal microscope. In each microscopic field,
proximity dots were counted using Imagel software (307) and divided by the number of nuclei
in order to calculate an average proximity dots number per cell. To analyze the PLA, we wrote
a script to automatically analyze the data in a standardized way. The script is available on

https://github.com/Yuglut/Imagel-PLA-Analyses. The script was written by Dr. Martin Farnir

(Center for Fusion, Space and Astrophysics, Warwick, UK).

3.9. Co-immunoprecipitation

Proteins were extracted using a non-denaturing buffer containing Tris-HCI pH 8 (20mM), NaCl
(137mM), NP40 (1%), EDTA (2mM) and supplemented with protease inhibitors. Following
extraction, proteins were incubated under rotation at 4°C during 30 min and were centrifuged
at 14 000g for 15 min at 4°C to eliminate cell debris. 5 ug antibodies were incubated overnight
with 500 ug of the protein extract (except for the IP performed from MAMs extracts, where
250 ug were incubated). We used isotype IgG as control (Thermo Scientific, Waltham, MA).
Then, protein A/G magnetic beads (Thermo Scientific, Waltham, MA) were added and
incubated at 4°C under rotation for 2 h. After three washes with a low salt buffer containing
SDS (0.1%), Triton X-100 (1%), EDTA (2mM), Tris-HCl pH 8 (20mM) and NaCl (150mM) and one
wash of high salt buffer composed of SDS (0.1%), Triton X-100 (1%), EDTA (2mM), Tris-HCI pH
8 (20mM) and NaCl (450mM), proteins were eluted from magnetic beads using Laemmli’s

buffer and then processed for western blotting.

3.10. Mitochondrial enrichment using Qiagen kit

Mitochondrial isolation kit (Qiagen, Hilden, Germany) was used according to the
manufacturer’s instructions. Briefly, 2x107 washed cells were suspended in lysis buffer in order
to disrupt the plasma membrane. After centrifugation (1000g, 10 min, 4°C), the supernatant
contained cytosolic proteins while the pellet was composed of intact mitochondria,
endoplasmic reticulum and other compartmentalized organelles. The pellet was suspended in
disruption buffer and homogenized in a potter with a glass pestle (15 strokes). After
centrifugation (1000g, 10 min, 4°C), nuclei, cell debris and unbroken cells were pelleted while

the microsomes and mitochondria were contained in the supernatant. The supernatant was
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then centrifuged (6000g, 10 min, 4°C) and the obtained pellet was resuspended in
mitochondrial purification buffer. The mitochondrial suspension was pipetted on a purification
solution. After centrifugation (14 000g, 10 min, 4°C), mitochondria were pelleted and

harvested. All fractions were processed for further western blotting experiments.

3.11. Subcellular fractionation using percoll gradient

This experiment was based on the protocol published in 2016 by Lewis at al. (118). 8x10° cells
were seeded on 150 mm dishes and placed in an 5% CO2 incubator, at 37°C (confluency: 80%).
In total, ~40 dishes per experiment were used. 24h after the seeding, the cells were placed on
ice and washed once with ice-cold PBS. Then, they were detached from the dishes by scrapping
and centrifuged for 5 min at 500g. The resulting pellet was suspended in HB buffer (10 mM
HEPES, pH 7.4, and 0.25 M sucrose) and homogenized with Teflon glass homogenizer for 30
strokes. After centrifugation (5 min, 600g), the supernatant was kept aside (supernatant 1) and
the pellet was again suspended in HB buffer, homogenized for 15 strokes and centrifuged for 5
min at 600g. The resulting supernatant was pooled with supernatant 1. The pellet constituted
P1 fraction, representing non-lysed cells, nuclei and cell debris. Following this step, supernatant
1 was centrifuged for 20 min at 10 300g. The resulting supernatant (supernatant 2) was
ultracentrifuged for 60 min at 100 000g, giving a cytosolic (supernatant) and microsome (pellet)
fractions. In parallel, the pellet obtained by centrifugation from supernatant 1, constituting
crude mitochondrial fraction (CM), was resuspended in IM buffer (5 mM HEPES, pH 7.4, 250
mM mannitol, 0.5 mM EGTA) and placed on percoll medium (25 mM HEPES, pH 7.4, 225 mM
mannitol, 1 mM EGTA, 30 % Percoll (v/v)). Following this step, centrifugation for 30 min at 95
000g was performed. MAMs and mitochondria were collected using Pasteur pipettes (MAMs
formed a white layer near the top of the tube). Then, MAMs were suspended in IM2 buffer (25
mM HEPES, pH 7.4, 225 mM mannitol, 1 mM EGTA) and centrifuged for 10 min at 6 300g. On
one hand, the pellet was harvested as crude MAMs (CMAMs). On the other hand, the resulting
supernatant was centrifuged for 1h at 100 000g. The white membrane at the bottom of the
tube following centrifugation was harvested as purified MAMs fraction (PMAMs). In parallel,
mitochondria obtained from centrifugation on percoll medium were washed three times with
IM buffer. The pellet obtained from washing constituted purified mitochondrial fraction (PM).
The protocol is represented and summarized on Figure 3-2. During the experiment, samples

were kept on ice and centrifugations were performed at 4°C.
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Figure 3-2. Subcellular fractionation. Representation of the protocol used for MAMs purification. PM: pure mitochondria,
CMAMs: crude MAMs, PMAMs: pure MAMs. The picture was created with BioRender.com

3.12. Ultrastructural analysis

Panc-1 cells were fixed for 90 min at room temperature with glutaraldehyde (2.5%) in a
Sorensen phosphate buffer (0.1 M, pH 7.4) and post-fixed for 30 min with 2% osmium tetroxide.
Samples were dehydrated in graded ethanol and embedded in Epon. Thanks to a Reichert
Ultracut S ultramicrotome, ultrathin sections were obtained and contrasted with uranyl acetate
and lead citrate. Acquisitions were performed with a Jeol (Tokyo, Japan) JEM-1400 transmission
electron microscope at 80 kV. Pictures were acquired by Pr. Marc Thiry (Cellular and Tissular
Biology, ULiege). Morphometric measurements were performed using Imagel software (307).
The length of the ER interface in contact with mitochondria, the mitochondrial perimeter as

well as the distance between both organelles were measured. For calculations of
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mitochondria—ER distance, a minimum distance of 30 nm between both organelles was
required to be consider as a contact. Since the pictures used for the analyses were limited (<
15 pictures by conditions) and not randomly chosen, precaution for results interpretation

should be taken.

3.13. Oxygen consumption rate analysis

OCR were measured with a Seahorse XFp extracellular flux analyzer (Agilent, Santa Clara, CA,
USA). siRNA-transfected cells were seeded (10 000 cells per well) in XFp mini-plates and allowed
to attach overnight. For mitochondrial OCR analysis, cells were kept in unbuffered serum-free
DMEM (Basal DMEM, Agilent) supplemented with pyruvate (1 mM), glutamine (2 mM), glucose
(10 mM), pH 7.4 at 37 °C, and ambient CO; for 1 h before the assay. During the assay, cells were
successively stressed with oligomycin (1 uM), carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP, 1.0 uM), and rotenone/antimycin A (0.5 uM each)
mix. Results were normalized according to the cell number evaluated by Hoechst (2 pg/mL)

incorporation after cold methanol/acetone fixation.

3.14. Calcium flow

200 000 cells (stably transfected with the CMV-mito-R-GECO1 plasmid, see section Plasmid
preparation and transfection) were seeded on glass bottom dishes (lbidi, 81158, Grafelfing,
Germany) 24h prior to experiment. The next day, the cells were washed once with PBS and the
medium was replaced by calcium-free medium (NaCl (145 mM), KCI (4 mM), HEPES (10 mM),
glucose (10 mM), MgCl2 (2 mM), EGTA (1 mM)). Then, the dishes were placed on Nikon A1R
microscope stage in a humidified chamber with 5% CO,, at 37°C. Once the cells were placed in
the chamber, we waited for 10 minutes before starting the experiment. Pictures acquisition
occurred every 5 seconds (a cycle represents the time between two acquisitions). After 50
seconds, a calcium-free buffer containing histamine was injected (100 uM, final concentration
of histamine). Pictures acquisition continued for 50 additional cycles until fluorescence
returned to its starting value. The detailed protocol for calcium flow experiment was generously

shared by Dr. Yelena Sargsyan (University of Bielefeld, Gottingen, Germany).

For the analyses, we assessed fluorescence intensity value over time (Fn) for each cell and we
normalized it to the first frame (FO) of the time-lapse (Fn/F0), which allows comparisons

between conditions. Those analyses were performed with Image) (307). A script, which is
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available on https://github.com/Yuglut/ImagelJ-Timelapse-CalciumFlow-Analysis, was written

to automate and standardize the analyses. The script was written with the help of Dr. Martin

Farnir (Center for Fusion, Space and Astrophysics, Warwick, UK).

3.15. WST1 assay

9x103 cells were seeded per well of a 96-well plate. 24h hours later, WST-1 reagent (Roche,
Mannheim, Germany) was diluted in culture medium (1:10) and the absorbance at 450 and 620
nm was measured during 120 min at 37 °C using a Spectramax plate reader (Molecular Devices,
Sunnyvale, CA, USA). Following measurement, cells were fixed with cold methanol/acetone and

incubated with Hoechst (2 pg/ml) for normalization.

3.16. Indirect fluorescence resonance energy transfer

All samples were processed as described in the Immunofluorescence section. The Alexa Fluor
488-conjugated secondary antibody was selected as the donor fluorophore while the Alexa
Fluor 546-conjugated secondary antibody was selected as the acceptor (Invitrogen, Molecular
Probes, Carlsbad, CA, USA). As a positive control, two secondary antibodies were used, both
targeting rabbit anti-myoferlin (HPA) primary antibody, and carrying acceptor or donor
fluorophore. Finally, as a negative biological control, proteins from distinct compartments, the
nuclear factor SP1 and the plasma membrane transporter GLUT1 were selected. Images were
acquired with a LSM880 Airyscan Elyra Microscope (Zeiss, Oberkochen, Germany). The FRET

ratio was calculated as described by Guala et al. in 2018 (318).

3.17. Statistical analysis

For parametric analyses, according to the number of experimental conditions to compare,
unpaired t-test or one-way analysis of variance (ANOVA) were performed. For multiple
comparisons, Dunnett’s or Tukey tests were applied. When the data were not following a
normal distribution, non-parametric tests were carried out. The test of Mann-Whitney was
used to compared two groups, while the test of Kruskal-Wallis was used to compare more than
two groups. A p-value < 0.05 was considered as statically significant. Survival analyses were
performed according to Kaplan—Meier on TCGA PanCancer Atlas cohort (n=177) thanks to the

https://kmplot.com/ website. An automatic cut-off was used. Survival curves were compared

using the log-rank test. For seahorse statistical analyses, a two-way ANOVA was performed.
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Results

4. Results

4.1.  Partl: myoferlin interacts with proteins involved in mitochondrial fusion
in PDAC cell lines
Myoferlin, also named FER1L3, is a protein from the ferlin family. It was first discovered in
skeletal muscle in 2000 (240). This protein harbors a unique and rare structure with multiple
C2 domains known to bind membranes in a Ca?* dependent manner (241). FER1L3 is involved
in membrane fusion and repair of normal cells (246). Interestingly, myoferlin has been found
to be overexpressed in several cancers including PDAC (44,247) and recent studies highlighted
myoferlin as a promising therapeutic target thanks to the use of myoferlin-targeting drugs
(45,46). Myoferlin silencing or targeting strongly reduces cell migration, invasion and
proliferation in vitro and decreases tumor size and metastasis in vivo (46,48,286,287). Thus,
myoferlin overexpression in PDAC confers advantages to cancer cells and this might be related,
at least in part, to its role in cell metabolism. Indeed, in the literature, myoferlin has been
associated with mitochondrial dynamics and metabolism in pancreatic cancer (47,49). This
observation was correlated with the migratory capacity of PDAC cell lines (48). Upon myoferlin
silencing, PDAC cell lines exhibit a fragmented mitochondrial network, which is associated with
a decrease in mitochondrial respiration (47). Knowing that there is a growing number of
publications showing the importance of mitochondrial respiration for cell proliferation, tumor
growth, cancer resistance and cancer relapse in PDAC, we decided to investigate the potential
relationship existing between myoferlin and mitochondria (61,63,319). Myoferlin is a large
type-ll transmembrane protein of approximatively 230 KDa, found in many subcellular
structures such as plasma membrane, late and early endosomes as well as ER and lysosomes
(240,242,243). Thus, myoferlin has been described in secretory and endocytic pathways.
However, there is no report showing a direct involvement of myoferlin with mitochondria. In
this study, we first aimed at investigating whether myoferlin is located on mitochondria and
whether it interacts with MFNs. Indeed, since myoferlin has been shown to interact with
GTPases such as RAB7, we thought myoferlin could also interact with MFNs on mitochondria
and promote mitochondrial fusion. Thus, upon myoferlin silencing, a lack of fusion would occur,

leading to a fragmented mitochondrial network (45,47,254).
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4.1.1. Endogenous myoferlin is present in mitochondrial crude extract and
colocalizes partly with mitochondria

It was previously shown that myoferlin silencing impairs mitochondrial network in Panc-1 cells
(47). Thus, we decided to use the same cell line to investigate the potential mitochondrial
localization of endogenous myoferlin (Figure 4-1A). Using differential centrifugation steps
(Qiagen kit), we prepared a mitochondrial extract. The abundance of a mitochondrial-specific
60 kDa protein (clone 113-1) indicated a 4.7-fold enrichment factor in comparison to whole cell
extract. Interestingly, the mitochondrial crude extract contained several myoferlin isoforms,
displaying a 1.6-fold increase compared to the whole cell extract. Even if its relative abundance
decreased by 30%, GRP78 was still detectable in the mitochondrial crude extract, suggesting a

microsomal contamination.

These results prompted us to perform immunofluorescence staining to explore myoferlin
localization inside Panc-1 cells. For this purpose, we used a goat polyclonal myoferlin antibody
(K-16). As previously reported (242), myoferlin staining appeared as a punctuated signal spread
all over the cytoplasm, with a higher density close to plasma membrane (Figure 4-1B).
Nevertheless, no bright labeling was observed at the perinuclear region as described by
Redpath et al. in 2016 (242). Correlative colocalization analyses of deconvoluted images
revealed a partial colocalization between myoferlin (K-16) and mitochondrial signals (Figure
4-1C). While correlation coefficients (PCC and SRCC) showed only a weak association (~0.20),
Manders’ colocalization coefficients (M1 and M2) indicated an intermediate colocalization
(>0.50). The first Manders’ coefficient, M1, describes the proportion of myoferlin pixels co-
occurring with mitochondrial pixels, and vice-versa for M2. Interestingly, several myoferlin-
positive structures were identified in contact with mitochondria (Figure 4-1D,E). Even if it was
infrequent, some myoferlin staining seemed to be located between mitochondrial sections,
being close to each other and resembling potential mitochondrial fusion sites (Figure 4-1D,E).
Myoferlin and mitochondria colocalization was also assessed by “distance between objects”-
based methods (Figure 4-1F). Based on these methods, the proportion of myoferlin-positive
objects (N = 4286) colocalizing with mitochondrial-object (N = 459), with a mean distance of 2

pixels ranging from 0 to 5 pixels, was below 10% (SODA).
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Figure 4-1. Myoferlin colocalizes with mitochondria in Panc-1 cells. (A) Western blot of 6 pg protein samples from whole
Panc-1 cells and several cellular compartments isolated from Panc-1 cells. Myoferlin, vinculin, GRP78, and a 60 kDa
mitochondrial protein were detected on the same membrane. Compartment relative quantification was performed using
ImagelJ software (307); (B) representative confocal image of nuclei (blue), myoferlin (K-16—green) and mitochondria (113-
1—red) immunofluorescence. Scale bar = 20 um; (C) Pearson (PCC), Spearman rank (SRCC) correlation coefficients,
Manders’ colocalization coefficients (M1,M2), and intensity correlation quotient (ICQ) calculated on 17 independent
microscopic fields. Manders scatterplot, associated with its linear regression (red line), shows the correlation between the
intensity of each pixels in each channel. (D,E) Deconvoluted confocal image of nuclei (blue), myoferlin (K-16—“hot” red
scale), mitochondria (113-1—“cold” cyan scale). Scale bar = 5 um. Regions surrounded by white dashed boxes are putative
mitochondrial fusion sites. (D) Channel intensity profile was established following the segment between orange (0-pixel
position) and green (500-pixel position) cross marks; (E) The region surrounded by a yellow dashed box was used to
generate the 2D intensity profile. Regions surrounded by a white dashed box and marked by white arrow head was looking
as a putative mitochondrial fusion site; (F) percentage of myoferlin-positive objects (N = 4286) with the center of a mass
overlapping mitochondrial objects (N = 459), a percentage of myoferlin-positive objects colocalizing with mitochondrial
objects calculated by fitting of the Ripley’s K function or by statistical object distance analysis (SODA). Colocalization
distances in pixels were measured in both cases. All experiments were performed as three independent biological
replicates. The median tinterquartile range is represented.

In addition, we decided to use an additional myoferlin polyclonal antibody raised in rabbits

(HPA) (Figure 4-2). In accordance with results obtained using myoferlin K-16 antibody, myoferlin

was in proximity with mitochondria (Figure 4-2A). The PCC showed a correlation of ~20%
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between myoferlin and mitochondria stainings, while colocalization coefficients such as
Manders’ coefficients were of ~60%. Finally, the proportion of myoferlin objects colocalizing

with mitochondria objects (SODA) was of ~20%.
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Figure 4-2. Myoferlin colocalizes with mitochondria in Panc-1 cells. (A) Deconvoluted confocal image of nuclei (blue),
myoferlin (HPA - “hot” red scale), mitochondria (113-1 - “cold” cyan scale). Scale bar = 20 u m. Channel intensity profile
was established following the segment between orange (0-pixel position) and green (500-pixel position) cross marks. (B)
Pearson (PCC), Spearman rank (SRCC) correlation coefficients, Manders’ colocalization coefficients (M1, M2), and intensity
correlation quotient (ICQ) calculated on 11 independent microscopic fields. (C) Percentage of myoferlin-positive objects
(N=7365) with center of mass overlapping mitochondrial object (N=273), percentage of myoferlin positive objects
colocalizing with mitochondrial objects calculated by fitting of the Ripley’s K function or by statistical object distance
analysis (SODA). Colocalization distances in pixels were measured in both cases. The median tinterquartile range is
represented.
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4.1.2. Endogenous myoferlin is in proximity with mitochondrial fusion
machinery in pancreas cancer cell lines

Owing to the known function of myoferlin in membrane fusion, we decided to evaluate the
colocalization of myoferlin with components of the fusion machinery: MFNs. We thus
performed immunofluorescence using myoferlin (K-16) and MFN1 antibodies (H-65) (Figure
4-3A). It is worth mentioning that the MFN1 antibody (H-65) recognized MFN1 but also MFN2
by western blot. Correlation coefficients (Figure 4-3B) showed a strong association between
stainings. The PCC almost reached 80% of correlation, while Manders’ coefficients reached
100% of colocalization. Conversely, the “distance between objects”-based methods (Figure
4-3C) revealed that ~20% of the myoferlin-positive objects (N = 7128) colocalized with a MFN1-

positive object (N = 369) with a mean distance of ~3 pixels, ranging from 0 to 5 pixels (SODA).

We decided to use another myoferlin antibody raised in rabbit (HPA) and a MFN1/2 polyclonal
antibody (3C9) raised in mouse in order to further investigate whether myoferlin colocalized
with MFNs (Figure 4-4). This time, using the HPA antibody, myoferlin labeling was observed at
the plasma membrane and also near the perinuclear region, while the MFN1/2 labeling
highlighted a structure resembling the one of mitochondria (Figure 4-4A). The PCC coefficient
was of ~40%, while Manders’ coefficients were of ~¥80%. Finally, the proportion of myoferlin
objects inside MFNs objects was of ~ 60% (Figure 4-4C). Even though those results should be
taken carefully due to the method employed (see Part I: limitations of the study), they

suggested that myoferlin was in proximity with MFNs.

In order to further clarify those results, we performed a PLA on Panc-1 cells using the myoferlin
HPA and the 3C9 MFN1/2 antibodies. This experiment showed 21.3 + 6.8 proximity dots per
cell, indicating a maximal 40 nm distance between myoferlin and MFN1/2 (Figure 4-3D). We
next inhibited myoferlin expression using siRNA to confirm the specificity of the PLA signal.
Myoferlin silencing suppressed more than 95% of the colocalization signal confirming the

specificity of the colocalization (Figure 4-3E).

PLA results were supported in Panc-1 cells by indirect fluorescence resonance energy transfer
(FRET) analysis, showing a significant FRET ratio (Figure 4-5). While the FRET ratio was <0.005
in the negative control (using SP1 and GLUT1), it was of 0.5 in the positive control (two
secondary antibodies, carrying acceptor or donor fluorochromes, that recognize the same HPA

myoferlin primary antibody) and of 0.141 between myoferlin (HPA) and MFN1/2. It is worth
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mentioning that the FRET ratio between myoferlin and MFNs was higher at the perinuclear
region. This experiment supported the previous results obtained by PLA and

immunofluorescence using those antibodies.

We then decided to perform MFN1/2-myoferlin colocalization in three additional PDAC cell
lines (BxPC-3, MiaPaCa-2 and PaTu8988T) for which we reported the relative myoferlin and
MFN1/2 expression (Figure 4-6). While BxPC-3, MiaPaCa-2 and Panc-1 cell lines are originating
from the pancreas itself (primary tumor), Patu8988T were cultured from liver metastasis of a
primary pancreatic adenocarcinoma (320,321). With the exception of MiaPaCa-2, all the cell
lines were obtained from female patients (320,321). Regarding genetic alterations, BxPC-3 is
the only cell line with the absence of mutations in KRAS. Panc-1 has a KRAS G12D mutation,
while MiaPaCa-2 has a KRAS G12C mutation and PaTu8988T has a KRAS G12V mutation, those
last ones being less common than the G12D mutation. BxPC-3, MiaPaCa-2 and Panc-1 are all
mutated for TP53 and CDKN2A (320). In addition to these characteristics, the PDAC cell lines
used in this study were classified according to their metabolic status. Indeed, while BxPC-3 and
Panc-1 cell lines are considered as lipogenic, MiaPaCa-2 and Patu8988T cell lines are considered
as glycolytic (see section Overview of PDAC metabolism) (57). In these cell lines, correlation
coefficients (PCC and SRCC) showed a weaker association (from 0.20 to 0.6 depending on the
cell line) than in Panc-1 cell lines. In the BxPC-3 cell line, immunofluorescence staining showed
that MFN1/2-myoferlin association was mainly localized at cell periphery (Figure 4-7). In
PaTu8988T cell line, the very limited observable cytoplasm area and the low myoferlin

expression level made results difficult to interpret.

Since it was difficult to draw conclusions about immunofluorescence analyses, we decided to
perform PLA for these additional cell lines. The results obtained by PLA showed less
colocalization dots in BxPC-3, MiaPaCa-2, and PaTu8988T than in Panc-1 cells (Figure 4-7). The
relative amount of proximity dots appeared to be correlated with myoferlin abundance of each
cell line (Figure 4-6). Considering our findings, we then tested whether myoferlin was physically

interacting with MFN1/2.
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Figure 4-3. Myoferlin colocalizes with mitochondrial fusion machinery. (A) Representative deconvoluted confocal image
of nuclei (blue), myoferlin (K16—“hot” red scale) and mitofusin-1 (H65—“cold” cyan scale) immunofluorescence. Scale bar
=20 um. The region surrounded by yellow dashed box was used to generate the 2D intensity profile; (B) Pearson (PCC),
Spearman rank (SRCC) correlation coefficients, Manders’ colocalization coefficients (M1,M2), and intensity correlation
quotient (ICQ) were calculated on 20 independent microscopic fields randomly selected; (C) percentage of myoferlin-
positive objects (N = 7128) with center of mass overlapping mitochondrial object (N = 369), percentage of myoferlin-
positive objects colocalizing with mitochondrial objects calculated by fitting of the Ripley’s K function or by statistical object
distance analysis (SODA). Colocalization distances in pixels were measured in both cases; (D) representative images of
proximity ligation assay (PLA) between myoferlin (HPA) and mitofusin-1/2 (3C9). Scale bar = 4 um. Controls were
established by using only one of the primary antibodies or by using antibodies against non-interacting proteins (SP1 and
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GLUT1); (E) representative images of PLA in Panc-1 cells transfected with irrelevant or myoferlin-specific siRNA. Scale bar
=4 um. MFN1/2-MYOF PLA (N = 10) were quantified using Image) software (307). Kruskal-Wallis non-parametric test
followed by Dunn’s pairwise comparison was performed, ** p < 0.01, *** p < 0.001. All experiments were performed as
three independent biological replicates. The median tinterquartile range is represented.
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Figure 4-4. Myoferlin colocalizes with mitofusins in Panc-1 cells. (A) Deconvoluted confocal image of nuclei (blue),
myoferlin (HPA - “hot” red scale), mitofusin-1/2 (3C9 - “cold” cyan scale). Scale bar = 20 u m. The channel intensity
profile was established following the segment between orange (0-pixel position) and green (500-pixel position) cross
marks. (B) Pearson (PCC), Spearman rank (SRCC) correlation coefficients, Manders’ colocalization coefficients (M1, M2),
and intensity correlation quotient (ICQ) calculated on 8 independent microscopic fields. (C) Percentage of myoferlin-
positive objects (N=7128) with center of mass overlapping mitofusin-positive objects (N=369), percentage of myoferlin
positive objects colocalizing with mitofusin-positive objects calculated by fitting of the Ripley’s K function or by
statistical object distance analysis (SODA). Colocalization distances in pixels were measured in both cases. The median
tinterquartile range is represented.
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Figure 4-5. Fluorescence resonance energy transfer showing myoferlin and mitofusins proximity in Panc-1 cell line.
Confocal images of myoferlin (HPA - green) and mitofusin-1/2 (3C9 - red) immunofluorescence. The fluorescence
resonance energy transfer (FRET) channel is represented with “fire” color scale. The FRET ratio is represented with a
“rainbow” color scale associated with mean + standard deviation
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Figure 4-6. Myoferlin and mitofusins abundance in PDAC cell lines. Western blot of 20 pug protein samples from PDAC cell
lines. Myoferlin and mitofusins were detected on the same membrane. HSC70 was used as a loading control. The relative
quantification was performed using Image) software (307).
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Figure 4-7. Myoferlin colocalizes with MFN1/2 in several pancreas cancer cell lines. (A) Representative deconvoluted
confocal image of nuclei (blue), myoferlin (HPA—“hot” red scale) and mitofusin-1/2 (3C9—“cold” cyan scale)
immunofluorescence of BxPC-3, MiaPaCa-2 and PaTu8988T cell lines. Scale bar = 20 um. (B) The channel intensity profiles
were established following the segment between orange and green cross marks. Black arrow heads indicate colocalization
spots. (C) Pearson (PCC), Spearman rank (SRCC) correlation coefficients, Manders’ colocalization coefficients (M1,M2), and
intensity correlation quotient (ICQ) were calculated on >13 independent microscopic fields. (D) Representative images of
MFN1/2-MYOF proximity ligation assay (PLA). Scale bar =4 um. MFN1/2-MYOF PLA (N = 10) were quantified using ImagelJ
software (307). Kruskal-Wallis non-parametric test followed by Dunn’s a pairwise comparison was performed, * p < 0.05,
** p <0.01, *** p < 0.001. All experiments were performed as three independent biological replicates. The median
tinterquartile range is represented.
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4.1.3. Myoferlin interacts with mitofusins in pancreas cancer cells
We first took advantage of an overexpression model of hemagglutinin (HA)-tagged myoferlin in
Panc-1 cells to maximize the myoferlin-MFN1/2 interaction, and performed a co-

immunoprecipitation assay. We immunoprecipitated MFN1/2 and showed the co-precipitation

of HA-tagged myoferlin (Figure 4-8A).
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Figure 4-8. Myoferlin interacts with mitofusins in pancreas cancer cell lines. (A) Co-immunoprecipitation of mitofusins and
HA-tagged myoferlin with an anti-mitofusins antibody. Western blot of protein samples from whole cells (input), IgG control
immunoprecipitation (IgG), and mitofusins immunoprecipitation (anti-MFN1/2) of HA-myoferlin transfected Panc-1 cells. HA-
myoferlin and mitofusins were detected on the same membrane; (B) Co-immunoprecipitation of mitofusins and endogenous
myoferlin with an anti-mitofusins antibody. Western blot of protein samples from whole cells, IgG control
immunoprecipitation, and mitofusins immunoprecipitation of Panc-1, BxPC-3, MiaPaCa-2, and PaTu8988T cell lines. Myoferlin
and mitofusins were detected on the same membrane; (C) Myoferlin (or HA-tagged myoferlin) enrichment in anti-MFN1/2

relatively to IgG. The quantification was performed using ImagelJ software (307). All experiments were performed as three
independent biological replicates.

Then, we decided to confirm the myoferlin-MFN1/2 interaction in endogenous expression
systems. We thus performed the same experiment in Panc-1, BxPC-3, MiaPaCa-2 and
PaTu8988T cell lines. In all the tested cell lines, myoferlin co-precipitated with MFN1/2 (Figure

4-8B,C) with an abundance in agreement with the previously described myoferlin expression
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level (Figure 4-6). In the light of our results, we wondered whether the myoferlin-MFN1/2
interaction also occurred in normal cells.
4.1.4. Myoferlin colocalizes but does not interact with mitofusins in normal
cells
Myoferlin expression is supposed to be low in differentiated normal cells. We thus selected
subconfluent (90%) murine C2C12 myoblasts, for their known functional expression of
myoferlin, and immortalized human pancreatic normal epithelial (HPNE) cell lines with

undifferentiated phenotype (246,322).

In both cell lines, the PCC was of ~60%, while Manders’ coefficients reached almost 100%. As
mentioned in the Part [: limitations of the study section, the results regarding
correlation/colocalization analyses in this part of the Results section should be interpret with
caution due to a potential overestimation of coefficients (Figure 4-9C,D). Interestingly, in these
cell lines, MFN1/2 immunoprecipitation did not reveal a convincing physical interaction with

myoferlin (Figure 4-9E,F) suggesting an interaction specific to cancer cells.
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Figure 4-9. Myoferlin colocalizes with mitofusin-1 in normal cell lines. Representative deconvoluted confocal image of
nuclei (blue), myoferlin (HPA—“hot” red scale) and mitofusin-1/2 (3C9—“cold” cyan scale) immunofluorescence of (A)
C2C12 murine myoblast and (B) immortalized human pancreatic normal epithelial (HPNE) cell lines. Scale bar = 20 um.
Channel intensity profiles were established following the segment between orange and green cross marks. Black arrow
heads indicate colocalization spots. (C,D) Pearson (PCC), Spearman rank (SRCC) correlation coefficients, Manders’
colocalization coefficients (M1,M2), and intensity correlation quotient (ICQ) were calculated on >15 independent
microscopic fields; (E,F) Co-immunoprecipitation of mitofusins and endogenous myoferlin with an anti-mitofusin antibody.
Western blot of protein samples from whole cells (input), IgG control immunoprecipitation (IgG), and mitofusins
immunoprecipitation (anti-MFN1/2) of C2C12 and HPNE cell lines. Myoferlin and mitofusins were detected on the same
membrane. The quantification was performed using ImageJ software (307). All experiments were performed as three

independent biological replicates. The median tinterquartile range is represented.
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4.1.5. PartI: limitations of the study
In this study, we investigated myoferlin localization in relation with mitochondria or MFNs. We
mainly used indirect immunofluorescence, PLA and co-immunoprecipitation assays to
investigate the potential relationship existing between myoferlin and mitochondria or MFNs.
In that regard, our study showed important limitations. Indeed, at that point of our
investigations, some choices of antibodies or methodology for the colocalization analyses lead
to significant biases. For instance, we mentioned using the myoferlin K-16 antibody from Santa-
Cruz Biotechnology. Since the publication of this study, we learned that this antibody was
discontinued by the firm. Using this antibody, the staining was of poor quality as shown on
Figure 4-1B and Figure 4-3A and did not match the reported myoferlin staining in the literature
(242). In addition, it was difficult to obtain a signal using the myoferlin K-16 antibody by western
blot. Therefore, results interpretation using this antibody should be made with caution. In part
Il of the Results section, we stopped using this antibody in favor of the myoferlin HPA or D-11
antibodies. We also improved our method for immunofluorescence by changing the blockage
and fixation conditions. This improved our immunofluorescence stainings and allowed us to
observe myoferlin labeling as reported in the literature (242). Of course, the use of poor-quality

antibodies certainly impacted colocalization studies in this part of the Results section.

Nevertheless, other concerns regarding those colocalization analyses should be pointed out.
First, the methods used for the analyses probably biased the results. The colocalization factors
such as Manders’ coefficients were probably overestimated due to the inclusion of non-specific
signals such as background noise (see Colocalization studies for additional details). As shown
on Figure 4-7C, almost all the analyzed pictures for Manders’ coefficients in BxPC-3 cell line
reached 100% of colocalization, which is technically and biologically improbable. The “distance
between objects”-based methods, and especially the SODA method, represent robust method
for colocalization analyses. Nonetheless, this method requires to define a cell as a ROI. Indeed,
a too large ROI can lead to colocalization of objects while they are not. In this study, we used
the whole picture as the ROI, which could bias the results towards too large colocalization
values (316). Then, some discrepancies emerged between the “colocalization factors” and the
“distance between objects”-based methods, making results interpretation difficult. Indeed, the
SODA analyses often provided lower percentages of colocalized objects compared to the

“colocalization factors” (Figure 4-3C). Finally, the number of analyzed pictures was insufficient
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for some analyses, such as the one performed between myoferlin and mitochondria, as shown

on Figure 4-2, where only three pictures were used for the SODA analysis.

As a conclusion, in this study, colocalization analyses should be taken with prudence. In the part
Il of the Results section, we aimed at improving the colocalization method to clarify myoferlin
presence on mitochondria. We focused mainly on Manders’ coefficients, prioritizing quality of
analyses over quantity. Even if the colocalization studies for this part of the Results section were
precarious, we did not re-perform them for myoferlin and MFNs, because myoferlin was in
proximity with MFNs using the PLA and because we saw an interaction by co-

immunoprecipitation between both proteins.

4.1.6. Part|: conclusions and discussion
In this work, we hypothesized that myoferlin was interacting with proteins involved in
mitochondrial fusion (MFNs). We thought that myoferlin was located on the OMM, where it
was able to interact with MFNs and mediate fusion. Indeed, some reports showed that

myoferlin silencing impacts mitochondrial dynamics and metabolism (47,49).

For the first time, we showed that myoferlin indeed interacts with MFNs. This interaction seems
to be specific to PDAC cell lines since we were unable to demonstrate an interaction between
those proteins in C2C12 and HPNE cells. We still do not know whether this interaction is direct
or involves other proteins. If myoferlin is part of a protein complex including MFNs, it might be
of interest to identify proteins within this complex to have a better understanding of myoferlin
function related to MFNs. In this context, it might also be interesting to identify whether

myoferlin interacts with MFN1, MFN2 or both.

In this study, we were not able to clearly demonstrate myoferlin presence on mitochondria.
Indeed, the mitochondrial fraction appeared as containing microsome constituents. Therefore,
it was not possible to conclude whether the presence of myoferlin in this fraction was related
to its presence on mitochondria or on microsomes. In addition, we performed colocalization/
correlation studies between a 60 kDa mitochondrial protein and myoferlin. Our results showed
low percentages of correlation between both proteins. Even though those percentages
appeared low, we could not exclude myoferlin presence on mitochondria. In addition, as
explained previously (see Part I: limitations of the study), interpretations about colocalization/

correlation analyses should be made with caution. Therefore, in order to validate our
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hypothesis, further investigations regarding myoferlin localization on mitochondria are

required.

If myoferlin is not located on mitochondria, our discovery about its interaction with MFNs might
open new insights regarding its function and localization within the cell. Indeed, MFN1 and
MFN2 have also been described in MAMSs, where they participate to the tethering of ER to
mitochondria. If myoferlin interacts with MFNs without being located on mitochondria, it might
suggest that myoferlin is located in the ER membrane in association with mitochondria. In the
following part of the Results section, we aimed at clarifying myoferlin localization in relation to

mitochondria and at investigating a potential localization for this protein in MAMs.
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with IP3R3
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4.2.  Partll: myoferlin is located in MAMs, where it plays a role in calcium

transfer and interacts with IP3R3
As mentioned in Part | of the Results section, we found that myoferlin interacts with proteins
involved in mitochondrial fusion, the MFNs. We hypothesized that myoferlin interaction with
MFNs could modulate mitochondrial fusion. Thus, upon myoferlin silencing, we would obtain a
fragmented mitochondrial network as reported in the literature (47). In order to prove this
hypothesis, we investigated myoferlin localization in relation to mitochondria. However, our
results about myoferlin localization on mitochondria were not fully conclusive. Indeed, we
found low percentages of correlation/colocalization between myoferlin and an OMM protein.
In addition, as mentioned in the Part I: limitations of the study section, the results were
probably biased by the way the analyses were performed. We also found myoferlin in
mitochondrial fraction obtained by cell fractionation. However, this fraction appeared
contaminated by microsomes. Since myoferlin has been reported as being part of the
endosomal pathway (242), we could not exclude the possibility that the presence of myoferlin

in the mitochondrial fraction was related to the microsomal contamination.

In Part Il of the Results section, we aimed at clarifying myoferlin presence on mitochondria by
improving our methods for colocalization studies and cell fractionation. Since MFNs have also
been reported in MAMs (98), where they play a role of tethering, we also aimed at investigating
myoferlin presence in those subcellular regions. If myoferlin does not appear to be located on
mitochondria, its presence in MAMs could explain the interaction described in the Part | of the

Results section with MFNs.

4.2.1. Myoferlinis unlikely to be located on mitochondria of PDAC cell lines
In order to clarify whether myoferlin was located or not on mitochondria, we first performed
immunofluorescence co-staining on two PDAC cell lines, Panc-1 and MiaPaCa-2. We used a
rabbit primary antibody targeting TOM20 to highlight mitochondria, while a mouse antibody
was used for myoferlin (D-11). As shown by white arrows on Figure 4-10, myoferlin was in
proximity with TOM20 in both Panc-1 and MiaPaCa-2 cell lines. However, visual colocalizations
(represented by yellow pixels and yellow arrows) between TOM20 and myoferlin were
infrequent (Figure 4-10). Pictures at low magnification as well as controls are shown in Figure

7-1.
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MiaPaCa-2

- Myoferlin

Figure 4-10. Myoferlin is in proximity with TOM20 in Panc-1 and MiaPaCa-2 cell lines. Indirect immunofluorescence,
performed on both cell lines, using TOM20 rabbit monoclonal and myoferlin (D-11) mouse monoclonal antibodies, showed
proximity between TOM20 and myoferlin (white arrows). Although visible, the colocalizing pixels in yellow were not
frequent (yellow arrows). TOM20 is represented in green, while myoferlin is labelled in red. DAPI was used to highlight the
nucleus (blue). Confocal pictures were acquired with a high resolution LSM 880 microscope.

Moreover, as highlighted by the white arrows on Figure 4-11, the labeling for myoferlin was
weaker in the regions containing mitochondria (identified by TOM20). Even if the labeling of
myoferlin and TOM20 intertwined in certain places, myoferlin and TOM20 did not seem to be

located in similar subcellular regions.

Because visual assessment of colocalization is often biased by signal intensity, we performed
colocalization studies based on Manders” method using ImagelJ software (307,313). Compared
to the analyses performed in the Part-l of the Results section, we refined our analysis
procedures. In order to avoid a bias produced by the image background, each cell was defined
as a ROI, in which the analysis was performed. In addition, since Manders’ method is sensitive
to background, we ensured that the thresholds used were representative of the staining. This
procedure avoids an overestimation of the colocalization coefficients. Our results showed that
the percentage of TOM20 colocalizing with myoferlin (M1) in the Panc-1 cell line was of 12.82
+5.01%, while in MiaPaCa-2, this percentage was only of 7.70 +5.61% (Figure 4-12A). Similarly,
the percentage of myoferlin colocalizing with TOM20 (M2) was of 7.16 £3.56% in Panc-1 and
7.66 £6.32% in MiaPaCa-2 (Figure 4-12A). The descriptive statistics are presented on Table 3.
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Figure 4-11. Myoferlin and TOM20 co-labeling in Panc-1 and MiaPaCa-2 cell lines. Where the staining for TOM20 appeared
condensed in some regions of the cell, the staining intensity for myoferlin was low (white arrows). TOM20 rabbit
monoclonal and myoferlin (D-11) mouse monoclonal antibodies were used for this immunofluorescence assay. TOM20
appears in green, myoferlin in red and the nucleus in blue (DAPI). The scale bar represents 8.89 um in Panc-1 and 5 um in
MiaPaCa-2 cell lines. The confocal pictures were acquired with a high resolution LSM 880 microscope.

Because the percentage of colocalization between both proteins appeared globally low, we
decided to randomize the pictures (Figure 4-13A) and to perform the same analysis. The
Manders’ coefficients from randomized pictures were significantly lower than the one from
non-randomized pictures (Figure 4-12A). Indeed, the first colocalization coefficient, M1, was of
5.68 £1.92% in Panc-1 cell line, while in MiaPaCa-2, this percentage was of 3.66 £2.33%.
Concerning M2, the percentage of colocalization was of 3.28 +0.93% in Panc-1 and 4.15 +3.77%
in MiaPaCa-2. Nevertheless, despite being statistically significantly lower, the percentage of
colocalization of randomized pictures remained close to the one of non-randomized pictures
(Panc-1:12.82% vs 5.68% for M1; 7.16% vs 3.28% for M2. MiaPaCa-2: 7.70% vs 3.65% for M1;
7.66% vs 4.15% for M2) (Table 3). The significant differences observed between randomized
and non-randomized pictures might be explained by myoferlin proximity with TOM20 as shown
on Figure 4-10, without, however, being localized on mitochondria. At this step of our

investigations, myoferlin localization in relation to mitochondria was still unclear.
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Figure 4-12. Myoferlin and TOM20 poorly colocalize in Panc-1 and MiaPaCa-2 cell lines. (A) Colocalization between TOM20
and myoferlin using Manders’ method from non-randomized (NR) or randomized (R) pictures. M1 (in green) represents
the proportion of TOM20 colocalizing with myoferlin, while M2 (in red) represents the proportion of myoferlin colocalizing
with TOM20. (B) Same as A, with a comparison with positive control. Regarding the positive control, M1 represents the
proportion of pixels (above-background) in channel 1 overlapping the pixels (above-background) in channel 2, and vice
versa for M2. TOM20 rabbit monoclonal antibody and myoferlin (D-11) mouse monoclonal antibody were used for the
TOM20-myoferlin co-labeling. For the positive control, two secondary antibodies carrying distinct fluorochromes (Alexa
Fluor 488 and 546), recognized the same myoferlin rabbit polyclonal primary antibody (HPA). The experiment was
performed at least three times (biological replicates), except for the positive control, where the experiment was performed
only once. One dot on the graph represents one cell. The non-parametric test of Mann-Whitney was performed for
statistical analyses. ****: p-value < 0.0001. Mean £SD is represented. Descriptive statistics are presented on Table 3.

In order to further validate the method used for colocalization and to further demonstrate the
low colocalization existing between TOM20 and myoferlin, we used a positive control in Panc-
1 cell line, where two secondary antibodies, carrying distinct fluorochromes, recognized the
same myoferlin primary antibody (HPA) (Figure 4-13B). Using our method for Manders’
coefficients, we found 87.17 +2.71% of colocalization for M1 (proportion of above-background
pixels in channel 1, colocalizing with above-background pixels in channel 2) and 99.82 +0.09%
of colocalization for M2 (proportion of above-background pixels in channel 2 colocalizing with
above-background pixels in channel 1), validating the positive control (Table 3). Compared to
this control, both randomized and non-randomized pictures for TOM20-myoferlin co-labeling
displayed a low percentage of colocalization (Figure 4-12B). Therefore, we concluded that
myoferlin and TOM20 were colocalizing at a really low extent with each other, suggesting that

myoferlin is close to mitochondria rather than located on this organelle.
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Figure 4-13. Example of pictures for non-randomized, randomized and positive control. (A) Non-randomized picture of a
Panc-1 cell (on the left) with myoferlin labeling in red, TOM20 labeling in green and the nucleus highlighted in blue (DAPI).
The same picture after randomization (on the right). For randomization, the DAPI was excluded. TOM20 rabbit monoclonal
and myoferlin (D-11) mouse monoclonal antibodies were used as primary antibodies for the indirect immunofluorescence
assay. (B) Positive control was performed on Panc-1 cells. Two secondary antibodies carrying distinct fluorochromes (Alexa
Fluor 488 and 546), recognized the same myoferlin rabbit polyclonal primary antibody (HPA). Confocal pictures were
acquired with a high resolution LSM 880 microscope.

Cell line Mande.:rs’ coeffi- Category (NR/R/positive Aver. - o .
cients control) (%)

M1 NR 12,82 | 501 | 0,68 55

Panc-1 M2 7,16 | 356 | 048 55
M1 R 568 | 1,92 [ 038 | 29

M2 328 | 093 | 0,17 29
M1 NR 7,70 | 561 | 052 | 114
MiaPaCa- M2 766 | 632 | 059 | 114
2 M1 R 3,65 | 2,33 | 025 | 85
M2 415 | 3,77 | 041 85

Panc-1 M1 Positive control 87,17 2,71 0,68 16
M2 99,82 | 0,09 | 0,02 16

Table 3. Average (Aver.) percentage of colocalization between TOM20 and myoferlin, standard deviation (SD), standard error
of mean (SEM), sample size (n) from non-randomized (NR) or randomized (R) pictures regarding M1 or M2 coefficients in
Panc-1 or MiaPaCa-2. This table also includes the descriptive statistics for the positive control. M1 represents the proportion
of pixels in channel 1 (TOM20 for NR and R pictures or myoferlin for positive control) overlapping the pixels in channel 2
(Myoferlin for NR, R and positive control pictures) and vice versa for M2.
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To further validate our observations, we decided to perform a PLA between myoferlin and a 60
kDa protein localized on the OMM (Figure 4-14). This method allows the detection of red dots
if the distance between the proteins of interest is less than 40nm. Our results showed no signals
for the PLA performed on the MiaPaCa-2 cell line, while only few dots were detected in the
Panc-1 cell line (Figure 4-14). In order to validate the PLA results, we performed the experiment
without one or both of the primary antibodies. There were no signals in the negative controls,

validating antibodies specificity for the PLA (Figure 4-14A).

Anti-mitochondria

No primary antibodies Anti-mitochondria Anti-myoferlin +myoferlin

A

Panc-1

MiaPaCa-2

B Panc-1 MiaPaCa-2

Anti-mitochondria
+myoferlin

Figure 4-14. PLA between myoferlin and a 60 kDa OMM protein in Panc-1 and MiaPaCa-2 cell lines. (A) Representative
pictures for the PLA (40X magnification). Regarding negative controls, we performed the PLA without primary antibodies (no
primary antibodies), with the primary antibody for the 60 kDa OMM protein only (anti-mitochondria) or with the primary
antibody for myoferlin only (anti-myoferlin). Both primary antibodies for the 60 kDa OMM protein and myoferlin were used
to assess myoferlin proximity to mitochondria (anti-mitochondria+myoferlin). Yellow squares in the “anti-
mitochondria+myoferlin” condition are represented in (B) at high magnification. Dots were detected in Panc-1 but not in
MiaPaCa-2. Myoferlin rabbit polyclonal primary antibody (HPA) and the 60 kDa OMM protein mouse monoclonal primary
antibody were employed for this PLA assay. Pictures were acquired with a confocal Nikon A1R microscope. The experiment
was performed twice for both cell lines.

In accordance with previous results obtained by immunofluorescence, the PLA suggests that

myoferlin is probably not located on mitochondria. Nevertheless, since we obtained signals for
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the PLA in Panc-1 cells, whether myoferlin was located or not on this organelle remained under

debate.

Finally, in order to clarify the presence of myoferlin on mitochondria, we isolated this organelle
using differential centrifugations and percoll gradient in Panc-1 and MiaPaCa-2 cell lines (Figure
4-15). This allows us to obtain a purer fraction compared to those described in the Part-1 of the
Results section (Figure 4-1). Without surprise, we saw an enrichment of TOM20 in the PM
fraction in comparison to the whole cell lysate. The enrichment ratio was about 26 and 35 in
Panc-1 and MiaPaCa-2 cell lines, respectively. Calreticulin, a marker of the ER, was almost
undetectable in the PM fraction, while significantly present in the CM fraction of both Panc-1
and MiaPaCa-2. Interestingly, myoferlin was not detectable (or at really low extent) in the PM
fraction of both cell lines. In addition, myoferlin was enriched in the CM fraction. The
enrichment ratio was about 3 in both Panc-1 and MiaPaCa-2 cell lines. Altogether, our results
suggest that myoferlin is not located on mitochondria but is rather in proximity with this
organelle, explaining the low percentage of colocalization obtained with TOM20 by

immunofluorescence and the results obtained by PLA.

Panc-1 MiaPaCa-2

o)
g = = g = =
2 O o J O o
Myoferlin w—_ - -
1.0 3.1 0.1 1.0 33 0.1
Calreticulin —_ o
1.0 21 041 1.0 10.7 041
TOM20 —_ —_— —
1.0 16.2 25.6 1.0 249 353
GAPDH e e o — e

Figure 4-15. Myoferlin is barely present in the purified mitochondrial fraction (PM) of both Panc-1 and MiaPaCa-2 cell
lines. Mitochondria were isolated using differential centrifugations and a percoll gradient. Calreticulin was used as an ER
marker, while TOM20 was used as a mitochondrial marker. GAPDH was used as a loading control, allowing comparison
between cell fractions. The reference used for the quantification of western blots was the lysate. Western blot
quantification was performed with Image) software (307). For each fraction, 5 ug of proteins were loaded. Those western
blots are representative of three biological replicates. CM: crude mitochondria.

4.2.2. Myoferlin is found in MAMs of PDAC cell lines
We previously demonstrated that myoferlin was interacting with MFNs in PDAC cell lines.

Nevertheless, since myoferlin was not found in the PM fraction and poorly colocalized with
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TOM?20, we could not conclude that myoferlin was located on mitochondria, where it would
interact with MFNs. Because MFNs have been reported in MAMs, we thought myoferlin may
also be located in those subcellular structures (100). This hypothesis is supported by the
proximity observed by immunofluorescence between myoferlin and TOM20 (Figure 4-10), as

well as the presence of myoferlin in the CM fraction of PDAC cell lines (Figure 4-15).

In order to check whether myoferlin is present in MAMs, we performed a cell fractionation on
both Panc-1 and MiaPaCa-2 cell lines using a protocol published by Lewis et al. in 2016 (118).
We obtained seven fractions: P1 (whole cell lysate), cytosol, microsomes, CM, PM, CMAMs and
PMAMs fractions (Figure 4-16). In order to check the quality of the fractions, we estimated the
abundance of several markers. As a cytosolic marker, we used vinculin. This protein was
enriched in the cytosolic fraction as expected (Panc-1: 2.5-fold and MiaPaCa-2: 4.0-fold) and
was barely detected in other fractions. Concerning the ER marker, we used calreticulin, which
was found in the microsomal, CM, CMAMs and PMAMs fractions of both cell lines. A faint band
for this protein was visible in the PM fraction of Panc-1 cell line, suggesting a minor
contamination with ER in the PM fraction. Nevertheless, the results were in accordance with
the literature, where calreticulin was found in the microsomes, CM as well as CMAMs and
PMAMs fractions (117). It is worth noting that we did not check the quality of the PM fractions
by transmission electron microscopy (TEM). This technique is, however, a good way to evaluate
the quality of an extraction. In addition to calreticulin, we used S1R as a marker of MAMs. This
protein has been described as being enriched in PMAMs fraction of HEK-293 and CHO-K1 cell
lines (118). Our results confirmed in PDAC cell lines what was reported in the literature. Indeed,
S1R was enriched in the PMAMs fraction, with an enrichment ratio of 88,1 and 7.2 in Panc-1
and MiaPaCa-2 cell lines, respectively. In order to further validate the extracts, we used TOM20
(OMM protein) and COXIV (IMM protein) as mitochondrial markers. As expected, those
proteins were enriched in the purified mitochondrial fraction of both Panc-1 and MiaPaCa-2
cell lines, while they were absent from the cytosol and microsome fractions. Those markers
were also detected in the CMAMs fraction and were extensively reduced in the PMAMs
fraction. Because TOM20 is an OMM protein and COXIV is an IMM protein, we expected to
detect higher amounts of TOM20 in the PMAMSs fractions than COXIV. Indeed, while the TOM20

abundance relative to the P1 fraction was of 1.5 and 0.6 in the PMAMs fraction of Panc-1 and
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MiaPaCa-2 cell lines respectively, it was of O for COXIV in both cell lines. Altogether, those

markers validated the quality of the extraction.

Panc-1 MiaPaCa-2
— O » — [
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Figure 4-16. Cell fractionation performed on Panc-1 and MiaPaCa-2 cell lines (representative of three biological replicates).
Seven fractions were obtained: P1 (whole cell lysate), Cytosol, Micro. (microsomes), CM (crude mitochondria), PM (pure
mitochondria), CMAMs (crude MAMs), PMAMs (pure MAMs). Vinculin was used as a cytosolic marker, calreticulin as an
ER marker, S1IR as a MAMs marker, TOM20 as an OMM maker and COXIV as an IMM marker. GAPDH allows comparison
of Panc-1 and MiaPaCa-2 extracts. The western blot quantification was performed with ImagelJ software (307). P1 was
used as the reference for quantification. For each fraction, 5 pg of proteins were loaded.

Following validation, we evaluated the abundance of myoferlin in the fractions (Figure 4-16). In
accordance with the literature, myoferlin was found in the microsomal fraction (242,323). In
addition, in accordance with our previous results, myoferlin was absent from the PM fraction,
but present in the CMAMs and PMAMs fractions (Figure 4-15 and Figure 4-16). In the PMAMSs
fraction, myoferlin enrichment ratio was of 1.7 in Panc-1 and 29.3 in MiaPaCa-2. Therefore, our
results demonstrated the presence of myoferlin in MAMSs, confirming our hypothesis. It is
worth noting that myoferlin was not found in the cytosolic fraction. Furthermore, the ~180 kDa
myoferlin band, reported as a specific isoform, was clearly enriched in the PMAMs fraction
(254).
4.2.3. Myoferlin silencing impacts mitochondrial Ca?* level upon histamine
stimulation
Because myoferlin displays a rare structure with multiple calcium-binding C2 domains and

impacts mitochondrial metabolism and dynamics upon silencing, we thought this protein could
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be involved in Ca’* signaling at MAMs. In order to monitor mitochondrial Ca?* level in an
intensiometric manner, we took advantage of the CMV-Mito-R-GECO-1 plasmid (Addgene
plasmid #46021) encoding a calmodulin-RFP fusion protein harboring a mitochondrial import
signal (306). To validate the mitochondrial localization of the fusion protein, we used a
MitoTracker probe to highlight mitochondria in green. As shown on Figure 4-17A, in both Panc-
1 and MiaPaCa-2, the fusion protein was fully colocalizing with the MitoTracker Green probe
(yellow pixels in merge channel). Then, we decided to perform the colocalization analyses using
the method previously described for myoferlin and TOM20 (see Colocalization studies). This
allowed us to test the method in other situations. Our results showed almost 100% of
colocalization between the probe and the fusion protein, confirming mitochondrial localization
(Figure 4-178).

A Mito-R MitoTracker B
-GECO1 Green

Mito-tracker green-Mito-R-

GECO1 colocalization
1.25+
® MitoeGECO
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Figure 4-17. Validation of mitochondrial localization for the fusion protein encoded by the CMV-Mito-R-GECO-1 plasmid in
Panc-1 and MiaPaCa-2 cell lines. (A) The fusion protein appears in red (RFP), while the mitochondrial probe (MitoTracker) is
in green. The fusion protein and the MitoTracker green probe are perfectly colocalizing (Merge picture, yellow pixels). (B)
Colocalization analysis using Manders’ method. One dot represents one cell. The Mito € GECO (in green on the graph)
represents the proportion of above-threshold pixels for the MitoTracker green probe colocalizing with above-threshold pixels
for the CMV-Mito-R-GECO-1 fusion protein. The opposite is represented by the “GECO € Mito” (in red on the graph).

Thanks to PDAC cell lines transfected with CMV-Mito-R-GECO-1 plasmid, we monitored
mitochondrial Ca?* level upon histamine stimulation (Figure 4-18). Since cells were in a Ca?* free
medium, histamine triggers Ca’* release from ER through IP3Rs, allowing us to monitor Ca®*
transfer from ER to mitochondria. In order to evaluate the impact of myoferlin on Ca®* transfer,
we silenced the cells for myoferlin using two siRNA (Myof#1 and Myof#2 siRNA). We also used
two controls of transfection; a control with no siRNA and one with irrelevant siRNA. Our results
showed that upon histamine stimulation, an enhanced fluorescence was visible in the no siRNA

and irrelevant conditions for both Panc-1 and MiaPaCa-2 cell lines (Figure 4-18). Interestingly,
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in both cell lines, the cells silenced for myoferlin displayed a low increase of fluorescence upon

histamine stimulation.

Panc-1 MiaPaCa-2
Hist.(50s) Hist.(50s)

Y

No siRNA

Irrelevant siRNA Myof#2 siRNA Myof#1 siRNA

Figure 4-18. Representative pictures of three biological replicates over time of Panc-1 and MiaPaCa-2 cell lines transfected
with CMV-Mito-R-GECO-1 plasmid upon histamine stimulation at different time steps (0, 60, 125 seconds). Histamine
injection was done after 50 seconds. The cells were silenced for myoferlin using siRNA (Myof#1 and Myof#2 siRNA). Cells
transfected with no siRNA or irrelevant siRNA were used as a control of transfection. The experiment was performed in a
Ca?*-free medium. The time-lapse (confocal images) was performed with a Nikon A1R microscope.

We performed a quantification for each condition. We monitored fluorescence over time (Fn)
for each individual cell and we normalized it to the first frame (FO) of the time-lapse (Fn/F0),
which allows comparisons between conditions (Figure 4-19A). The quantifications confirmed
the visual observations. Indeed, upon histamine stimulation, the peak of normalized
fluorescence was higher in the no siRNA and irrelevant conditions compared to myoferlin siRNA
conditions in both cell lines. Peak amplitudes, represented on Figure 4-19B, were significantly
lower in cells silenced for myoferlin compared to the irrelevant condition in both Panc-1 and

MiaPaCa-2 cell lines.
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Figure 4-19. Variation of mitochondrial Ca2* level upon histamine stimulation in Panc-1 and MiaPaCa-2 cell lines silenced
for myoferlin. (A) Panc-1 and MiaPaCa-2 cell lines were first transfected with the CMV-Mito-R-GECO-1 plasmid.
Fluorescence was monitored over time in the four conditions (no siRNA, Myof#1 siRNA, Myof#2 siRNA and irrelevant
siRNA). After 50 seconds, histamine was injected (arrow). The fluorescence was monitored for each individual cell over
time (Fn) and normalized to the fluorescence of the first frame of the time lapse (F0). (B) The peak amplitude was the
difference between the normalized fluorescence at 60 and 45 seconds for the Panc-1 cell line and 65 and 45 seconds for
the MiaPaCa-2 cell line (AFn/FO = (Fn/FO)«- (Fn/FO)y) . The total number of cells for each condition was: n=38 (no siRNA),
n=25 (Myof#1 siRNA), n=33 (Myof#2 siRNA) and n=41 (Irrelevant siRNA) for the Panc-1 cell line and n=43 (no siRNA), n=79
(Myof#1 siRNA), n=60 (Myof#2 siRNA) and n=107 (irrelevant siRNA) for the MiaPaCa-2 cell line. Mean +SEM is represented.
The analyses were performed with Image) software (307). This experiment encompasses at least three biological replicates
for each condition. The test of Tukey was used for statistical analysis. ****: p-value < 0.0001.

It is worth mentioning that upon histamine stimulation, the amplitude of the peak in the no

siRNA condition of MiaPaCa-2 was significantly lower (~0.6) than the amplitude of the peak for

the same condition in Panc-1 (~2.6) (Figure 4-20). The data presented on Figure 4-20 are from

the same experiments as for the one presented on Figure 4-19.

As a conclusion, we demonstrated that upon histamine stimulation, in cells silenced for

myoferlin, the peak of fluorescence is significantly reduced compared to control cells, meaning

that myoferlin silencing impairs Ca%* transfer to mitochondria.
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Figure 4-20. Peak amplitude after histamine stimulation in Panc-1 and MiaPaCa-2 cell lines (no siRNA condition). The peak

amplitude is the difference between the normalized fluorescence at 60 and 45 seconds for Panc-1 cell line and 65 and 45

seconds for MiaPaCa-2 cell line (AFn/FO = (Fn/FO)- (Fn/F0)s). The number of cells for each condition was: n = 38 (Panc-1)

and n=43 (MiaPaCa-2). Mean + SEM is represented. A student t-test was performed for statistical analysis. ****: p-value

<0.0001.

4.2.4. Myoferlin silencing does not impair ER integrity

Owing to the known role of ER in Ca®* storage, and since myoferlin has been reported as being
part of the secretory pathway, we wanted to ensure that ER integrity is not impaired by
myoferlin silencing (242,323). Indeed, an altered ER might not be able to deliver Ca’* to
mitochondria. We first evaluated ER morphology upon myoferlin silencing based on TEM
images. It is worth noting that the ER is a dynamic structure within the cell, being present under
two forms: the rough ER, constituted of flattened sacs and covered by ribosomes and the
smooth ER, formed by interconnected tubules. While the rough ER participates to protein
synthesis, the smooth ER is involved the synthesis of lipids. A good illustration of the ER
dynamics is the one occurring at MAMSs, where the surface of the ER in contact with
mitochondria is often lacking ribosomes, while the opposite face is often covered by ribosomes.

Because of the dynamics and interconnected features, we showed mainly rough ER for

illustration.

As shown on Figure 4-21, highlighted by black arrows, no morphological alterations of the ER
were visible upon myoferlin silencing in Panc-1 and MiaPaCa-2 cell lines. We saw no enlarged

lumen or other abnormalities related to ER.
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Figure 4-21. TEM images of the ER for the no siRNA, Myof#1, Myof#2 and irrelevant siRNA conditions in Panc-1 and
MiaPaCa-2 cell lines. The ER is highlighted by black arrows. For both cell lines, pictures at high magnification of
representative ER, in each condition, are shown for better visualization. Scale bar= 1 um, except for enlarged pictures
where scale bar =0.2 um.

Additionally, in order to check the ER Ca?* homeostasis, we took advantage of the research field
about ER stress. Indeed, alteration of the ER Ca?* stock has been reported to trigger ER stress
(208). In response, the cell induces the UPR. Many proteins involved in this response, such as
BIP, IRE1, XBP1, PERK, ATF4 or CHOP, are used as markers of the ER stress (207). We expected
that upon myoferlin silencing, the ER Ca?* stock might be impaired, explaining the reduced
mitochondrial Ca®* level observed upon myoferlin silencing and histamine stimulation. Thus,
we decided to silence PDAC cell lines using siRNA targeting myoferlin and to use the UPR

markers to monitor a potential ER stress. To validate the selected markers, we used
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thapsigargin, a compound able to inhibit the SERCA pump, reducing ER Ca?* concentration over

time and inducing ER stress by impairing chaperone activity.

Our results showed that upon 16h of thapsigargin treatment at 1uM in Panc-1 cell line,
abundance for UPR markers increased (Figure 4-22A). This increase was also observed upon
myoferlin silencing, meaning that myoferlin-silenced cells are still able to activate the UPR when
needed. In addition, our results showed no induction of the UPR in myoferlin-silenced cells
compared to control cells in Panc-1 and MiaPaCa-2 cell lines (Figure 4-22B). Those results are

in accordance with our observations by TEM.

Taken together, those results suggest that upon myoferlin silencing, the ER is not impaired and

might be able, regarding Ca’* stock, to deliver Ca®* to mitochondria.
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Figure 4-22. ER stress upon myoferlin silencing using UPR markers in Panc-1 and MiaPaCa-2 cell lines. (A) Panc-1 cells,
transfected with no siRNA, Myof#1 siRNA, Myof#2 siRNA or an irrelevant siRNA, were treated with 1uM thapsigargin for
Oh or 16h. Markers of the UPR (BIP, IRE1, XBP1, PERK, ATF4 and CHOP) were checked under those conditions. (B) Western
blot assessment of the UPR markers upon myoferlin silencing in Panc-1 and MiaPaCa-2 cell lines. HSC70 was used as a
loading control. Myoferlin was also assessed to confirm the silencing. Western blots were performed from 20 pg of total
proteins. Those western blots are representative of three biological replicates.

4.2.5. Myoferlin silencing does not impact abundance of MAMs proteins
related to Ca%* signaling

The reduced Ca?* flow we pointed out upon myoferlin silencing could be related to a
modification of the abundance of MAMs proteins. Thus, we performed a western blot on whole

cell lysate from Panc-1 and MiaPaCa-2 cell lines. We checked mainly for proteins related to Ca®*
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signaling and/or located in MAMs such as IP3R3, VDAC1, MCU, S1R and GRP75 (Figure 4-23).
Our results showed no global trends upon myoferlin silencing in both cell lines for MFNs, IP3R3,

VDAC1, MCU, S1R and GRP75. It is worth mentioning that we observed a decrease in IP3R3
using the Myof#2 siRNA in Panc-1 cells.

Even if we did not investigate all the proteins related to Ca?* signaling, our results suggest that

myoferlin silencing does not impact the abundance of MAMs proteins related to Ca?* signaling.
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Figure 4-23. Abundance of MAMs-related proteins upon myoferlin silencing in Panc-1 and MiaPaCa-2 cell lines. MFNs, S1R,
IP3R3, VDAC1, GRP75 and MCU from whole cell lysate were assessed by western blot. The quantifications were performed
with Image) software (307). The irrelevant siRNA condition was used as reference for the quantifications. 20 ug of proteins

were loaded and HSC70 was used as a loading control. The western blots are representative of at least three biological
replicates.

4.2.6. Myoferlin silencing has no impact on ER-Mitochondrial contact sites
Due to its rare structure with multiple C2 domains able to bind Ca?* and phospholipids, we
thought that, upon Ca?* release, myoferlin might interact with OMM phospholipids. Therefore,
we hypothesized that myoferlin may modulate the physical interactions between ER and
mitochondria (Figure 4-24). According to our hypothesis, myoferlin silencing would impair Ca?*

signaling by impacting the physical contacts between ER and mitochondria.
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Figure 4-24. Myoferlin may interact with OMM phospholipids thanks to its C2 domains able to bind CaZ*. This would

modulate the physical contacts between ER and mitochondria and allow efficient Ca2* transfer between both organelles.

The picture was created with BioRender.com.
In order to check our hypothesis, we analyzed TEM images of no siRNA, Myof#1 siRNA, Myof#2
siRNA and irrelevant siRNA conditions on both Panc-1 and MiaPaCa-2 cell lines. TEM images of
ER-mitochondria contact sites in the four conditions for both cell lines are represented on
Figure 4-25 (highlighted by black arrows). To evaluate the extent of the contact between ER
and mitochondria, we referred to the ER-mitochondria contact coefficient (ERMICC), described
by Naon et al. in 2016 (100). This coefficient relies on three parameters: the length of ER-

mitochondria interface (Lin), the distance between mitochondria and ER (Dister-m) and finally,

the mitochondrial perimeter (Perwm) (Figure 4-26).

The ERMICC is defined as followed:

Lin

ERMICC =
Pery * Distgr_y
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Figure 4-25. TEM pictures representing MAMs in Panc-1 and MiaPaCa-2 cell lines in no , Myof#1, Myof#2 and irrelvant
siRNA conditions. MAMs, highlighted by black arrows on the upper pannel of the figure, are shown at high magnification
on the lower pannel for better visualization. Scale bar = 5 um, except for high magnification, where scale bar = 0.2 um.

126



Results

A Interface length (Lin)

= Y 4 Y
ER-Mitochondria distance Jy v
(DISt ER-M)

Mitochondrial
perimeter (Pery)

Contact area

Figure 4-26. Visual description of the ERMICC. (A) The coefficient relies on three parameters: the interface length of the
ER in contact with mitochondria (blue, Li,), the ER-mitochondria distance (double-headed arrows, Disterm) and the
mitochondrial perimeter (red, Pery). The picture was created with BioRender.com. (B) Picture from TEM showing a contact
between ER and mitochondria (Mt).

No significant ERMICC differences were observed in Panc-1 and MiaPaCa-2 cell lines. This
means that myoferlin silencing has no impact on the topology of the physical contacts existing
between ER and mitochondria (Figure 4-27). In the Panc-1 cell line, we noticed a significantly
increased Lin only in the Myof#1 siRNA condition compared to the irrelevant condition (Figure
4-27B). However, when divided by Perm and Dister-m, the ERMICC was not significantly
impacted. We found no statistical differences regarding Pernm and Dister-m in myoferlin-silenced
cells compared to irrelevant siRNA-transfected Panc-1 cells. For the MiaPaCa-2 cell line, we
observed no significant differences upon myoferlin silencing in the Perm and Lin parameters.
However, when using Myof#1 siRNA, the Dister-m was significantly reduced (Figure 4-27C).
Despite this decrease, no significant differences for the ERMICC were observed compared to

the irrelevant condition.
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Figure 4-27. Myoferlin silencing does not impact the topology of contacts between ER and mitochondria in Panc-1 and
MiaPaCa-2 cell lines. (A) Graphs showing the ERMICC value from controls (no and irrelevant siRNA) and myoferlin-silenced
cells (Myof#1 and Myof#2 siRNA) in both cell lines. (B) Interface length of ER in contact with mitochondria in controls and
myoferlin-silenced cells. (C) Distance between ER and mitochondria in controls and myoferlin-silenced cells. (D) Graphs
showing the perimeter of mitochondria in contact with ER in controls and myoferlin-silenced cells. The non-parametric
test of Kruskal-Wallis was used for statistical analysis. For the Panc-1 cell line, the number of mitochondria in each
condition was: n=298 (16 pictures, irrelevant), n=138 (7 pictures, Myof#1 siRNA), n=122 (5 pictures, Myof#2 siRNA) and
n=93 (6 pictures, no siRNA). Regarding the MiaPaCa-2 cell line, the number of mitochondria was: n=210 (10 pictures,
irrelevant), n= 224 (9 pictures, Myof#1 siRNA), n=174 (11 pictures, Myof#2 siRNA) and n= 189 (9 pictures, no siRNA). ns =
non-significant. *: p-value < 0.05. **: p-value < 0.01. Mean *SEM is represented.

In addition to the ERMICC, a PLA between VDAC1 and IP3R3, two proteins described in the
literature to be involved in Ca?* transfer between ER and mitochondria, has been performed
upon myoferlin silencing in both Panc-1 and MiaPaCa-2 cell lines (Figure 4-30). Prior to the PLA,
we wanted to confirm the presence of VDAC1 and IP3R3 in MAMSs by making a western blot on
MAMs extracts for both cell lines (Figure 4-28). As expected, and in accordance with literature
(117), VDAC1 was enriched in the PM fraction and IP3R3 was detected in the microsomal
fraction. Moreover, VDAC1 and IP3R3 were present in the PMAMs fraction of both cell lines,
confirming their presence in MAMs. On a side note, IP3R3 was enriched in the PMAMs fraction
of Panc-1, while it was not in MiaPaCa-2. Moreover, the PM fraction for the Panc-1 cell line
seemed contaminated by microsomes as suggested by the presence of IP3R3 and myoferlin in
this fraction. A fraction of microsomes associated with mitochondria was probably lost in the
PM fraction. Therefore, if we had to re-perform this experiment, by limiting the microsome

contamination in the PM, we would probably see a higher enrichment of IP3R3 and myoferlin
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in the CMAMs and PMAMs fractions. The extract used to assess IP3R3 and VDAC1 in the
MiaPaCa-2 cell line was the same as the one presented in Figure 4-16. As explained in the Cell
metabolic profile: is there a relationship with MAMs? section, the difference observed for IP3R3
abundance in the PMAMs fraction could be explained by the metabolic profile or by the intrinsic

characteristics of the cell lines.
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—_— (72} 7)) —_ [2) (7))
o . S = 9 = =
8 o < < 3 o < <
- 5L =2 = =2 3= 58 =23= 2=
o O =2 0o O o O =2 0o O
Myoferlin = T — —— —-— — —
1 0 05 28 13 23 22 1 0 219 04 0 146 293

IP3R3 e — e e —— - >

Low exposure — :

1 03 14 05 05 05 1.2 1 0.5 3.8 ‘ 0 0 2.2 0
IP3R3 === Gy eme = oo &N o - -]
High exposure = s e - — = ' —
1 04 15 06 06 06 1.1 1 0.4 22 05 O 24 0.5
1 0 0 38 59 20 03 1 0 0 31 436 4038 1.6
S1R — -— -—

1 0 01 03 0 06 25 1 0 4.6 2 0 4.7 7.2

Figure 4-28. Assessment of IP3R3 and VDAC1 in the PMAM s fractions of Panc-1 and MiaPaCa-2 cell lines by western blot.
IP3R3 and VDAC1 were assessed from the same extract as the one presented in Figure 4-16 for MiaPaCa-2. Myoferlin, the
protein of interest, and S1R, a marker of MAMs, are also represented. Low and high exposures of IP3R3 are shown. 5 ug
of proteins were loaded on the gels for each fraction. P1 (lysate), cytosol, Micro. (microsomes), CM (crude mitochondria),
PM (pure mitochondria), CMAMs (crude MAMs), PMAMs (pure MAMs). P1 was used as reference for quantifications
(made with ImageJ software (307)). The assessment of myoferlin and S1R was made on at least three biological replicates,
while IP3R3 and VDAC1 were only assessed from one biological replicate.
In addition, prior to the PLA, primary antibodies for VDAC1 and IP3R3 were validated for
immunofluorescence (Figure 4-29). Indeed, both immunofluorescence and PLA techniques rely
on the same principle. If the antibodies display unspecific stainings by immunofluorescence,
the signals obtained by PLA could be the consequence of unspecific binding of the primary
antibody. Therefore, validating the antibodies prior to the PLA by immunofluorescence ensure
us about the specificity of the PLA signals. Even so, using cell lines that do not express the
proteins of interest or using siRNA against those proteins would constitute a better guarantee.
VDACI1 labeling was detected throughout the cytoplasm and was similar to the one reported in
the literature (324). Similarly, IP3R3 was found throughout the cytoplasm. Moreover, it formed

clusters in the perinuclear region, which was also described in the literature (325,326).
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IP3R3 VDAC1

Figure 4-29. Validation of IP3R3, GRP75 and VDAC1 primary antibodies for immunofluorescence in the Panc-1 cell line.
IP3R3 and GRP75 pictures were taken with a Nikon A1R confocal microscope, while VDAC1 confocal pictures were acquired
with a high resolution LSM 880 microscope.

Since VDAC1 and IP3R3 are supposed to be in proximity to transfer Ca?* from ER to
mitochondria (97), we expected to obtain PLA signals. Indeed, in both cell lines, proximity dots
were detected (Figure 4-30A). Interestingly, the mean number of dots per cell in the MiaPaCa-
2 cell line was encompassed in a range of 10 to 15 dots per cell, while in Panc-1, this range was
higher, between 30 and 50 dots per cell. This can be explained by the cell size, MiaPaCa-2 cells
being smaller than Panc-1 cells or by the biological differences existing between those cellular
models. No significant differences were found in both cell lines regarding the number of dots
per cell upon myoferlin silencing, except for the Myof#2 siRNA condition in the Panc-1 cell line,
where the number of dots per cell was significantly reduced in comparison to the irrelevant

siRNA condition (Figure 4-30B). Controls for the PLA are shown in Figure 7-3.
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Figure 4-30. PLA between VDAC1 and IP3R3 in Panc-1 and MiaPaCa-2 cell lines. (A) Representative pictures for the PLA in
no siRNA, Myof#1 siRNA, Myof#2 siRNA and irrelevant siRNA conditions. Strong signals for the PLA were visible in all
conditions and for both cell lines (B) Quantification of PLA dots per cells in Panc-1 and MiaPaCa-2 cell lines. A dot
represents the number of dots/cell/picture. IP3R3 rabbit polyclonal primary and VDAC1 mouse monoclonal primary
antibodies were used. The pictures were acquired with a confocal Nikon A1R microscope. The number of pictures, from
three independent experiments, analyzed for the PLA in the Panc-1 cell line was: n=33 (irrelevant), n=19 (Myof#1 siRNA),
n=30 (Myof#2 siRNA), n=27 (no siRNA). The number of pictures, from three independent experiments, for the PLA in the
MiaPaCa-2 cell line was: n=20 (irrelevant), n=20 (Myof#1 siRNA), n=20 (Myof#2 siRNA) and n=19 (no siRNA). The analyses
were performed with ImageJ software (307). Mean £SD is represented. The non-parametric Kruskal-Wallis test was used
for statistical analysis. ****: p-value < 0.0001. ns: non-significant.
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4.2.7. Myoferlin interacts with IP3R3, a protein involved in Ca?* signaling in
MAMs

Since myoferlin silencing does not impacting the abundance of MAMs proteins related to Ca?*
signaling, the ERMICC or the proximity between IP3R3 and VDAC1, we thought myoferlin was

instead interacting with proteins involved in Ca?* signaling in MAMs.

High magnification

PLA GRP75-VDAC1

MiaPaCa-2

Figure 4-31. PLA between VDAC1 and GRP75 in the MiaPaCa-2 cell line. Representative picture for the PLA (left). The
picture on the right represents the yellow square from the left picture at high magnification. Strong signals for the PLA
were visible. GRP75 rabbit monoclonal primary antibody and VDAC1 mouse monoclonal primary antibody were used. The
pictures were acquired with confocal Nikon A1R microscope.

In order to investigate our hypothesis, we performed a PLA between myoferlin and IP3R3,
VDAC1 or GRP75. Before exploring the potential proximity between myoferlin and GRP75, a
validation of the GRP75 primary antibody by immunofluorescence was performed. The staining
is presented in Figure 4-29. It is worth mentioning that GRP75 can be found in the nucleus,
mitochondria, cytosol and ER (327). In the literature, IP3Rs and VDAC1 have been described to
be in proximity, to ensure efficient Ca?* transfer at MAMs. GRP75 has been reported as a
stabilizer of the IP3Rs-VDAC1 axis (97,328). Therefore, to further validate the antibody and
confirm GRP75 proximity with IP3R3 or VDAC1, we performed a PLA. Our results showed signals
for the PLA between GRP75 and VDAC1 in the MiaPaCa-2 cell line, confirming proximity
between both proteins, as described in the literature (Figure 4-31) (328). We did not perform
the PLA between GRP75 and IP3R3 because the corresponding primary antibodies available at

the laboratory were from the same species.
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PLA Myoferlin-IP3R3 PLA Myoferlin-GRP75 PLA Myoferlin-VDAC1

Panc-1 MiaPaCa-2 Panc-1

High magnification

MiaPaCa-2

Figure 4-32. PLA between myoferlin and key proteins described in Ca2* signaling at MAMs (IP3R3, GRP75 and VDAC1) in
Panc-1 and MiaPaCa-2 cell lines. On the upper panel of the figure, respresentative pictures for the PLA are shown. The
lower panel represents high magnification of the yellow squares from the upper panel. The pictures were acquired with
Nikon A1R confocal microscope. The scale bar on the upper pannel represents 50 um, while on the lower panel it
represents 15 um. The pictures are representative of three independent experiments.

Interestingly, a strong signal for the PLA between myoferlin and IP3R3 as well as for myoferlin
and VDAC1 was visible (Figure 4-32). Although present, few dots were detected for the PLA
between myoferlin and GRP75. Those results demonstrated the proximity existing between
myoferlin and key components of Ca?* signaling reported in MAMs. The controls for the PLA

are shown in Figure 7-4.
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Figure 4-33. PLA between myoferlin and VDAC1 as well as myoferlin and IP3R3 from control or myoferlin-silenced cells.
The experiment was performed on the MiaPaCa-2 cell line. (A) Representative pictures of PLA for myoferlin-VDAC1 or
myoferlin-IP3R3 upon myoferlin silencing or in control cells. Scale bar = 50 um. (B) Quantification of dots/cell/picture for
both myoferlin-IP3R3 and myoferlin-VDAC1 PLA. The quantification was performed in myoferlin-silenced and control cells.
Pictures were acquired with a Nikon A1R microscope and analyses were performed with ImageJ software (307). This
experiment was performed only once.
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To ensure that the signals observed for the myoferlin-IP3R3 and myoferlin-VDAC1 PLA were
specific, we performed the same experiment upon myoferlin silencing in the MiaPaCa-2 cell
line (Figure 4-33). The number of dots per cell was drastically reduced upon silencing, showing

that the signal was specific to the proximity of myoferlin with IP3R3 or VDACI.

Encouraged by those results, we decided to immunoprecipitate IP3R3, VDAC1 and GRP75 from
Panc-1 whole cell lysate and to check for co-immunoprecipitation of myoferlin (Figure 4-34).
We efficiently immunoprecipitated IP3R3 and, we noticed that myoferlin was co-
immunoprecipitated with this protein. Two defined bands were visible in the IP-IP3R3
condition, at the same molecular weight as the uppermost band corresponding to myoferlin in
the lysate. It is worth noting that this upper band in fact encompasses several myoferlin

isoforms (https://www.uniprot.org/). Therefore, observing two co-immunoprecipitated bands

for myoferlin is not surprising. These results prompted us to perform the same experiment on
the MiaPaCa-2 cell line. Similarly, we could see two bands for myoferlin as a co-
immunoprecipitate of IP3R3 in this cell line (Figure 4-34). However, the bands were barely
visible after 30 minutes exposure, while they were already visible after 5 minutes exposure in
the Panc-1 cell line. This highlighted once again differences between cell lines, IP3R3 interacting
probably to a higher extent with myoferlin in Panc-1 than in MiaPaCa-2. Unfortunately, we were
not able to efficiently immunoprecipitate VDAC1 and therefore, we could not conclude for
myoferlin co-immunoprecipitation with this protein. In addition, our results showed no co-

immunoprecipitation between GRP75 and myoferlin in Panc-1 cells (Figure 4-34).
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Figure 4-34. Assessement of myoferlin co-immunoprecipitation with key proteins involved in Ca2* signaling at MAMs. (A)
IP3R3, GRP75 and VDAC1 were immunoprecipitated from the Panc-1 cell line. The immunoprecipitation was checked by
western blot. As opposed to VDAC1, IP3R3 as well as GRP75 were efficiently immunoprecipitated. Myoferlin co-
immunoprecipitation was assessed by western blot. Myoferlin was successfully co-immunoprecipitated with IP3R3 but not
with GRP75. (B) Immunoprecipitation of IP3R3 was also performed on the MiaPaCa-2 cell line and myoferlin co-
immunoprecipitation was assessed by western blot. The IP3R3-myoferlin co-immunoprecipitation is representative of
three independent experiments (in both cell lines), while the IP myoferlin-GRP75 and Myoferlin-VDAC1 are representative
of two independent experiments (in Panc-1 cells).

Regarding the results obtained by immunoprecipitation, we were curious about a potential
myoferlin-IP3R3 colocalization in the cell. To answer this question, we performed a co-labeling
of myoferlin and IP3R3 by indirect immunofluorescence in both Panc-1 and MiaPaCa-2 cell lines
(Figure 4-35). As previously mentioned, IP3R3 forms clusters at the perinuclear region of both
Panc-1 and MiaPaCa-2 cell lines. In accordance with the literature, myoferlin labeling was found
throughout the cytoplasm and the staining was more intense in the perinuclear region (242).
Interestingly, myoferlin and the IP3R3 clusters seemed to colocalize in both cell lines. It is worth
noting that all the cells did not display IP3R3 clusters at the perinuclear region as highlighted
by the white arrows (Figure 4-35A). In this work, we focused our experiments on IP3R3, because
historically IP3R3 was described as the most abundant isoform in MAMs (180,181).
Nevertheless, other IP3R isoforms are found in MAMs such as IP3R1 (182). Interestingly,

myoferlin seemed to colocalize with IP3R1 as shown in Figure 7-5.

137



Results

Myoferlin

Panc-1

MiaPaCa-2

B ' o IP3R3eMyoferlin
(]
% 0.8 o » = MyoferlinelP3R3
S - e =
§ 067 o
o '® [ ]
v 0.4-
Q
©
s i
= 0.2 : -‘ ]
|
o ©
0.0 T T
Panc-1 MiaPaCa-2

Figure 4-35. Myoferlin and IP3R3 colocalize in Panc-1 and MiaPaCa-2 cell lines. (A) IP3R3 forms clusters at the perinuclear
region, while myoferlin is abundant in this cell region. On the “Merge pictures”, colocalizing pixels are visible in yellow.
The white arrows show cells where no IP3R3 clusters were found. IP3R3 rabbit polyclonal antibody and myoferlin (D-11)
mouse monoclonal antibody were used. IP3R3 appears in red, myoferlin in green and the nucleus in blue (DAPI). Scale bar
represented 20 um. Confocal pictures were acquired with a high resolution LSM 880 microscope. (B) Colocalization
analyses using Manders’ method on both Panc-1 and MiaPaCa-2 cell lines. “IP3R3 € Myoferlin” (in red on the graph)
represents the proportion of above-threshold pixels in channel 1 (IP3R3) colocalizing with above-threshold pixels in
channel 2 (Myoferlin) and vice versa for “Myoferlin € IP3R3”. Mean SD is represented. The number of analyzed cells for
the Panc-1 cell line was 27, while 20 cells were analyzed for MiaPaCa-2. The analyses were performed with ImageJ software
(307). The pictures are representative of at least two independent experiments.

We then performed colocalization studies using the same method as described previously (see
Colocalization studies). When using each individual cell as a ROI, our results showed that the
proportion of IP3R3 colocalizing with myoferlin (M1) was of 41.21 £15.38% in Panc-1 and 35.15
+25.46% in MiaPaCa-2 cell lines (Figure 4-35B). Conversely, the proportion of myoferlin
colocalizing with IP3R3 was of 33.01 +10.88% in Panc-1 and 45.72 +17.04% in MiaPaCa-2 cell
lines (M2). Because myoferlin seemed to colocalize mainly with IP3R3 clusters, we decided to
perform colocalization analyses using the clusters as ROI. In addition, we performed the

analyses on the whole cell without considering the clusters (Figure 4-36).
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Figure 4-36. Myoferlin strongly colocalizes with IP3R3 clusters. (A) Representation of ROl used for colocalization analyses
using Manders’ method in a Panc-1 cell. The colocalization was performed using the whole cell, the whole cell without
clusters or the clusters only as ROI. The pictures were acquired with a high resolution LSM 880 microscope. Myoferlin is
represented in green, IP3R3 in red and the nucleus in blue. (B) Graphs representing the percentage of colocalization
between myoferlin and IP3R3 when the whole cell, the cell without clusters (W/O clusters) or the clusters only were used
as ROI. The analyses were perfomed on Panc-1 and MiaPaCa-2 cell lines. “IP3R3 € Myoferlin” (in red on the graph)
represents the proportion of above-threshold pixels in channel 1 (IP3R3) colocalizing with above-threshold pixels in
channel 2 (Myoferlin) and vice versa for “Myoferlin € IP3R3”. The number of analyzed cells for Panc-1 cell line was 27,
while 20 cells were analyzed for MiaPaCa-2. Mean + SEM is represented. The analyses were performed with Image)
software (234).
Interestingly, when considering the whole cell without clusters for analysis, the percentage of
colocalization remained similar to the one performed on the whole cell in the Panc-1 cell line
(M1:41.21 +15.38% vs 32.90 +16.10%, M2: 33.01 +10.88% vs 21.30 +9.50% with the ROl being
the whole cell vs the whole cell without clusters, respectively). This means that myoferlin is also
colocalizing with IP3R3 outside the cluster regions in Panc-1 cells. In MiaPaCa-2, the percentage
of colocalization outside the clusters dropped drastically from 35.15 +25.46% to 11.20 £11.90%
for M1 and from 45.72 +17.04% to 10.80 +13.60% for M2. Nevertheless, in both cell lines, the
percentage of colocalization between IP3R3 and myoferlin increased in the cluster regions. In
Panc-1, the percentage of colocalization in the clusters was of 70,90 £18.9% for M1 and 79,90
+11.70% for M2, while those percentages were of 75,20 +14.80% and 61,00 +30.90% for M1

and M2, respectively, in MiaPaCa-2 (Figure 4-36B).
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Finally, in order to prove myoferlin interaction with IP3R3 in MAMs, we decided to
immunoprecipitate IP3R3 from Panc-1 MAMs extract and to investigate for a potential
myoferlin co-immunoprecipitation. Our results showed that IP3R3 was present and perfectly
immunoprecipitated from the PMAMSs fraction (Figure 4-37). Interestingly, myoferlin was co-
immunoprecipitated with IP3R3 as three individual bands at the same height as the upper band
(the most abundant band) corresponding to myoferlin in the input. As overmentioned, this
large band encompasses several myoferlin isoforms. Indeed, three myoferlin isoforms have
been proposed around 230 kDa: myoferlin isoform 1 (234.709 kDa), isoform 3 (233.324 kDa)
and isoform 6 (233.477 kDa). The two lower bands, clearly visible in the input and detected
below 230 kDa, may correspond to the isoforms 2 (229.895 kDa) and 5 (179.551 kDa)

(https://www.uniprot.org/) (254). Interestingly, we observed two bands at similar molecular

weights in the anti-IP3R3 input. The five bands are highlighted by arrows on Figure 4-37. On a
side note, signal in the IgG control was found at a molecular weight corresponding to myoferlin.
However, as visible on Figure 4-37, this signal was mainly background and no defined bands

were discernible.

230kDa —,
Co-IP

Figure 4-37. Myoferlin co-immunoprecipiates with IP3R3 from Panc-1 PMAMs extract. (A) IP3R3 was efficiently
immunoprecipitated from PMAMs extract as shown by western blot (IP). Myoferlin co-immunoprecipitation with IP3R3
was checked by western blot (Co-IP). PMAMs extract was used for the input. A rabbit 1gG antibody was used for
immunoprecipitation as negative control. For IP3R3 immunoprecipitation, the IP3R3 primary antibody was used (Anti-
IP3R3). (B) Same picture as on the right with a sobel filter applied. The detection was based on bottom edges with a vertical
and horizontal radius of 5 pixels. This allows better visualization of bands. This experiment was performed only once.
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Altogether, those results demonstrate that myoferlin is in proximity with proteins involved in

Ca’* signaling at MAMs. In addition, we were able to prove a physical interaction between
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myoferlin and IP3R3. Thanks to the IP performed from MAMs extract, we showed that this

interaction occurs, at least in part, in MAMs.

4.2.8. The overall survival of patients with PDAC is correlated with /TPR3
expression

Our team previously demonstrated that myoferlin expression is correlated to PDAC patients’
overall survival (47). Since IP3R3 interacts with myoferlin in PDAC, we next thought to
investigate whether ITPR3 (gene corresponding to IP3R3) expression is also correlated to
patients’ survival. Indeed, this protein has been associated with many cancers, where it confers
metabolic advantages through modulation of Ca?* transfer between ER and mitochondria.
Interestingly, we found many publications about /ITPR3 expression in correlation with patients’
survival in cancers such as colorectal (216), breast (68), renal (69) and bile duct (70) cancers.
However, we found no publications concerning PDAC. Therefore, this prompted us to
investigate /TPR3 expression in PDAC based on the Human Protein Atlas

(https://www.proteinatlas.org/) and patients’ cohort from the TCGA PanCancer Atlas (n=177).

We discovered that /TPR3 expression is significantly associated with the overall survival
(p=0.0067). Indeed, the risk of death in patients with PDAC increases with /TPR3 expression
(HR=2.19; 95% confidence interval= 1.23-3.91) (Figure 4-38A). Surprisingly, expressions of
MYOF (gene corresponding to myoferlin) and /TPR3 were significantly correlated (R = 0.74) in
those PDAC patients (Figure 4-38B). In addition, we found in the Human Protein Atlas that IP3R3
immunocytochemistry staining is enhanced in PDAC tissues (Figure 4-38C). Those results
constitute preliminary data and, of course, further investigations should be conducted. For
instance, evaluation of IP3R3 abundance by immunocytochemistry in PDAC should be

performed in a larger extent in order to validate the observation.
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Figure 4-38. (A) Correlation between ITPR3 expression and overall survival in PDAC patients. TCGA PanCancer Atlas data
(http://cancergenome.nih.gov/) were analyzed for overall survival (n=177) according to their ITPR3 gene expression.
Patients with low expression of ITPR3, n=43. Patients with high expression of ITPR3, n=134. A Kaplan—Meier curve was
established thanks to the Kaplan-Meier tool available online (https://kmplot.com) and a log-rank probability was
calculated. (B) The mRNA expressions of MYOF and ITPR3 were significantly correlated (R = 0.74) in PDAC patients. The
data are from the TCGA PanCancer Atlas data (http://cancergenome.nih.gov/) (C) IP3R3 staining by immunocytochemistry
in non-cancer (left, patient ID 2220) vs PDAC (right, patient ID 2650) tissues. The pictures are from the Human Protein
Atlas (https://www.proteinatlas.org/).

4.2.9. Myoferlin expression is significantly correlated to /TPR3 expression in
pancreatic cancer but not in normal pancreas.

In order to further investigate the correlation between both proteins, we performed analyses
from a second database, the ARCHS4, which comprises 238,522 human normalized sequencing
samples (329). Thanks to the Correlation AnalyserR tool developed by Miller et al. in 2021, it is
possible to assess Pearson’s correlation between MYOF and every genes of the genome in

normal and tumoral conditions (Figure 4-39) (330). The correlations between these genes and
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MYOF are sorted in a histogram counting the number of occurrences of values within
correlation bins. The red vertical lines represented on Figure 4-39A are the correlation values
between ITPR3 and MYOF. In the case of normal pancreas, the correlation value is close to 0
(Pearson’s correlation R= 0.058), meaning that the two genes are almost uncorrelated.
Conversely, in the pancreatic cancer, the linear correlation coefficient reached 0.612, meaning
that both genes are positively correlated in pancreatic cancer. Figure 4-39B details the red lines
from Figure 4-39A, where the scatterplot of the expressions of both genes is represented.
Figure 4-39C depicts the simultaneous correlation between /TPR3 and MYOF with the same
genes. This allows us to assess their possible involvement in common pathways. In pancreatic
cancer, we observe that genes correlated to /TPR3 expression are also correlated to MYOF

expression (R=0.82), which was not the case in normal pancreas (R=-0.097).
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Figure 4-39.Correlation of myoferlin expression with /IT3R3 expression in normal and cancer pancreas, using the ARCHS4
database (276) and the Correlation AnalyserR tool (277). (A) Correlations between every genes of the genome and MYOF
in normal and cancer pancreas are sorted in a histogram counting the number of occurrences of values within correlation
bins. The red vertical lines represented are the correlation values between ITPR3 and MYOF. (B) Scatterplots of the
expressions of MYOF and ITPR3 genes are represented. (C) Simultaneous correlation between ITPR3 and MYOF with the

same genes, allowing assessement in common pathways.

4.2.10.Investigation of myoferlin silencing on mitochondrial metabolism

We demonstrated above that myoferlin is located in MAMs, where it interacts with IP3R3, a

protein involved in Ca%* signaling. Interestingly, we showed that upon myoferlin silencing, Ca?*
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transfer between ER and mitochondria is impaired. Indeed, we showed that upon histamine
stimulation and myoferlin silencing, the level of Ca?* entering mitochondria is significantly
reduced. Knowing that myoferlin silencing has been described in the literature as impacting
mitochondrial metabolism and dynamics (47), we thought that the presence of myoferlin in
MAM s could influence mitochondrial metabolism through Ca?*signaling. Since Ca?* is a cofactor
of several enzymes of the TCA cycle, we decided to perform a WST1 assay to monitor
mitochondrial dehydrogenase activity. We expected that myoferlin silencing would reduce
their activity. Our results showed that upon myoferlin silencing, the activity of mitochondrial
dehydrogenases was not impacted (Figure 4-40A). Because Ca®* is also a cofactor of the PDH
phosphatase, we checked for an enhanced phospho-PDH/PDH ratio upon myoferlin silencing.
Unfortunately, we observed discrepancy in the ratio between both Myof#1 and Myof#2 siRNA.
Indeed, the ratio for the Myof#2 siRNA was equal to 0.3, while it was equal to 0.8 for the Myof#1
siRNA (Figure 4-40B). Despite, the lack of effect of myoferlin depletion on dehydrogenase
activity, and in accordance with the literature, we observed a decrease of mitochondrial
respiration upon myoferlin silencing (Figure 4-40C) (47). This decrease of mitochondrial
respiration was not associated with a reduced abundance of mitochondria. Indeed, we saw no
variations of the abundance of TOM20 or the OMM 60 kDa proteins upon myoferlin silencing
(Figure 4-40D) (see also MCU on Figure 4-23). Similarly, we checked the abundance of
mitochondrial complexes and ATP synthase by western blot. Interestingly, no differences were
observed upon myoferlin silencing (Figure 4-40E). Finally, we investigated the level of phospho-
AMPK and observed an increased phospho-AMPK/AMPK ratio in the Panc-1 cells transfected
with Myof#1 siRNA. Conversely, the ratio was decreased when Myof#2 siRNA was transfected
(Figure 4-40B). This discrepancy did not allow us to propose any relationship between the
impaired mitochondrial Ca%* level and the mitochondrial metabolism modification. The role of
myoferlin in relation to mitochondrial metabolism remains unclear and further investigations

should be conducted.
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Figure 4-40. Investigation of a potential relationship existing between myoferlin silencing, mitochondrial metabolism and
impaired CaZ* transfer to mitochondria. (A) Impact of myoferlin silencing on mitochondrial dehydrogenases using a WST-
1 assay in Panc-1 cells. This experiment is representative of three independent experiments. (B) Phospho-PDH/PDH and
phospho-AMPK/AMPK ratios upon myoferlin silencing in Panc-1 cells. The experiment is representative of, at least, three
biological replicates. (C) Myoferlin silencing decreases mitochondrial oxygen consumption rate (OCR) in Panc-1 and
MiaPaCa-2. Oligomycin: Oligo. ; Rotenone/Antimycin A: R/A. This experiment confirms already published data (47). A two-
way ANOVA was performed for statistical analyses. ***: p-value < 0.001, **: p-value < 0.01. (D) Abundance of TOM20 and
a 60 kDa OMM protein upon myoferlin silencing in Panc-1 and MiaPaCa-2 cell lines. (E) Abundance of the ATP synthase
and mitochondrial complexes upon myoferlin silencing in Panc-1 and MiaPaCa-2 cell lines.
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4.2.11.Part ll: limitations of the study
In this part of the Results section, we improved our procedure for colocalization, focusing on
Manders’ method (313). We tested our method in various situations: colocalization between
TOM20 and myoferlin, between the fusion protein encoded by the CMV-Mito-R-GECO-1
plasmid and the MitoTracker Green probe or between myoferlin and IP3R3. Each time, the
percentage of colocalization seemed in adequation with the visual colocalization,
demonstrating the strength of our method. For instance, the colocalization between the fusion
protein encoded by the CMV-Mito-R-GECO-1 and the MitoTracker Green probe showed almost
100% of colocalization, which was in accordance with the visual colocalization (Figure 4-17).
Nevertheless, it is worth mentioning that few cells were analyzed for this experiment since the
purpose was to test the method in various situations rather than performing robust
colocalization studies. We also used randomized pictures as a negative control (Figure 4-13).
Analyses on such a control represent the colocalization in noisy conditions. In the future, it

might be interesting to include a biological negative control, using for instance, an IMM protein.

In this study, we performed cell fractionation and we identified myoferlin as being present in
the PMAMs fraction of both Panc-1 and MiaPaCa-2 cell lines (Figure 4-16). We used many
markers to validate the extracts, such as MAMs, cytosolic, mitochondrial and ER markers.
Nevertheless, our interpretation of the results remains limited since we did not check for
representative markers of, for instance, the Golgi apparatus or the lysosomes. Indeed, what is
the abundance of these markers in ours fractions? Is our PMAMs fraction contaminated by
those organelles? Since myoferlin has been described in the Golgi apparatus and the lysosomes
of PDAC cell lines, answering those questions could be valuable for the interpretation of the
cell fractionation experiments. However, since we used a very similar protocol than the one
described in the publication of Vance in 1989, we could expect a minor contamination for the

plasma membrane, Golgi apparatus, peroxisomes and lysosomes in our PMAM s fraction (116).

Our results showed that the transfer of Ca?* to mitochondria was impaired upon myoferlin
silencing and histamine stimulation (Figure 4-19). In order to understand this phenomenon, we
investigated several leads such as the ER integrity or the ERMICC. We finally found an
interaction between myoferlin and a key protein involved in Ca?* transfer at MAMs. We think
this interaction might be biologically relevant and might contribute to Ca®* transfer at MAMs.

Nonetheless, we did not investigate whether the trafficking for the histamine receptors was
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impacted by myoferlin silencing. Even if myoferlin silencing was suggested to only impact RTK
trafficking, whether histamine receptors are impacted by myoferlin silencing should be

investigated (275).

Finally, in this part of the Results section, some experiments were performed only once, such
as the co-immunoprecipitation of IP3R3 with myoferlin from PMAMSs extracts (Figure 4-37).
Therefore, even if we believe in those results, especially since we also observed a co-
immunoprecipitation for those proteins from whole cell lysates, we should keep in mind that
this experiment was performed only once. Similarly, the results relative to the analyses of TEM
images for the ERMICC should be taken with caution since the data set was limited and the
pictures were representative of MAMs, meaning that they were not taken randomly (Figure

4-27).

4.2.12.Part II: conclusions and discussion
In this part of our work, we aimed at clarifying myoferlin localization in relation to mitochondria.
We demonstrated that myoferlin was unlikely to be located on this organelle but rather
localized in the membranes in contact with mitochondria. In accordance with our findings,
proteomic analyses did not detect myoferlin in human mitochondria (331-333). In addition,
our results were supported by previous investigations performed in our lab. Indeed, for the
purpose of supporting this work and discussion, Pr. Marc Thiry and Dr. Arnaud Blomme
generously provided TEM pictures, where myoferlin was labelled by immunogold in breast
cancer cell line (MDA-MB-231). As shown on Figure 4-41, signals corresponding to myoferlin

labeling (yellow arrow) were found next to mitochondria.

In addition to the discovery of myoferlin as a MAMs component, we found that silencing this
protein impairs Ca’* transfer to mitochondria. In this context, we highlighted a proximity
existing between myoferlin and key proteins involved in Ca?* signaling at MAMs, such as IP3R3,
VDAC1 and, to a lower extent, GRP75. Furthermore, by immunoprecipitation of IP3R3 from
pure MAMs fraction, we demonstrated a physical interaction of IP3R3 with myoferlin in Panc-

1 cell line.
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Figure 4-41. TEM picture showing a mitochondrion (Mt) with myoferlin labeling by immunogold in its proximity (showed
by yellow arrow) in MDA-MB-231. One dot corresponding to myoferlin labeling is circled in yellow. The picture was
provided by the Pr. Marc Thiry and Dr. Arnaud Blomme. The technical details are provided in the article of Blomme et al.
(2017) (49).

We don’t know yet if this interaction is direct or indirect. Nevertheless, we think that myoferlin
is probably part of a protein complex located in MAMs that involves proteins related to Ca®*
signaling. Indeed, in their article published in 2021, Szczesniak et al. identified myoferlin as
being part of the interactome of the BCL-2 related ovarian killer (BOK), a protein involved in
Ca?* signaling at MAMs (334). This member of the BCL-2 family interacts and protects IP3Rs
from degradation (334). In addition, myoferlin has been shown to interact with STAT3, which
acts as a gatekeeper for ER-mitochondria Ca?* fluxes (279,335,336). Interestingly, in their study
published in 2020, Su et al. showed that STAT3 was located in MAMs rather than on
mitochondria, in opposition with the previous paradigm (337). Another component of this
potential protein complex might be VDACL. In the literature, myoferlin interaction with VDAC1
has already been reported (338). In addition, in our study, we observed strong signals for the
PLA between myoferlin and VDAC1. However, we failed at immunoprecipitating this protein.
Therefore, it does not allow us to draw conclusions about the interaction of VDAC1 with
myoferlin. Further investigations are needed to understand myoferlin interactome at MAMs.

This might provide precious information about myoferlin functions in this subcellular region.
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5. General conclusion and discussion

5.1. Myoferlin localization with respect to mitochondria

Myoferlin has been shown to influence mitochondrial respiration and network in pancreatic
and breast cancers (47,49). The mechanism by which myoferlin silencing impacts mitochondrial
metabolism and dynamics is still unknown today. However, having a better understanding of
myoferlin in cancer biology is essential, especially since myoferlin has been introduced as a
potential therapeutic target (45,46). It is now known that, even if mitochondrial respiration is
often repressed in cancer cells, it remains perfectly functional and even contributes to cancer
progression (51,339). In PDAC, mitochondria have been associated with cancer relapse, cell
proliferation, tumor growth and resistance to chemotherapy (61-63,319,339,340). Moreover,
mitochondrial-targeting through inhibition of complex | by phenformin or metformin has
shown strong anti-tumoral effects in in vitro and in vivo models of PDAC (341-343). However,
the mechanism of action of metformin or phenformin remains controversial and might also be
related to mechanisms independent of complex | inhibition (344). Due to the lack of specificity
and to associated side effects of these compounds, studying proteins, such as myoferlin, could
constitute another approach to target mitochondria in cancer. Indeed, myoferlin targeting has
been shown by our team to decrease mitochondrial respiration in PDAC cell lines, inducing a
glycolytic switch (47). In addition, PDAC cells displaying a high metastatic potential and a high
OXPHOS capacity have increased expression of myoferlin (48). In the literature, no mechanistic
explanations have been proposed regarding myoferlin function in a mitochondrial context.
However, having a better comprehension of the mechanisms linking this protein to
mitochondrial function could provide new insights about safety and efficacy of myoferlin
targeting. As a first attempt to understand the mechanisms by which myoferlin influences
mitochondria, we aimed at clarifying myoferlin localization in relation to this organelle. Indeed,
there are no publications treating this matter. In this work, we demonstrated that myoferlin is
unlikely to be located on mitochondria of PDAC cell lines, but rather in MAMs. Our findings
suggest that myoferlin may influence mitochondrial function thanks to this specific location.

Knowing that myoferlin is located in MAMs may open new insights about myoferlin function.

Myoferlin localization in MAMs is supported by the literature. Indeed, several proteomic

studies have been performed on MAMs from various tissues and species (95,119-
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121,345,346). Six notable reports and their findings are summarized in Table 4. Myoferlin was
found in six out of the eight sample types. It was detected in MAMs from human skin
fibroblasts, human and rat skeletal muscles, rat heart, human testis and human liver (119-
121,345), while myoferlin paralog, dysferlin, was only found in MAMSs of human liver as well as
human and rat skeletal muscles (119-121). Interestingly, myoferlin and dysferlin were not
detectable when the study was performed on mouse samples (95,345). The discrepancy
observed between these proteins could be explained by their potential functions in MAMs but
also by their expression pattern in various tissues. Further investigations looking at the ferlin

family members in MAMs could be of interest, opening new insights about ferlin functions.

Myoferlin Dysferlin
. . . . Date of
Species Material Pathology detection detection Authors ublication
(Yes/No) (Yes/No) P
Skin fibroblasts Zhang et
H N Y N 2011
uman (culture) one es ° al.(120) 0
Carcinoma vs Horner et
Human Liver (culture) Non-cancer Yes Yes 2015
al.(119)
cells
Mouse Liver None No No sala-Vila et 2016
al. (95)
Type-2 dia- Chae et
H keletal | Y Y 201
uman Skeletal muscle betes es es al.(346) 018
Human Testis Yes No
. L. None Wang et 2018
Mouse Testis, brain No No al.(345)
Skeletal muscle Yes Yes
Rat None Luet 2022
al.(121)
Heart Yes No

Table 4. Assessment of myoferlin and dysferlin presence from proteomic studies performed on MAMs with different
materials and species. The studies are classified by year of publication.

5.2. Myoferlin silencing and calcium transfer at MAMs

Owing to the relationship existing between Ca®* transfer at MAMs and mitochondrial
metabolism, we thought that the impact of myoferlin depletion on mitochondrial metabolism
could be related to an alteration of Ca?* transfer at MAMs. Interestingly, our results showed
that upon myoferlin silencing, the level of Ca?* entering mitochondria is drastically reduced
(Figure 4-19). Since myoferlin has been described as being part of the secretory pathway (242),
we verified that this reduction was not the result of a loss of ER integrity. Indeed, impaired ER

might not be able to deliver properly Ca?* to mitochondria. We found neither impaired ER
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morphology nor inducement of ER stress, invalidating this hypothesis (Figure 4-21 and Figure
4-22). Nevertheless, since our results remain indirect, further investigations about ER Ca?*

storage using plasmids, such as the CMV-ER-LAR-GECO1 plasmid (306), must be conducted.

To further explore the cause of the reduced Ca?* transfer to mitochondria, we evaluated the
abundance of proteins related to Ca?* signaling at MAMs. We found no major variations in the
protein abundance upon myoferlin silencing (Figure 4-23). It is worth mentioning that the
protein abundance was estimated from whole cell lysate and not MAMs extract, which could
bias the results. Indeed, myoferlin silencing might impair protein distribution and abundance
at MAMs without impacting global abundance. Despite this limitation, we concluded that
myoferlin was not impacting abundance of proteins related to Ca?* signaling at MAMs. In the
future, it might be interesting to re-perform this experiment from MAMs extracts and to check
whether the protein abundance varies upon myoferlin silencing by western blot or by mass

spectrometry.

In this work, the IP3R3-VDAC1 proximity was not altered by myoferlin silencing (Figure 4-30).
Since we demonstrated an interaction between myoferlin and IP3R3, those results suggest that
myoferlin depletion probably impacts Ca?* transfer at MAMs through the regulation of proteins
involved in this process rather than by impacting stability or proximity of the VDAC1-IP3R3 axis.
In the future, it would be interesting to identify whether the impaired Ca?* transfer occurs on
the ER or on the mitochondria side. Indeed, is it a defect in Ca?* release by ER or in Ca?* uptake

by mitochondria, or is it the entire axis which is impacted?

Conducting ultrastructural analyses, we assessed the physical contacts existing between ER and
mitochondria. We observed no significant changes for the ERMICC upon myoferlin silencing
(Figure 4-27). As mentioned previously, those results should be considered carefully due to the
data set used for analyses. Complementary micrometric analyses obtained from a larger data
set and provided by Pr. Marc Thiry (Figure 7-2), highlighted a trend upon myoferlin silencing:
the ERMICC tends to increase upon myoferlin silencing, which seems in contradiction with our
hypothesis. Indeed, based on the literature, we expected that the importance of contacts
would be reduced, explaining the decreased mitochondrial Ca%* uptake observed upon
myoferlin silencing (82). However, since other factors, like protein interactions, might also
influence Ca?* dynamics, the ERMICC is not necessarily correlated with the amplitude of the

Ca®* transfer. In addition, since upon myoferlin silencing, less Ca%* is transferred to
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mitochondria, a compensatory effect could arise and increase the ERMICC. To date, it is difficult
to draw definitive conclusions about the impact of myoferlin silencing on ER-mitochondria
contact sites. We are currently in collaboration with Dr.Yamanaka and his team (Nagoya
university, Japan) who accepted to provide us their pMAMtracker-green and PMAMtracker-Luc
plasmids (124). These will constitute new tools for our lab to study the effect of myoferlin
silencing on MAMs. Indeed, those plasmids allow high throughput screening and quantification
of MAMs in living cells. In addition, such plasmids are suitable to assess MAMs dynamics over
time, which represents an advantage regarding TEM. As a matter of fact, TEM allows powerful
visualization of MAMs, even though image analyses are time consuming and cannot be

performed in living cells.

5.3. Myoferlin, calcium transfer and mitochondrial metabolism

Since we demonstrated that myoferlin silencing reduces the Ca?* level inside mitochondria
upon stimulation, we thought it could impact mitochondrial metabolism (347,348). Thus, we
assessed the mitochondrial dehydrogenase activity, AMPK activation and mitochondrial
respiration. In accordance with the literature, mitochondrial respiration was reduced upon
myoferlin silencing (47). Unfortunately, we observed discrepancies for phospho-AMPK/AMPK
and for phospho-PDH/PDH ratios between Myof#1 and #2 siRNA. In addition, we noticed no
impact of myoferlin silencing on mitochondrial dehydrogenase activity, which was in
contradiction with previously published results (Figure 4-40) (47,49). Taken together, those
results do not allow us to draw conclusions about the impact of myoferlin silencing, related to
Ca?* signaling, on mitochondrial metabolism. Nevertheless, as mentioned previously, myoferlin
might have more than one function related to MAMs and the effect of myoferlin silencing on
mitochondria is probably influenced by other functions of myoferlin in the cell, such as the
endosomal trafficking (244,245). In fact, myoferlin silencing might impact diverse pathways,

affecting mitochondrial function.

5.4.  Myoferlin and mitochondrial dynamics: from the perspective of MAMs

Our results upon myoferlin silencing showed a decrease in mitochondrial Ca®* uptake and
mitochondrial respiration (Figure 4-19 and Figure 4-40), which is in accordance with the
literature (47,349). Indeed, Ca’* has been described as a cofactor of TCA cycle enzymes, which

could explain our previously mentioned results (350). Nevertheless, since Ca®* is involved in
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mitochondrial dynamics (351,352), the fragmented network observed upon myoferlin silencing
is puzzling (see Figure 7-7 for mitochondrial network upon myoferlin silencing or targeting).
Indeed, this feature is often observed upon calcium overload in mitochondria (141).
Nevertheless, this discrepancy with the literature might be explained by other potential
functions of myoferlin. Indeed, in the present work, we only investigated myoferlin in relation
to Ca?* transfer. We should keep in mind that the impact of myoferlin silencing on MAMs is
probably more complex and may encompass several phenomena. For instance, we showed that
myoferlin interacts with MFNs. However, we do not know yet to which function this interaction

might be related to.

It is only in the last few years that interest in MAMs for mitochondrial fusion has emerged. For
instance, in their article published in 2020, Abrisch et al. showed that ~ 90% of fusion events
occur at ER-mitochondria contact sites, involving MFNs (144). They also showed that fusion and
fission events can occur at the same MAMs spot, suggesting that both machineries could be
concomitantly present. In addition, since they showed that fusion and fission events can occur
at the same spot, proteins involved in both machineries may exist. Therefore, perhaps
myoferlin plays a role in mitochondrial fusion and/or fission through its interaction with MFNs.
In their article, Abrisch et al. also discussed a potential protein machinery present in MAMs,
able to promote a high membrane curvature, leading to fusion and fission events. They
suggested that this machinery would be recruited at MAMs due to the particular lipid
composition, similar to plasma membrane lipid rafts. They also mentioned that this potential
machinery could be activated by Ca?* to modulate fusion and fission events (144). Interestingly,
myoferlin has been shown to be enriched in plasma membrane lipid rafts where it plays a role
in vesicular fusion (245,246). In addition, myoferlin displays a rare structure with multiple C2
domains able to bind Ca®* (266). In their study, Marty et al. showed that myoferlin is able to
actively sculpt phospholipid bilayers (266). This activity is enhanced by the presence of Ca?* and
negatively charged phospholipids such as phosphatidylserine. The authors suggested that this
capacity to sculpt lipid bilayers could facilitate membrane fusion and fission. Therefore, our
discovery about myoferlin presence in MAMs and its interaction with MFNs in PDAC might open
new insights about a potential role of myoferlin in mitochondrial dynamics at ER-mitochondria

contact sites, through a Ca?*-dependent sculpture of the membranes.
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In addition, myoferlin has been reported as being part of a protein complex involving RAB32, a
protein described as a MAMs component, playing a role in mitochondrial fission (45). RAB32
prevents mitochondrial fission by phosphorylation of DRP1 and its silencing results in
mitochondrial fragmentation and a decreased mitochondrial respiration (45). Myoferlin
targeting has been shown to dissociate the RAB32-myoferlin complexes, which has been
proposed as a mechanism explaining the impact of myoferlin targeting on mitochondria (45).
The relationship/localization between RAB32 and myoferlin remained unclear. However, our

work may suggest an interaction between these proteins in MAMs.

5.5. Considerations about other potential functions for myoferlin in MAMs

An observation, reported by our team, is the presence of altered mitochondria upon myoferlin
silencing (302). The number of altered mitochondria is higher in myoferlin-silenced cells
compared to non-silenced cells (302). Additionally, since we frequently observed contacts
between ER and altered mitochondria, it might be interesting to check whether those altered
mitochondria display more ER-mitochondria contact sites and whether the ERMICCis increased
(Figure 7-6). Indeed, MAMs have been involved in mitophagy (196,198) and it has been recently
reported that myoferlin targeting by WJ460 triggers this process (302). Therefore, myoferlin
targeting could modulate mitophagy through a modification of its localization or interaction
inside MAMs. An approach to study the role of myoferlin in mitophagy regulation would be to
induce mitophagy in control or myoferlin-silenced cells and to monitor their capacity to deal
with this process. This could constitute a lead to understand the mechanism linking myoferlin

to mitophagy in PDAC.

Another interesting concern about a potential function of myoferlin in MAMs is related to its
participation to lipid transfer and thus, to mitochondrial membrane integrity. Indeed, it has
been reported that lipid transfers are essential for mitochondrial function (183). In 2016, Sala-
Vila et al. have identified CAV1 to be enriched in MAMs of healthy mouse livers (95). While its
absence leads to a mitochondrial fragmented network, similar to the one observed upon
myoferlin silencing (Figure 7-7), proteomic studies performed on MAMs extracts from CAV1
knock-out mice showed a reduced amount of proteins involved in steroid metabolism and
cholesterol biosynthesis (95). In addition, the absence of CAV1 has been reported to induce an

accumulation of cholesterol in mitochondrial membranes, leading to the organelle dysfunction
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(192). Interestingly, myoferlin has been shown to colocalize and form a complex with CAV1 in
many studies (45,49,244,276,353). In breast cancer, myoferlin silencing impairs caveolin
oligomerization and increases the level of free fatty acids, raising questions about myoferlin
and lipid homeostasis (49,244). Thus, it would be interesting to establish whether myoferlin
interacts with CAV1 in MAMs. Through this interaction, myoferlin might modulate lipid transfer

to mitochondria.

5.6. Cell metabolic profile: is there a relationship with MAMs?

During our investigations, we noticed differences between Panc-1 and MiaPaCa-2 cell lines.
First, we observed that IP3R3 was enriched in the pure MAMs fraction of Panc-1, while it was
not in MiaPaCa-2 (Figure 4-28). Then, we saw that the bands corresponding to myoferlin co-
immunoprecipitating with IP3R3 were visible after a longer exposure in MiaPaCa-2 than in
Panc-1 cells (Figure 4-34). This difference suggests that a higher amount of IP3R3 was
interacting with myoferlin in Panc-1 cell line. Additionally, in Panc-1, myoferlin colocalized with
IP3R3 clusters but also outside those regions, while in MiaPaCa-2, myoferlin colocalization with
IP3R3 drastically dropped outside of the clusters (Figure 4-36). Finally, the peak of fluorescence
upon histamine stimulation was significantly lower in MiaPaCa-2 than in Panc-1 cell line (Figure
4-20). The difference observed upon histamine stimulation in both cell lines could be explained
by a distinct sensitivity in response to histamine. Indeed, MiaPaCa-2 and Panc-1 cells lines may
express distinct levels of histamine receptors. Nonetheless, the overmentioned differences
could also be explained by the metabolic profile of those cell lines. Indeed, Panc-1 and MiaPaCa-
2 cell lines have been classified according to their metabolic signature (57). For instance, Panc-
1 has been classified as a lipogenic cell line, relying mainly on mitochondrial respiration and
lipid synthesis (57). On the other hand, MiaPaCa-2 cell line has been reported as glycolytic (57).
Thus, the differences observed between both cell lines may be related to their metabolism,
MiaPaCa-2 relying less on mitochondria and thus, on MAMs. Therefore, our results could be

further extended to additional cell lines belonging to these subtypes.

Since myoferlin has been shown to be overexpressed in a restricted panel of cancers (see
Myoferlin in cancer section), its interaction with IP3R3 may be specific to these types of cancer

or, as we saw for MiaPaCa-2 and Panc-1, to some metabolic profiles (57). Moreover, this
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interaction might confer metabolic advantages to cancer cells since both proteins interact and

are associated with cancer progression (46,64,302,354) (Figure 4-34 and Figure 4-39).

5.7. Extension to other cancers and non-cancer tissues

Our discoveries were obtained from PDAC cell lines and should be extended on other tumors
and on non-cancer tissues. Indeed, in the first part of this work, we did not find an interaction
between myoferlin and MFNs in non-cancer cells (Figure 4-8 and Figure 4-9). The confirmation
of this cancer-specific interaction, eventually extended to our whole results, could provide clues
about a myoferlin specific function in cancers. It is worth mentioning that myoferlin targeting
in non-cancer cells such as HPNE had no impact on mitochondrial network, suggesting different
mechanisms involved in cancer vs non-cancer cells (302). In this context, knowing that

myoferlin was interacting with MFNs only in PDAC cell lines also raises interest.

Additionally, it might be interesting to investigate the presence of myoferlin in MAMs of other
cancers and of non-cancer tissues. Indeed, is myoferlin present in MAMSs of non-cancer cells?
Is it interacting with IP3Rs in those cells and is the interactome similar to the one of cancer
cells? Answering those questions might help to understand the physiological functions of
myoferlin. For instance, myoferlin has been involved in myoblast differentiation and its
expression is dependent on NFAT (240,246,256). Interestingly, IP3R1 has also been involved in
myoblast differentiation, where it downregulates NFAT (355). Therefore, a relationship
between those two proteins might exist. Furthermore, myoferlin is involved in adipocyte
differentiation and maturation. Upon a high fat diet, myoferlin contributes to excessive
adipogenesis and obesity, which is accentuated by a decreased energy expenditure (356). Since
MAMSs have been associated with adipocytes metabolism (167), studying myoferlin and MAMs

in this context could be of interest.

5.8.  Contributions of other myoferlin localizations within the cell

Myoferlin has been reported on various localizations in the cell such as plasma membrane, late
and early endosomes, lysosomes, exosomes, Golgi apparatus and ER (240,242,243,254).
Therefore, the proximity observed between myoferlin and VDAC1, IP3R3 or GRP75 could reflect
several localizations of myoferlin within the cell (Figure 5-1). For instance, myoferlin has been
described on lysosomes of PDAC cell lines (243). Since lysosomes have been shown to be in

contact with mitochondria and ER, it is conceivable that those contacts participate to the
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observations presented in this work (78,178,357,358). Indeed, it is known that Ca®* transfer
also occurs between lysosomes and ER as well as mitochondria (178,357). This transfer involves
proteins also found in MAMs such as IP3Rs and VDAC1 (178) (Figure 5-1). Therefore, the
presence of myoferlin in other cellular localizations probably contributes to some of our

observations.

caz’

Myoferlin

Myoferlin

Mitochondria

Lysosome

Myoferlin

Figure 5-1. The proximity observed between myoferlin and proteins involved in Ca?* transfer, such as VDAC1 or IP3R3
could be explained by other locations for myoferlin within the cell. For instance, lysosomes have been reported to interact
with mitochondria and ER, where it participates to CaZ* transfer. This transfer involves proteins such as VDAC1 or IP3Rs.
Since myoferlin has been shown to be on lysosomes of PDAC cell lines, the proximity observed between myoferlin and
IP3R3 or VDAC1 could be explained, in part, by its localization on lysosomes. This picture is adapted from Castro et al.
(2021) (178).
Furthermore, we identified myoferlin as colocalizing with IP3R3 clusters in the perinuclear
regions (Figure 4-36). A previous report has described IP3Rs cluster formation to increase Ca?*
release efficiency (359). Why myoferlin colocalizes with IP3R3 clusters and whether those
clusters are part of MAMs remain a mystery. We showed that myoferlin interacts with IP3R3 in
MAMs (Figure 4-37). However, myoferlin may also interact with IP3R3 outside of MAM:s,
triggering ER Ca?* release. Investigation of myoferlin interaction with other IP3Rs, such as
IP3R1, could also be interesting, especially since IP3R1 has been associated with autophagy and
cancer progression in PDAC (360). Interestingly, preliminary results show a visual colocalization

between myoferlin and IP3R1 at the cell periphery (Figure 7-5).
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5.9. Therapeutic perspectives

In combination with other treatments (such as glycolysis inhibitors) and by considering the
genetic and metabolic background of the tumor, targeting mitochondria in cancer seems to be
a promising therapeutic strategy (341-343). In this context, myoferlin, a protein overexpressed
in PDAC compared to normal tissues, where it is barely detectable, has been proposed as a
potential therapeutic target (301). Indeed, myoferlin targeting in PDAC has been shown to
reduce tumor growth and metastasis in mouse models (301). Even if myoferlin targeting or
silencing impacts many functions in the cell such as the receptor trafficking, its influence on
mitochondrial metabolism seems to contribute to cancer aggressiveness (48,244). In this study,
we found that myoferlin is located in MAMs, where it contributes to Ca®* transfer, probably
through its interaction with IP3R3. Of course, further investigations should be performed to
clarify the roles of myoferlin in MAMs. Nevertheless, since IP3R3 has been shown to be
overexpressed in many cancers and to participate to cancer progression, the development of
specific compounds able to dissociate myoferlin-IP3R3 interaction could constitute a clue for
future targeted therapies (68,70,216). This would allow targeting of a restricted number of
myoferlin functions, with potentially a stronger effect on cancer cells due to the overexpression

of both IP3R3 and myoferlin.
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7. Supplemental figures
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Figure 7-1. (A) Pictures at low magnification of myoferlin-TOM20 co-staining in Panc-1 and MiaPaCa-2 cell lines. (B)
Controls for the myoferlin-TOM20 co-staining. No primary antibodies (double-negative control), myoferlin-only primary
antibody or TOM20-only primary antibody were used as negative controls in the presence of secondary antibodies. The
negative controls were performed on both Panc-1 and MiaPaCa-2 cell lines
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Figure 7-2. ERMICC coeffecient for the irrelevant and Myof#1 siRNA conditions in Panc-1 cells. In myoferlin-silenced cells,
the ERMICC was significantly increased. The analyses were made on 24 (555 mitochondria) and 31 (857 mitochondria)
images for the irrelevant and Myof#1 siRNA conditions, respectively. The Dister-m Was not taken into consideration for the
ERMICC. Nevertheless, contacts were considered when less than 30nm seperated ER and mitochondria. P-value = 0.026.

For statistical analysis, the test of Mann-Whitney was performed. Mean + SEM is shown. The analyses were performed by
Pr. Marc Thiry.

Double negative IP3R3 only VDAC1 only

.. 100 pm
.- 100 pm

Figure 7-3. Negative controls for the PLA between IP3R3 and VDAC1 in Panc-1 and MiaPaCa-2 cell lines. No primary

antibodies (double-negative control), IP3R3-only primary antibody or VDAC1-only primary antibody were used as negative
controls in the presence of secondary antibodies.
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Figure 7-4. Negative controls for the PLA between myoferlin and IP3R3, GRP75 or VDACL1 in Panc-1 and MiaPaCa-2 cell
lines. No primary antibodies (double-negative control), IP3R3-only primary antibody, GRP75-only primary antibody,
VDAC1-only primary antibody or myoferlin (D-11 or HPA, depending on species compatibility)-only primary antibody were
used as negative controls in the presence of secondary antibodies.For the Myoferlin HPA-only negative control in Panc-1,
the picture was taken at higher magnification.
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Panc-1

Figure 7-5. Myoferlin-IP3R1 co-staining in the Panc-1 cell line. As described in the literature, in Panc-1 cells, IP3R1 staining

appears at the cell periphery in isolated cell (326). Interestingly, myoferlin seemed to colocalize with IP3R1 at cell
periphery.

uf'»

Figure 7-6. TEM pictures of altered mitochondria in contact with ER upon myoferlin silencing. The contacts are highlighted
by red arrows. Those pictures were provided by Pr. Marc Thiry.
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Figure 7-7. Mitochondrial network in Panc-1 cells upon myoferlin silencing or targeting using WJ460. (A) Mitochondrial
network in Panc-1 in the no siRNA, Myof#1 siRNA, Myof#2 siRNA or irrelevant siRNA conditions using TMRE. (B) Effect of

WJ460 on the mitochondrial network in Panc-1 cell over time (from Oh to 24h of treatment). TMRE was used for
mitochondrial visualization and was used as previously described (302)
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Abstract: Pancreas ductal adenocarcinoma is one of the deadliest cancers where surgery remains
the main survival factor. Mitochondria were described to be involved in tumor aggressiveness
in several cancer types including pancreas cancer. We have previously reported that myoferlin
controls mitochondrial structure and function, and demonstrated that myoferlin depletion disturbs the
mitochondrial dynamics culminating in a mitochondrial fission. In order to unravel the mechanism
underlying this observation, we explored the myoferlin localization in pancreatic cancer cells
and showed a colocalization with the mitochondrial dynamic machinery element: mitofusin.
This colocalization was confirmed in several pancreas cancer cell lines and in normal cell lines
as well. Moreover, in pancreas cancer cell lines, it appeared that myoferlin interacted with mitofusin.
These discoveries open-up new research avenues aiming at modulating mitofusin function in
pancreas cancer.

Keywords: myoferlin; mitochondria; mitofusin; pancreas cancer

1. Introduction

Pancreas ductal adenocarcinoma (PDAC) is one of the deadliest diseases with a 5-year survival
lower than 10%. In PDAC, mitochondria activity was described to be involved in tumor relapse [1]
and in metastatic dissemination [2]. Mitochondria are highly dynamic structures oscillating from a
branched network to individual organelles according to the metabolic needs or mitochondrial damages.
This oscillation, referred as mitochondrial dynamics, was tightly linked to PDAC aggressiveness.
Indeed, it was shown that increasing mitochondrial fusion suppressed oxidative phosphorylation
(OXPHOS), promoted mitophagy, and improved median survival in PDAC mice models significantly [3].
Conversely, we previously showed in PDAC cell lines that a mitochondrial fission was associated with
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OXPHOS decrease, and enhanced autophagy [4]. Interestingly, in a mice model, a lower metastatic
potential of PDAC cells was associated with a reduced OXPHOS [2]. Consequently, it appeared more
important to disturb mitochondrial dynamics rather than to specifically inhibit fusion or fission [5].
Fusion or fission machineries are composed of a limited, but still growing, number of proteins among
which the most studied are dynamin-related protein 1 (DRP1), optic atrophy 1 (OPA1), and mitofusins
(MEN) 1 and 2 [6,7]. Post-translational modifications of these enzymes participate in the fine-tuning of
mitochondrial dynamics. As an example, the initial step of fission is the recruitment of DRP1 at the
mitochondrial surface, regulated by the phosphorylation ratio between serine 616 (S616) and S637.
The S616 phosphorylation is a fission activator while the S637 one is a fission inhibitor [8].

Myoferlin is a ferlin family member protein, mainly known for its physiological function in
membrane fusion, and its expression level was correlated with poor survival in several cancer types
including PDAC [9]. Previously, our laboratory pointed to myoferlin as a potential biomarker in
PDAC [10], where it is involved in essential membrane processes such as exocytosis and exosome
production [11,12]. Using small interfering RNA (siRNA), we demonstrated that myoferlin depletion
drives the cell toward mitochondrial fission, suggesting that this protein may act as a potential
regulator of mitochondrial dynamics [4,13]. However, despite several advances, the mechanism of
action of myoferlin remains largely unsolved. Interestingly, a myoferlin paralog, encoded by the
dysferlin_v1 alternate transcript, was discovered to harbor a mitochondrial importation signal [14].
Moreover, a recent proteomic study undertaken in mice revealed that myoferlin could be present in
mitochondria [15]. This discovery prompted us to further investigate the putative participation of
myoferlin to the mitochondrial dynamics’ machinery. For the first time, we revealed that myoferlin
interacts with mitofusins, and might contribute to their mitochondrial fusion activities [16].

2. Results

2.1. Endogenous Myoferlin Is Present in Mitochondrial Crude Extract and Colocalized Partly with Mitochondria

Previously, we showed that myoferlin silencing impaired mitochondrial network in Panc-1 cells [4].
Thus, we decided to use the same cell line to investigate the potential mitochondrial localization of
endogenous myoferlin (Figure 1A). Using differential centrifugation steps, we prepared a mitochondrial
crude extract. The abundance of a mitochondrial-specific 60 kDa protein (clone 113-1) [17] indicated
a 4.7-fold enrichment factor in comparison to whole cell extract. Interestingly, the mitochondrial
crude extract contained several myoferlin isoforms with a 1.6-fold increase compared to the whole
cell extract. Even if its relative abundance decreased by 30%, GRP78 was still detectable in the
mitochondprial crude extract indicating either a microsomal contamination or a GRP78 mitochondrial
localization [18]. These encouraging results prompted us to perform an immunofluorescence staining
to explore myoferlin localization inside Panc-1 cells. For this purpose, we used a goat polyclonal
myoferlin antibody (K-16). As previously reported [19], myoferlin staining appeared as a punctuated
signal spread all over the cytoplasm but with a higher density close to plasma membrane (Figure 1B).
Correlative colocalization analysis of deconvoluted images revealed a partial colocalization between
myoferlin and mitochondrial signals (Figure 1C). While linear correlation coefficients (PCC and
SRCC) showed only a weak association (~0.20), Manders’ colocalization coefficients (M1 and M2)
indicated an intermediate colocalization (>0.50). M1 describes the proportion of myoferlin pixels
co-occurring with mitochondrial pixels, and vice-versa for M2. Several myoferlin-positive structures
were identified in contact with mitochondria (Figure 1D,E). Interestingly, some myoferlin staining was
located between mitochondrial sections close to each other and considered as potential mitochondrial
fusion sites (Figure 1D,E). Myoferlin and mitochondrial colocalization was confirmed by “distance
between objects”-based methods (Figure 1F). These methods showed >5% of the myoferlin-positive
objects (N = 4286) were colocalized with a mitochondrial-object (N = 459) with a mean distance of
2 pixels, ranging from 0 to 5 pixels.
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Figure 1. Myoferlin was colocalized with mitochondria in Panc-1 cells. (A) Western blot of 6 pg
protein samples from whole Panc-1 cells and several cellular compartments isolated from Panc-1 cells.
Myoferlin, vinculin, GRP78, and a 60 kDa mitochondrial protein were detected on the same membrane.
Compartment relative quantification was performed using Image]; (B) representative confocal image of
nuclei (blue), myoferlin (K-16—green) and mitochondria (113-1—red) immunofluorescence. Scale bar
= 20 um; (C) Pearson (PCC), Spearman rank (SRCC) correlation coefficients, Manders’ colocalization
coefficients (M1,M2), and intensity correlation quotient (ICQ) calculated on 17 independent microscopic
fields. Manders scatterplot, associated with its linear regression (red line), shows the correlation
between the intensity of each pixels in each channel. (D,E) Deconvoluted confocal image of nuclei
(blue), myoferlin (K-16—"hot” red scale), mitochondria (113-1—"cold” cyan scale). Scale bar = 5 pm.
Regions surrounded by white dashed boxes are putative mitochondrial fusion sites. (D) Channel
intensity profile was established following the segment between orange (0-pixel position) and green
(500-pixel position) cross marks; (E) The region surrounded by a yellow dashed box was used to
generate the 2D intensity profile. Regions surrounded by white dashed box and marked by white arrow
head is a putative mitochondrial fusion site; (F) percentage of myoferlin-positive objects (N = 4286) with
the center of a mass overlapping mitochondrial object (N = 459), a percentage of myoferlin-positive
object colocalizing mitochondrial object calculated by fitting of the Ripley’s K function or by statistical
object distance analysis (SODA). Colocalization distances in pixels were measured in both cases.
All experiments were performed as three independent biological replicates.

Immunofluorescence results were confirmed using an additional myoferlin polyclonal antibody
raised in rabbits (Figure S1).
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2.2. Endogenous Myoferlin Colocalized with Mitochondrial Fusion Machinery in Pancreas Cancer Cell Lines

Owing to the known function of myoferlin in membrane fusion, we thought to evaluate
the colocalization of myoferlin with a component of the fusion machinery: mitofusins. We thus
performed immunofluorescence using myoferlin antibody (K-16) and MFN1 antibody (H-65). In Panc-1
cells, myoferlin was mainly associated with MFNT1 in the perinuclear region (Figure 2A). Linear
correlation coefficients (Figure 2B) showed a strong association between stainings. “Distance between
objects”-based methods (Figure 2C) revealed that 20% to 30% of the myoferlin-positive objects
(N =7128) were colocalized with a MFN1-positive object (N = 369) with a mean distance of 3 pixels,
ranging from 0 to 5 pixels. These results were confirmed by using an additional myoferlin antibody
raised in rabbit and a MFN1/2 polyclonal antibody (3C9) raised in mouse (Figure S2). In order to
confirm these results, we performed a proximity ligation assay on Panc-1 cells. This experiment
showed 21.3 + 6.8 proximity dots per cell, indicating a maximal 40 nm distance between myoferlin and
MEN1/2 (Figure 2D). We next inhibited myoferlin expression using siRNA to confirm the specificity of
the proximity ligation assay signal. Myoferlin silencing suppressed more than 95% of the colocalization
signal confirming the specificity of the colocalization (Figure 2E). Proximity ligation assay results
were confirmed in Panc-1 cells by indirect fluorescence resonance energy transfer analysis showing a
significant FRET ratio (Figure S3).

We then decided to confirm MFN1/2-myoferlin colocalization in three additional PDAC cell
lines (BxPC-3, MiaPaCa-2 and PaTu8988T) for which we reported the relative myoferlin and MFN1/2
expression (Figure 54). In every evaluated cell line, a colocalization was identified mainly thanks
to Manders’ colocalization coefficients (M1, M2) (Figure 3A—C). In these cell lines, linear correlation
coefficients (PCC and SRCC) showed a weaker association (from 0.20 to 0.6 depending of the cell
line) than in Panc-1 cell lines. In the BxPC-3 cell line, immunofluorescence staining showed that
MEFN1/2-myoferlin association was mainly localized at cell periphery (Figure 3A—left panel). In a
PaTu8988T cell line, even if colocalization coefficients were sound, the very limited observable
cytoplasm area and the low myoferlin expression level made results difficult to interpret. Consistent
with the immunofluorescence results, proximity ligation assay showed less colocalization dots in
BxPC-3, MiaPaCa-2, and PaTu8988T than in Panc-1 cells (Figure 3D). The relative amount of proximity
dots appeared to be correlated with myoferlin abundance of each cell line. Considering our findings,
we then tested whether myoferlin was physically interacting with MFN1/2.

2.3. Myoferlin Interacts with Mitofusins in Pancreas Cancer Cells

We first took advantage of an overexpression model of hemagglutinin (HA)-tagged myoferlin in
Panc-1 cells to maximize the myoferlin-MFN1/2 interaction, and performed a coimmunoprecipitation
assay. We immunoprecipitated MFN1/2 and showed the coprecipitation of HA-tagged myoferlin
(Figure 4A). Encouraged by this unforeseen result, we decided to confirm the myoferlin-MFN1/2
interaction in endogenous expression systems. We thus performed the same experiment in Panc-1,
BxPC-3, MiaPaCa-2 and PaTu8988T cell lines. In all cell lines tested, myoferlin coprecipitated with
MEN1/2 (Figure 4B,4C) with an abundance in agreement with the previously described myoferlin
expression level (Figure S4). In the light of our results, we wondered if the myoferlin-MFN1/2
interaction occurred in normal cells.

2.4. Myoferlin Colocalizes but Does Not Interact with Mitofusins in Normal Cells

Myoferlin expression is supposed to be low in differentiated normal cells. We thus selected
subconfluent (90%) murine C2C12 myoblasts for their known functional expression of myoferlin [20]
and immortalized human pancreatic normal epithelial (HPNE) cell lines with undifferentiated
phenotype [21]. Immunofluorescence revealed a colocalization between myoferlin and MFN1/2
(Figure 5A-D). However, in these cell lines, MFN1/2 immunoprecipitation did not reveal a convincing
physical interaction with myoferlin (Figure 5E F) suggesting an interaction specific to cancer cells.
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Figure 2. Myoferlin was colocalized with mitochondrial fusion machinery. (A) Representative
deconvoluted confocal image of nuclei (blue), myoferlin (K16—"“hot” red scale) and mitofusin-1
(H65—"cold” cyan scale) immunofluorescence. Scale bar = 20 um. Region surrounded by yellow
dashed box was used to generate the 2D intensity profile; (B) Pearson (PCC), Spearman rank (SRCC)
correlation coefficients, Manders’ colocalization coefficients (M1,M2), and intensity correlation quotient
(ICQ) were calculated on 20 independent microscopic fields randomly selected; (C) percentage of
myoferlin-positive objects (N = 7128) with center of mass overlapping mitochondrial object (N = 369),
percentage of myoferlin-positive object colocalizing mitochondrial object calculated by fitting of the
Ripley’s K function or by statistical object distance analysis (SODA). Colocalization distances in pixels
were measured in both cases; (D) representative images of proximity ligation assay (PLA) between
myoferlin (HPA) and mitofusin-1/2 (3C9). Scale bar = 4 pm. Controls were established by substitution of
antibodies by control isotypes or by using antibodies against non-interacting proteins (SP1 and GLUT1);
(E) representative images of PLA in Panc-1 cells transfected with irrelevant or myoferlin-specific
siRNA. Scale bar = 4 um. MFN1/2-MYOF PLA (N = 10) were quantified using Image]. Kruskal-Wallis
non-parametric test followed by Dunn’s pairwise comparison was performed, ** p < 0.01, *** p < 0.001.
All experiments were performed as three independent biological replicates.
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Figure 3. Myoferlin was colocalized with MFN1/2 in several pancreas cancer cell lines. (A) representative
deconvoluted confocal image of nuclei (blue), myoferlin (HPA—"hot” red scale) and mitofusin-1/2
(8C9—"cold” cyan scale) immunofluorescence of BxPC-3, MiaPaCa-2 and PaTu8988T cell lines. Scale bar
=20 pm. (B) Channel intensity profiles were established following the segment between orange and
green cross marks. Black arrow heads indicate colocalization spots. (C) Pearson (PCC), Spearman rank
(SRCC) correlation coefficients, Manders’ colocalization coefficients (M1,M2), and intensity correlation
quotient (ICQ) were calculated on >13 independent microscopic fields. (D) Representatives images
of MFN1/2-MYOF proximity ligation assay (PLA). Scale bar = 4 um. MFN1/2-MYOF PLA (N = 10)
were quantified using Image]. Kruskal-Wallis non-parametric test followed by Dunn’s a pairwise
comparison was performed, * p < 0.05, ** p < 0.01, ** p < 0.001. All experiments were performed as
three independent biological replicates.
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Figure 4. Myoferlin interacts with mitofusins in pancreas cancer cell lines. (A) coimmunoprecipitation of
mitofusins and HA-tagged myoferlin with an anti-mitofusin antibody. Western blot of protein samples
from whole cells (input), IgG control immunoprecipitation (IgG), and mitofusins immunoprecipitation
(anti-MFN1/2) of HA-myoferlin transfected Panc-1 cells. HA-myoferlin and mitofusins were
detected on the same membrane; (B) coimmunoprecipitation of mitofusins and endogenous
myoferlin with an anti-mitofusin antibody. Western blot of protein samples from whole cells, IgG
control immunoprecipitation, and mitofusins immunoprecipitation of Panc-1, BxPC-3, MiaPaCa-2,
and PaTu8988T cell lines. Myoferlin and mitofusins were detected on the same membrane; (C) myoferlin
(or HA-tagged myoferlin) enrichment in anti-MFN1/2 relatively to IgG. Quantification was performed
using Image]. All experiments were performed as three independent biological replicates.

2.5. Mitochondrial Impact of Myoferlin Depletion in Pancreas Cancer Cells

In order to illustrate the functional role of myoferlin in mitochondria of pancreas cancer cells,
we investigated mitochondrial network, mitochondrial ultrastructure and oxygen consumption rate
(OCR) in myoferlin-depleted Panc-1 cells. Tetramethylrhodamine ethyl ester (TMRE) staining showed
a mitochondrial swelling and a disruption of the mitochondrial network upon myoferlin silencing
(Figure 6A). In Panc-1 cells transfected with irrelevant siRNA, ultrastructural analysis revealed
elongated or circular mitochondrial sections with homogeneous matrix and well-defined cristae
(Figure 6B). When Panc-1 cells were transfected with myoferlin siRNA, mitochondrial matrix appeared
condensed with less abundant cristae. Oxygen consumption rate, reflecting electron transport chain
activity, was significantly decreased by myoferlin silencing in Panc-1 cells (Figure 6C).
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Figure 5. Myoferlin was colocalized with mitofusin-1 in normal cell lines. Representative deconvoluted
confocal image of nuclei (blue), myoferlin (HPA—"hot” red scale) and mitofusin-1/2 (3C9—"cold” cyan
scale) immunofluorescence of (A) C2C12 murine myoblast and (B) immortalized human pancreatic
normal epithelial (HPNE) cell lines. Scale bar = 20 pm. Channel intensity profiles were established
following the segment between orange and green cross marks. Black arrow heads indicate colocalization
spots. (C,D) Pearson (PCC), Spearman rank (SRCC) correlation coefficients, Manders’ colocalization
coefficients (M1,M2), and intensity correlation quotient (ICQ) were calculated on >15 independent
microscopic fields; (E,F) coimmunoprecipitation of mitofusins and endogenous myoferlin with an
anti-mitofusin antibody. Western blot of protein samples from whole cells (input), IgG control
immunoprecipitation (IgG), and mitofusins immunoprecipitation (anti-MFN1/2) of C2C12 and HPNE
cell lines. Myoferlin and mitofusins were detected on the same membrane. Quantification was
performed using Image]. All experiments were performed as three independent biological replicates.
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Figure 6. Mitochondrial impact of myoferlin deletion in pancreas cancer cells. (A) Mitochondria
were stained with tetramethylrhodamine ethyl ester (1 nM TMRE) in Panc-1 living cells depleted for
myoferlin. (B) Panc-1 cells depleted for myoferlin were fixed with glutaraldehyde and observed under
transmission electron microscope. (C) Kinetic oxygen consumption rate (OCR) response of Panc-1
cells to oligomycin (oligo, 1 uM), FCCP (1.0 pM), rotenone, and antimycin A mix (Rot/Ant, 0.5 tM
each). Each data point represents mean + SD of technical replicates. All experiments were performed
as three independent biological replicates. *** p < 0.001, ** p < 0.01.

3. Discussion

Myoferlin is a member of the ferlin family, mainly known for its function in myoblast membrane
fusion and membrane reparation. Thanks to its multiple C2 domains, myoferlin participates in the
tethering of vesicles to membranes and to the calcium sensing. An extensive and excellent review
has been recently published on the functions of ferlins in vertebrates [22]. Myoferlin expression is
increased in a large panel of cancer cells and tumors, where most of the studies described its role in the
recycling of membrane receptors (EGFR, IGFR, ... ). Its participation in signaling pathways explains
why its depletion leads to a decrease of cell growth or migration [9,23].

Mitochondprial dynamics is closely related to human diseases such as Charcot-Marie-Tooth disease
type 2A and optic atrophy. In cancer, an increasing body of literature links mitochondrial fusion/fission
to cancer cell metabolism [24,25]. Apparently discordant results concerning functional impact of
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mitochondrial fusion/fission [2-4] suggest that disturbing mitochondrial dynamics is more important
than specifically inhibiting fusion or fission [5].

A specific isoform of dysferlin, the closest myoferlin homolog [26], is encoded by the dysferlin_v1
alternate transcript and harbors a mitochondrial importation signal suggesting a mitochondrial
localization [14]. Indeed, dysferlin was reported to interact with mitochondrial ATP synthase coupling
factor 6 in HUVEC cells [27], ATP synthase subunits, and several other mitochondrial proteins in
myoblasts [14]. Surprisingly, patients with dysferlinopathies caused by mutations in DYSF genes
present frequently mitochondrial complex I and IV deficiencies [28]. Myoferlin was localized in
several cell compartments including plasma membrane and endoplasmic reticulum [19]. However,
a recent proteomic study revealed that mouse myoferlin could be present in mitochondria isolated from
normal tissues [15]. For the first time, our results showed that myoferlin colocalizes and interacts with
mitofusins, key proteins in mitochondrial fusion [29]. Of course, our results did not allow for excluding
an indirect interaction between myoferlin and mitofusin. Interestingly, mitofusin-2 is a member
of the dynamin-like GTPase superfamily and harbors a proline-rich domain [30] when myoferlin
contains a SH3 domain [31] controlling protein-protein interactions through proline-rich domains. It is
worth noting that a myoferlin colocalization with rab7 GTPase was reported in late endosomes [19],
and a direct interaction was suggested in an exogenous expression system [32]. Myoferlin exhibits
several additional domains (FerB, Ferl, Ferlin C, DysF) with an unidentified function [9], opening new
possibilities for its interaction with mitochondrial mitofusins, including mitofusin-1. Based on the idea
that myoferlin participates functionally in the highly responsive mitochondrial dynamics through an
interaction with mitofusin, this interaction should be quickly reversed, excluding probably covalent
interactions. However, we do believe that this interaction has to be stable to keep mitochondria in the
desired states. In this hypothesis, myoferlin could be considered as a functional interactor of mitofusins
in the mitochondrial fusion (Figure 7—model A).

Endoplasmic reticulum (ER)-mitochondrial contacts were extensively studied, allowing the
identification of mitochondria-associated ER membranes (MAM) working as a platform for Ca2+
transfer, lipid synthesis, and metabolism [33]. Noticeably, mitochondrial fission spatially occurs at
sites of proximity to the ER [34].

Mitofusin-2 is enriched in MAM where it has been proposed to control the stability of the organelle’s
interaction by homotypic and heterocomplex interaction with mitochondrial mitofusins [35]. However,
an alternative model for MFN2-mediated ER-mitochondria tethering was proposed. In this model,
MEFN2 acts as a negative modulator of ER-mitochondria interaction, sequestering a still unknown
tethering subunit [36]. Our results do not exclude an interaction of myoferlin with MFN2 on the ER.
In the context of the alternative model describing the ER-mitochondria interaction, we hypothesize that
myoferlin participates to the sequestration of MFN2, avoiding the stabilization of the ER-mitochondria
contact needed for mitochondrial fission (Figure 7—model B).

As it stands for now, our findings clearly demonstrate a physical interaction between myoferlin
and mitofusins in pancreas cancer cells. However, several points need to be clarified in the future.
Among them, the identification of myoferlin and mitofusin isoforms interacting together seems to
be a priority. The nature of the interaction also remains to be elucidated. Is it a direct or an indirect
interaction? What are the protein domains involved? In vivo studies have to be considered, first to
further validate the potential of myoferlin as a therapeutic target, and then to confirm the biological
relevance of the myoferlin-mitofusin interaction. These discoveries will open up new research avenues
aiming at modulating mitofusin function or targeting myoferlin to fight pancreas cancer. In this
perspective, interrogating TCGA data with OncoLNC engine (http://www.oncolnc.org), it is noteworthy
that mitofusin-1 (Cox coefficient = 0.353, p = 0.004) and myoferlin expression (Cox coefficient = 0.561,
p < 0.001) [4,9] are both correlated with a poor overall survival in PDAC. Furthermore, Wang and
coworkers reported a significant correlation between overall survival of PDAC patients and myoferlin
abundance in resected tumors [37]. Myoferlin involvement in PDAC progression could go beyond
cancer cell biology. Indeed, PDAC is generally considered as a “cold” immune environment probably
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with the participation of the Wnt/f3-catenin pathway. Restoration of anti-PDAC immunity, especially
in invasive tumors, remains a valid strategy [38]. In this context, we previously reported myoferlin as
a negative regulator of autophagy in PDAC [4]. Additionally, a recent report pointed at myoferlin in
muscle development as an indirect regulator of Wnt/3-catenin pathway by a protection of Dishevelled-2
against autophagy. The autophagy induced by myoferlin silencing could be considered as a way
to promote disheveled degradation and to switch off Wnt signaling [39]. PDAC aggressiveness is
due to its late diagnosis but also to its ability to acquire resistance to treatment, a process in which a
Smad2/3-independent TGF-f3 autocrine loop [40] is involved. Interestingly, myoferlin was previously
reported to regulate the TGF-3 autocrine loop in breast cancer cells [41], and Smad2, a downstream
transducer, was recently reported as a mitofusin interactor in mitochondrial fusion [42]. These findings
raise the question of a potential interaction between mitofusin, smad2, and myoferlin and of their
relevance as therapeutic target.
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Figure 7. Proposed models for myoferlin involvement in mitochondrial dynamics. Model A describes
the functional interaction between mitofusins and myoferlin. Myoferlin interacts with mitofusin and
participates, as a positive regulator, to mitochondrial fusion. Myoferlin depletion reduces efficiency or
inhibits the mitofusin-mediated mitochondrial fusion. Model B depicts the mitofusin sequestration by
myoferlin impairing the ER-mitochondria tethering and subsequent fission. Myoferlin silencing results
in the stabilization of the ER-mitochondria tethering by mitofusin interaction allowing ER wrapping
and DRP1 recruitment. Designed with Servier Medical Art (https://smart.servier.com) licensed under a
Creative Commons Attribution 3.0 Unported License.

4. Materials and Methods

4.1. Cells and Chemicals

PaTu8988T (ACC162) were purchased from the Leibniz-Institute (DSMZ, Braunschweig, Germany)
while HPNE (CRL- 4023) and C2C12 (CRL-1772) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Panc-1 (CRL-1469), BxPC-3 (CRL-1687) and MiaPaCa-2
(CRL-1420) were generous gifts from, respectively, Prof. Muller and Burtea (NMR Laboratory,
University of Mons, Belgium), Prof. Bikfalvi (Inserm U1029, Bordeaux, France) and Prof. De Wever
(Laboratory of Experimental Cancer Research, University of Gent, Belgium). All cell lines were
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recently authenticated using STR profiling (DSMZ, Braunschweig, Germany). Antibodies against
hemagglutinin (HA, 3724S), and GLUT1 (12939) were from Cell Signaling (Danvers, MA, USA). Vinculin
(sc-25336), Myoferlin K-16 (sc-51367), MEN1 (H-65, sc-50330), SP1 (sc-17824), and HSC70 (sc-7298)
antibodies were purchased from Santa-Cruz (Dallas, TX, USA). GRP78 (MAB4846) and mitochondria
(Clone 113-1, MAB1273) antibodies were obtained from Millipore (Burlington, MA, USA). Myoferlin
polyclonal antibody (identified here under as HPA - HPA014245) and MFN1/2 antibody (clone 3C9,
ab57602) were respectively from Sigma (Bornem, Belgium) and Abcam (Cambridge, UK). All reagents
were purchased from Sigma (Bornem, Belgium) unless mentioned otherwise.

4.2. Cell Culture

Panc-1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Lonza, Basel,
Switzerland) supplemented with 10% fetal bovine serum (FBS). Miapaca-2 and C2C12 were maintained
in DMEM supplemented with 10% FBS, 1 mM sodium pyruvate and 4 mM L-glutamine. PaTu8988T
were cultured in DMEM supplemented with 5% FBS, 5% horse serum, and 2 mM L-glutamine. BxPC-3
were maintained in RPMI1640 supplemented with 10% FBS, 1 mM sodium pyruvate, 10 mM HEPES,
and 2.5 g/L of glucose. HPNE required a medium composed of 75% DMEM, 25% M3 Base (Incell Corp,
San Antonio, TX, USA), 2.5% FBS, 0.01% epidermal growth factor, 2 mM L-glutamine, and 1 g/L of
glucose. The cells were cultured in a humidified 5% CO2 incubator at 37 °C and were used between
passage 1 and passage 10. The cells were monthly tested for mycoplasma.

4.3. Small Interfering RNA Transfection

Cells were transfected with 20nM siRNA using calcium phosphate. Medium was replaced
16 h after transfection, media replacement was considered as time 0. All experiments were
performed 48 h after treatment. Myof#1-5 CCCUGUCUGGAAUGAGAUUUU 3’ and Myof#2-5’
CUGAAGAGCUGUGCAUUATT 3’ siRNA were used to target myoferlin while the irrelevant siRNA-5
CUUACGCUGAGUACUUCGAUU 3’ was used as transfection control. All siRNA were purchased
from Eurogentec (Liege, Belgium).

4.4. Plasmid Preparation and Transfection

pCDNA3.1-Myoferlin HA [43], a plasmid encoding for human myoferlin cDNA with a
C-terminal HA-tag was a gift from William Sessa (plasmid #22443; http://n2t.net/addgene:22443;
RRID:Addgene_22443, Addgene, Watertown, MA, USA). The plasmid was amplified in DH5alpha
bacteria cultured in classical LB medium, supplemented with ampicillin (100 pg/mL), overnight at
37 °C in an agitating incubator (200 rpm). Plasmid purification was performed using the PureYieldTM
Plasmid Maxiprep System (A2393) from Promega (Fitchburg, WI, USA). Panc-1 cells were transiently
transfected with 1 ug of plasmid using 2.5 puL Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) as
reported by the manufacturer’s recommendation. Medium was replaced 4 h after transfection. In order
to select transfected cells, antibiotic pressure using G-418 solution was maintained at a concentration
of 200 pg/mL.

4.5. Western Blotting

Protein samples were solubilized in 1% sodium dodecyl sulfate (SDS) supplemented with
phosphatase and protease inhibitors. Bicinchoninic acid (BCA) protein assay kit (Thermo Scientific,
Waltham, MA, USA) was used for protein quantification. Proteins were denatured in Laemmli’s
buffer during 5 min at 99 °C. Samples were loaded on sodium dodecyl sulfate polyacrylamide gel for
migration and were transferred on a PVDF membrane during 90 min at room temperature (RT) or
overnight at 4 °C. Membranes were blocked for 1 h according to antibody manufacturers’ instructions.
Then, they were incubated overnight at 4 °C with primary antibodies (dilution 1:1000) and probed
with corresponding secondary antibodies linked to horseradish peroxidase (dilution 1:3000) for 1 h
at RT. Revelation was performed using chemiluminescent reagents (ECL Western blotting substrate,
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Thermo Scientific, Waltham, MA, USA). Quantification was performed using densitometric analysis
and immunoblots were normalized with HSC70 using Image]J software.

4.6. Immunofluorescence

Cells (6 x 10%) were seeded on sterilized glass coverslips. After 24 h, cells were washed once with
PBS and fixed with ice-cold methanol-acetone (4:1) during 10 min. Then, cells were washed twice
with PBS and were blocked in 2% bovine serum albumin diluted in PBS for 30 min. After blocking,
coverslips were incubated during 2 h with primary antibodies (dilution 1:100 in BSA-PBS) at RT in a
humidified chamber. This step was followed by three washes in 2% BSA-PBS. Coverslips were then
incubated with corresponding Alexa Fluor 488 or Alexa Fluor 546 conjugated secondary antibodies
(Invitrogen, Molecular Probes, Carlsbad, CA, USA) in a humidified chamber for 45 min (dilution 1:1000
in BSA-PBS). Nuclei counterstaining was performed using hoechst DNA probe (0.01 g/L, Calbiochem,
San Diego, CA, USA). Observation fields were selected randomly and pictures were acquired using an
A1R confocal microscope (Nikon, Yokohama, Japan).

4.7. Colocalization Studies

Immunofluorescence images were deconvoluted using online NIS-elements tool (Nikon).
Colocalization analysis were first performed, without selection of regions of interest, using correlation
methods: Pearson coefficient correlation (PCC), Spearman’s rank correlation coefficient (SRCC),
Manders’ colocalization coefficients (M1 and M2), and intensity correlation quotient (ICQ), thanks
to EzColocalization [44] Image] plugin. Background was automatically identified according to the
Costes method. Then, we used “distance between objects”-based methods: distance analysis (centers
of mass of channel 1 objects inside channel 2 masks), parametric analysis of the Ripley’s K function,
and non-parametric Ripley’s analysis (SODA), thanks to colocalization studio plugin in Icy software [45].
A 5-pixel maximal limit was used as a threshold.

4.8. Proximity Ligation Assay

Duolink PLA kit (Sigma, Bornem, Belgium) was used according to the manufacturer’s instructions.
In order to detect the proximity between myoferlin and mitofusins, rabbit anti-myoferlin (HPA) and
mouse anti-MFN1/2 (3C9) primary antibodies were used (dilution 1:75). Oligonucleotides conjugated
secondary antibodies were provided by the kit allowing detection of a red signal if less than 40 nm
separates both proteins of interest. Observation fields were selected randomly and pictures were
acquired using an A1R confocal microscope. In each microscopic field, proximity dots were counted
using Image] and divided by the number of nuclei.

4.9. Fluorescence Resonance Energy Transfer

All samples were proceeded as described in Immunofluorescence section. Alexa Fluor
488-conjugated secondary antibody was selected as the donor fluorophore while Alexa Fluor
546-conjugated secondary antibody was selected as the acceptor (Invitrogen, Molecular Probes,
Carlsbad, CA, USA). As a positive control, two secondary antibodies were used, both targeting rabbit
anti-myoferlin (HPA) primary antibody, and carrying acceptor or donor fluorophore. Finally, as a
negative biological control, proteins from distinct compartments, the nuclear factor SP1 and the plasma
membrane transporter GLUT1 were selected. Images were acquired with a LSM880 Airyscan Elyra
Microscope (Zeiss, Oberkochen, Germany).

4.10. Co-Immunoprecipitation

Proteins were extracted using non-denaturing buffer containing Tris-HCI pH 8 (20 mM), NaCl
(137 mM), NP40 (1%), EDTA (2 mM), and supplemented with protease inhibitors. Following extraction,
proteins were incubated under rotation at 4 °C during 30 min and were centrifuged at 14000x g for



Cancers 2020, 12, 1643 14 of 17

15 min at 4 °C to eliminate cell debris. 5 ug of MEN1/2 or isotype IgG control (Thermo Scientific,
Waltham, MA, USA) antibodies were incubated overnight with 500 ug of the protein extract. Then,
protein A/G magnetic beads (Thermo Scientific, Waltham, MA, USA) were added and incubated at
4 °C under rotation for 2 h. After three washes with a low salt buffer containing SDS (0.1%), Triton
X-100 (1%), EDTA (2 mM), Tris-HCl1 pH 8 (20 mM) and NaCl (150 mM), and one wash of high salt
buffer composed of SDS (0.1%), Triton X-100 (1%), EDTA (2 mM), Tris-HCI pH 8 (20 mM), and NaCl
(450 mM), proteins were eluted from magnetic beads using Laemmli’s buffer and then processed for
Western blotting.

4.11. Mitochondrial Enrichment

Mitochondrial isolation kit (Qiagen, Hilden, Germany) was used according to the manufacturer’s
instructions. Briefly, 2 X 107 washed cells were suspended in lysis buffer in order to disrupt
plasma membrane. After centrifugation (1000x g, 10 min, 4 °C), the supernatant contained cytosolic
proteins while the pellet was composed of intact mitochondria, endoplasmic reticulum, and other
compartmentalized organelles. The pellet was suspended in disruption buffer and homogenized in
a potter with a glass pestle (15X). After centrifugation (1000x g, 10 min, 4 °C), nuclei, cell debris,
and unbroken cells were pelleted while the microsomes and mitochondria were contained in the
supernatant. The supernatant was then centrifuged (6000x g, 10 min, 4 °C) and the obtained pellet
was resuspended in mitochondrial purification buffer. The mitochondrial suspension was pipetted on
density gradient layers. After centrifugation (14,000x g, 10 min, 4 °C), mitochondria were pelleted and
harvested. All fractions were processed for further Western blotting experiments.

4.12. TMRE Mitochondrial Staining

Tetramethylrhodamine ethyl ester (TMRE) was used to visualize mitochondria in living Panc-1
cells. siRNA-transfected cells were seeded in 8-well slides (IBIDI, Munich, Germany) at low confluence.
Staining was performed for 15 min at 37 °C with TMRE (1 nM). Images were acquired by epifluorescence
microscopy as Z-stacks with an A1R microscope.

4.13. Ultrastructural Analysis

Panc-1 cells were fixed for 90 min at room temperature with glutaraldehyde (2.5%) in a Sérensen
phosphate buffer (0.1 M, pH 7.4) and post-fixed for 30 min with 2% osmium tetroxide. Embedding and
observation were performed as previously described [12].

4.14. Oxygen Consumption Rate Analysis

Oxygen consumption rates were measured with a Seahorse XFp extracellular flux analyzer
(Agilent, Santa Clara, CA, USA). siRNA-transfected Panc-1 cells were seeded (13000 cells per well) in
XFp mini-plates and allowed to attach overnight. For mitochondrial OCR analysis, cells were kept in
unbuffered serum-free DMEM (Basal DMEM, Agilent) supplemented with pyruvate (1 mM), glutamine
(2 mM), glucose (10 mM), pH 7.4 at 37 °C, and ambient CO2 for 1 h before the assay. During the
assay, cells were successively stressed with oligomycin (1 pM), FCCP (1.0 uM), and rotenone/antimycin
A (0.5 uM each) mix. Results were normalized according to the cell number evaluated by Hoechst
(2 ug/mL) incorporation after cold methanol/acetone fixation.

4.15. Statistical Analysis

Results were presented as individual scatter-plots together with median and interquartile range.
Two-sided statistical analysis was performed using non-parametric analysis of variance. Groups were
compared by Dunn’s ¢ test, and p < 0.05 was considered as statically significant.
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5. Conclusions

The disruption of the mitochondrial network is associated with a significant inhibition of cell
proliferation and migration in pancreas cancer cells. The discovery of a mitofusin—-myoferlin interaction
in PDAC cell lines opens up new research avenues aiming at modulating mitofusin function in
pancreas cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/6/1643/s1,
Figure S1: Myoferlin was colocalized with mitochondria in Panc-1 cells, Figure S2: Myoferlin was colocalized with
mitofusins in Panc-1 cells, Figure S3: Fluorescence resonance energy transfer showing myoferlin and mitofusins
proximity in Panc-1 cell line, Figure S4: Myoferlin and mitofusins abundance in PDAC cell lines. All full western
blot figures were included in the supplementary materials.
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Abstract: In mammal myocytes, endothelial cells and inner ear cells, ferlins are proteins involved
in membrane processes such as fusion, recycling, endo- and exocytosis. They harbour several C2
domains allowing their interaction with phospholipids. The expression of several Ferlin genes was
described as altered in several tumoural tissues. Intriguingly, beyond a simple alteration, myoferlin,
otoferlin and Fer1L4 expressions were negatively correlated with patient survival in some cancer types.
Therefore, it can be assumed that membrane biology is of extreme importance for cell survival and
signalling, making Ferlin proteins core machinery indispensable for cancer cell adaptation to hostile
environments. The evidences suggest that myoferlin, when overexpressed, enhances cancer cell
proliferation, migration and metabolism by affecting various aspects of membrane biology. Targeting
myoferlin using pharmacological compounds, gene transfer technology, or interfering RNA is now
considered as an emerging therapeutic strategy.

Keywords: ferlin; myoferlin; dysferlin; otoferlin; C2 domain; plasma membrane

1. Introduction

Ferlin is a family of proteins involved in vesicle fusions. To date, more than 760 articles in Pubmed
refer to one of its members. Most of these publications are related to muscle biology, while less than
50 are directly related to cancer. However, the emerging idea of targeting plasma membranes [1] and
the discovery of a significant correlation between Ferlin gene expression and cancer patient survival,
brings attention to cancer. This review focused attention on the roles of these proteins, first in a healthy
context, then in cancer.

During the maturation of spermatids to motile spermatozoa in Caenorhabditis elegans worm,
large vesicles called membranous organelles fuse with the spermatid plasma membrane. This step
requires a functional FER-1 protein encoded by the fer-1 gene (fertilization defective-1) [2]. When FER-1
was identified and sequenced, no other known proteins had strong resemblance to it. Subsequently,
homologs were found by sequence similarity in mammals, forming a family of similar proteins
now called ferlins. In humans, a first C. elegans fer-1 homolog gene was discovered and the protein
encoded by this gene was named dysferlin [3]. Shortly after, a second human FER-1-Like gene was
identified. The product of the gene was named otoferlin [4]. The human EST database mining revealed
a dysferlin paralog called myoferlin [5,6]. Three new members joined the ferlin gene family: FER1L4,
a pseudogene; FER1L5; and FER1L6. The main features of ferlins are summarized in Table 1.
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Table 1. Short description of C. elegans and human ferlin genes and proteins.

Protein Name Gene Name Chromosome Mapping  Main Protein Size

(Uniprot Number)
Sperm vesicle fusion protein fer-1 2034 AA (235 KDa)
FER-1 (Q17388)
Dysferlin (075923) Ferl-Like 1 2p13.2 2080 AA (237 KDa)
Fer1L1
Otoferlin (Q9HC10) Ferl-Like 2p23.3 1997 AA (227 KDa)
Fer1L2
Myoferlin (Q9NZM1) Ferl-Like 3 10g23.33 2061 AA (230 KDa)
Fer1L3
FER1L4 (A9Z1Z3) Ferl-Like 4 20q11.22 pseudogene
FerllL4
FERI1L5 (AOAVI2) Ferl-Like 5 2q11.2 2057 AA (238 KDa)
FerlL5
FER1L6 (Q2WG]J9) Ferl-Like 6 8q24.13 1857 AA (209 KDa)
Fer1L6

The dysferlin mutations were involved in Limb-Girdle muscular dystrophy 2B (LGMD2B),
a autosomal recessive degenerative myopathy, and in Miyoshi muscular dystrophy 1 (MMD1),
a late-onset muscular dystrophy [3,7]. The otoferlin mutations were described in the non-syndromic
prelingual deafness (DFNB9) and in the auditory neuropathy autosomal recessive 1 (AUNB1) [4,8,9].
Nowadays, myoferlin and the 3 last members of the ferlin family are still not linked to human
genetic diseases. However, myoferlin was proposed as a modifier protein for muscular dystrophy
phenotype [5] and studies of myoferlin-null mice demonstrated impaired myoblast fusion and myofiber
formation during muscle development and regeneration [10]. More recently, a truncated variant
of myoferlin was associated with Limb-Girdle type muscular dystrophy and cardiomyopathy [11].
Here under, this review discusses that ferlins, mainly myoferlin, are involved in neoplastic diseases
and are potential therapeutic targets.

2. Genomic Organization of Ferlin Gene Family

Ferlin genomic organization has not been extensively investigated. Nonetheless, valuable
information was obtained from sequencing and subsequent gene annotation (www.ensembl.org).
In C. elegans, fer-1 gene is approximately 8.6 kb in length and composed of 21 exons [2]. In humans,
dysferlin gene (DYSF) is composed of 55 exons [12], and encodes 19 splice variant transcripts.
Otoferlin gene (OTOF) contains 47 exons and encodes 7 splice variants. One of them is retaining
an intronic sequence from other locus and is not coding for protein. An alternate splicing results
in a neuronal-specific domain for otoferlin, regulated by the inclusion of exon 47 [8]. Myoferlin
gene (MYOF), is composed of 54 exons and encodes for 9 splice variants. Four of them are not
translated to protein and the shortest retains an intronic sequence. Myoferlin promoter includes several
consensus-binding sites, such as for Myc, MEF2, CEBP, Sp1, AP1, and NFAT. The latter is able to bind
endogenous NFATc1 and NFATc3 [13]. FER1L5 encodes 7 splice variants obtained by the arrangement
of 53 exons. Five transcripts are known to encode proteins when the 2 shortest are retaining intronic
sequences and do not encode protein. FER1L6 gene is composed of 41 exons and encodes a unique
transcript. The main features of ferlin genes are summarized in Table 2.
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Table 2. Short description of C. elegans and human ferlin genes and transcripts.

Gene Name Gene Length  Number of Exons  Transcript Size  Number of Variants
Fer-1 8.6 kb 21 6.2 kb 3
Ferl-Like 1 233 kb 55 0.5-6.7 kb 19
Fer1L1 (DYSF)
Ferl-Like 2 121 kb 47 0.5-7.2 kb 7
Fer1L2 (OTOF)
Ferl-Like 3 180 kb 54 0.4-6.7 kb 9
Fer1L3 (MYOF)
Ferl-Like 4 48 kb 43 0.2-5.9 kb 13
Fer1L4
Ferl-Like 5 64 kb 53 3.5-6.5 kb 7
Fer1L5
Ferl-Like 6 278 kb 41 6 kb 1
FerlL6

3. Ferlin’s Structure and Localization

Caenorrhabditis elegans FER-1 is a large protein rich in charged residues. Charged amino acids are
distributed throughout the whole protein length such that no particularly acidic or basic domains are
observed. The hydrophobicity plot described a 35 amino acid long hydrophobic region at the C-terminal
end [2]. To the authors’ knowledge, it has never been experimentally demonstrated. Similarity studies
suggest that this region might be a transmembrane domain. FER-1 sequence analysis with Pfam
protein families database [14] revealed the existence of 4 C2 domains and several other domains.

Ferlins are proteins harboring multi-C2 domains. These structural domains are ~130 amino acid
long independently folded modules found in several eukaryotic proteins. They were identified in
classical Protein Kinase C (PKC) as the second conserved domain out of four. The typical C2 domain
is composed of a beta-sandwich made of 8 beta-strands coordinating calcium ions, participating
to their ability to bind phospholipids (for review [15]). However, some C2 domains have lost their
capacity to bind calcium but still bind membranes [16]. A large variety of proteins containing C2
domains have been identified, and most of them are involved in membrane biology, such as vesicular
transport (synaptotagmin), GTPase regulation (Ras GTPase activating protein) or lipid modification
(phospholipase C) (for review [17]).

Human ferlin proteins harbour 5 to 7 C2 domains as described in the Pfam database (Figure 1A).
According to this database, in humans, 342 proteins harbour C2 domains. However, the occurrence
of multiple tandem C2 domains is uncommon. Only three vertebrate protein families contain more
than two C2 domains: The multiple C2 domain and transmembrane region proteins (MCTP) [18],
the E-Syt (extended synaptotagmins) [19], and the ferlins. The typical feature of a C2 domain is its
ability to interact with two or three calcium ions. The prototype of this domain is the C2A contained
in PKC that binds phospholipids in a calcium-dependent manner. Several other distinct C2 domain
subtypes, e.g. those found in PI3K and in PTEN, do not have calcium binding abilities and instead
specialize in protein-protein interactions [16,17]. In classical Ca?*-binding C2 domains, 5 aspartate
residues are involved in the ion binding [20]. Clustal omega alignment of ferlin C2 domains with
PKC and synaptotagmin I C2 domains revealed that the 5 Ca®*-binding aspartic acids were conserved
or substituted by a glutamic acid in the C2E and C2F domains of all human paralogs (Figure 1B).
The aspartic acid to glutamic acid substitution is considered as highly conservative and observed
in some non-ferlin Ca2+—binding C2 domains [21]. Some ferlins showed more C2 domains with
Ca®*-binding potential, e.g. dysferlin and myoferlin C2C and C2D, otoferlin C2D and fer1L6 C2D [22].
The phylogenic tree created by neighbour-joining of a Clustal omega alignment of C2 domain sequences
shows that a C2 domain is more similar to others at a similar position in ortholog proteins than it is to
the other C2 domains within the same protein [23]. A Clustal omega alignment reveals an evolutionary
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distribution of the ferlin proteins into two main subgroups (Figure 1C): The type 1 ferlins containing
a DysF domain and the type-2 ferlins without the DysF domain [22]. This domain is present in yeast
peroxisomal proteins where its established function is to regulate the peroxisome size and number [24].
In mammals, despite the fact that its solution structure was resolved [25] and that many pathogenic
point mutations occur in this region [26,27], the function of this domain remains unknown.
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Figure 1. Structure and phylogenic relation of ferlin proteins. (A) Schematic structure of FER-1 human
homologs as produced by Pfam protein families” database. (B) Clustal omega multiple alignment of
ferlin C2 domains. Conserved Ca?*-binding site are highlighted in red (aspartic acid—D) or yellow
(glutamic acid—E). (C) Cladogram of clustal omega alignment indicating type 1 ferlins in blue and
type 2 ferlins in yellow. The branch length is indicated in grey.
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Immunodetection of a myoferlin-haemagglutinin fusion protein in non-permeabilised COS-7 cells
confirmed the presence of the C-terminal domain of the protein in the extracellular compartment [28],
supporting the functionality of the putative trans-membrane region. The sublocalisation of ferlins was
further studied, indicating robust membrane localisation for dysferlin, myoferlin and Fer1L6 while
only low levels of otoferlin were at the plasma membrane and Fer1L5 was intracellular. Dysferlin
and myoferlin were localised within the endo-lysosomal pathway accumulating in late endosomes
and in recycling compartment. GFP-myoferlin fusion protein revealed that myoferlin was colocalized
with lysosomal markers in NIH3T3 cells [29]. Otoferlin has been shown to move from the trans-Golgi
network to the plasma membrane and inversely. FerlL5 was cytosolic while Fer1L6 was detected in
a specific sub-compartment of the trans-Golgi network compartment [30].

4. Ferlin’s Interactions with Phospholipids

Ferlins are regarded as intrinsic membrane proteins through their putative transmembrane
region. However, they can also interact with membranes by other domains. Experimentally, myoferlin
C2A was the single C2 domain able to bind to phospholipid vesicles. A significant presence of
the negatively charged phosphatidylserine (PS) was required for this interaction. Myoferlin C2A
binding to PS-containing vesicles did not occur with calcium concentration similar to the one observed
in the basal physiological condition (0.1 pM). Indeed, the half-maximal binding was observed at
1 uM [31], suggesting that the C2A domain is involved in specific processes inside the cell requiring
Ca?* release from intracellular stock, like in Ca?*-regulated exocytosis. When cells are stimulated
by various means, including depolarization and ligand binding, the cytosolic Ca?* concentration
increases to the concentration up to 1 uM or more [32], similar to the one required by myoferlin C2A
domain to bind lipids. It appears that dysferlin C2A domain has the same binding properties as
myoferlin C2A domain. However, its half-maximal lipid binding was higher (4.5 uM) [31]. A recent
publication confirmed that myoferlin and dysferlin C2A domains exhibit different Ca?* affinities.
However, they describe myoferlin C2A domain with a lower Ca2* affinity than the dysferlin homolog
C2 domain, and a marginal binding of myoferlin C2A domain to phospholipid mixture containing
PS [33]. The binding of dysferlin C2A to PS was confirmed and extended to several phosphoinositide
monophosphates in a Ca?*-dependent fashion. Therrien et al. observed that all remaining dysferlin
C2 domains were able to bind to PS but independently of Ca?* [34]. The laurdan fluorescence
emission experiments suggest that dysferlin and myoferlin contribute to increase the lipid order in
lipid vesicles. The magnitude of this observation was calcium-enhanced and C2 domains within both
N- and C-termini of ferlins influenced lipid packing. The experiments conducted with individual
recombinant ferlin’s C2A-C domains demonstrated that all of them are able to increase lipid order [35].

The authors described in the first part of this review the conservation of the 5 Ca?*-binding
aspartate residues in the C2D-F domains of otoferlin making them putative Ca?*-binding sites.
In addition to its C2D-F domains, otoferlin is also able to bind Ca?* via its C2B and C2C domains [36].
Despite the fact that C2A domain from otoferlin does not possess all five aspartate residues, its ability
to bind Ca?* is still under debate. Therrien and colleagues showed that otoferlin C2A domain can
bind PS in a Ca?*-dependent fashion, suggesting an interaction with this ion [34]. This interaction
was confirmed by a direct measure of otoferlin-binding to liposomes in the presence of Ca?* (1 mM).
Moreover, C2A-C domains seem to bind lipids also under calcium free conditions [36]. At the opposite,
a spectroscopy analysis indicates that otoferlin C2A domain is unable to coordinate Ca?* ion [37].

Floatation assays were unable to confirm the interaction between otoferlin C2A and lipids.
This may be due to the presence of a shorter membrane-interacting loop at the top of the domain [37].
As for dysferlin and myoferlin, otoferlin increases lipid order in vesicles. However, its C2A does not
participate to the phenomenon [35].

Ferlin proteins contain also a FerA domain recently described as a four-helix bundle fold with its
own Ca?*-dependent phospholipid-binding activity [38].
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5. Ferlin’s Main Functions in Non-Neoplastic Cells and Tissues

5.1. In Mammal Muscle Cells

Dysferlin and myoferlin have a specific temporal pattern of expression in an in vitro model
of muscle development. Myoferlin was highly expressed in myoblasts that have elongated prior
to fusion to syncytial myotubes. After fusion, myoferlin expression was decreased. The dysferlin
expression increased concomitantly with the fusion and maturation of myotubes [31]. A proteomic
analysis revealed the interacting partners of dysferlin during muscle differentiation [39]. It appeared
that the number of partners decreases during the differentiation process, while the core-set of
partners is large (115 proteins). Surprisingly, the dysferlin homolog myoferlin was consistently
co-immunoprecipitated with dysferlin. The gene ontology analysis of the core-set proteins indicates
that the highest ranked clusters are related to vesicle trafficking. In the C2C12 myoblast model,
immunoprecipitation experiments showed that myoferlin interacts with the Eps15 Homology Domain
2 (EHD2) apparently through a NPF (asparagine-proline-phenylalanine) motif in its C2B domain [40].
EHD2 has been implicated in endocytic recycling. It was inferred that the interaction between
EHD2 and myoferlin might indirectly regulate disassembly or reorganization of the cytoskeleton that
accompanies myoblast fusion.

Dysferlin-null mice develop a slowly progressive muscular dystrophy with a loss of plasma
membrane integrity. The presence of a stable and functional dystrophin—glycoprotein complex
(DGC), involved in muscle injury-susceptibility when altered, suggests that dysferlin has a role
in sarcolemma repair process. This was confirmed in dysferlin-null mice by a markedly delayed
membrane resealing, even in the presence of Ca** [41]. Pharmacological experiments conducted
in skeletal muscles demonstrated that dysferlin modulates smooth reticulum Ca?* release and that
in its absence injuries cause an increased ryanodine receptor (RyR1)-mediated Ca?* leak from the
smooth reticulum into the cytoplasm [42]. In the SJL/] mice model of dysferlinopathy, annexin-1
and -2 co-precipitate with muscle dysferlin and co-localise at sarcolemma in an injury-dependent
manner [43]. An immunofluorescence analysis of mitochondrial respiratory chain complexes in
the muscles from the patients with dysferlinopathy revealed complex I- and complex IV-deficient
myofibers [44]. This report is particularly interesting in light of the dysferlin_v1 alternate transcript
discovered in skeletal muscle [45] and harboring a mitochondrial importation signal [39].

Intriguingly, at the site of membrane injury, only the C-terminal extremity of dysferlin was
immunodetected. It was reported than dysferlin was cleaved by calpain [46], one of its interacting
proteins [39]. The cleavage generate a C-terminal fragment called mini-dysferlincy, bearing two
cytoplasmic C2 domains anchored by a transmembrane domain [46]. Myoferlin expression is also up
regulated in damaged myofibers and in surrounding mononuclear muscle and inflammatory cells [13].
As it was observed for dysferlin, myoferlin can be cleaved by calpain to produce a mini-myoferlin
module composed of the C2E and C2F domains [47].

Membrane repair requires the accumulation and fusion of vesicles with each other and with
plasma membrane at the disruption point. A role for dysferlin and myoferlin in these processes is
consistent with the presence of several C2 domains and with their homology with FER-1 having
a role in vesicle fusion. Moreover, mini-dysferlin and mini-myoferlin bear structural resemblance to
synaptotagmin, a well-known actor in synaptic vesicle fusion with the presynaptic membrane [48].

In mouse skeletal muscle, myoferlin was found at the nuclear and plasma membrane [5]. Itis highly
expressed in myoblasts before their fusion to myotubes [10,31] and found to be highly concentrated at
the site of apposed myoblast and myotube membranes, and at site of contact between two myotubes [10].
Myoblast fusion requires a Ca?* concentration increase to 1.4 uM [49], similar to the one reported
for myoferlin C2A binding to phospholipids [31]. Myoferlin-null mice myoblasts show impaired
fusion in vitro, producing mice with smaller muscles and smaller myofibers in vivo [10]. All together,
these observations support a role for myoferlin in the maturation of myotubes and the formation of
large myotubes that arise from the fusion of myoblasts to multinucleated myotubes.
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Interestingly, myoferlin-null mice are unresponsive to IGF-1 for the myoblast fusion to the
pre-existing myofibers. Mechanistic experiments indicate a defect in IGF-1 internalization and
a redirection of the IGF1R to the lysosomal degradation pathway instead of recycling. As expected,
myoferlin-null myoblasts lacked the IGF1-induced increase in AKT and MAPK activity downstream to
IGER [50].

The defects in myoblast fusion and muscle repair observed in myoferlin-null mice are reminiscent
of what was reported in muscle lacking nuclear factor of activated T-cells (NFAT). Demonbreun
and colleagues suggested that in injured myofibers, the membrane damages induce an intracellular
increase of Ca" concentration producing a calcineurin-dependent NFAT activation and subsequent
translocation to the nucleus. The activated NFAT can therefore bind to its response element on the
myoferlin promoter [13].

Using HeLa and HEK293T cell lines overexpressing ADAM-12, it was discovered that myoferlin
was one of the ten most abundant interacting partners of ADAM-12 [51]. Though this was discovered
in an artificial overexpressing model using cancer cells, it can be considered as pertinent in the context
of muscle cell repair. Indeed, ADAM-12 is a marker of skeletal muscle regeneration interacting with
the actin-binding protein x-actinin-2 in the context of myoblast fusion [52].

The differentiating myoblast C2C12 expressed FerlL5 at the protein level with an expression
pattern similar to dysferlin throughout myoblast differentiation. Fer1L5 shares with myoferlin a NPF
motif in its C2B domain. As in myoferlin, this motif was described as interacting with EHD2, but also
with EHD1 [53].

5.2. In mammal Inner Ear Cells

In adult mouse cochlea, otoferlin gene expression is limited to inner hair cells (IHC) [4]. In these
cells, the strongest immunostaining of otoferlin was associated with the basolateral region, where the
afferent synaptic contacts are located, suggesting that otoferlin is a component of the IHC presynaptic
machinery. Ultrastructural observations confirmed the association of otoferlin with the synaptic
vesicles. It appears that otoferlin is not necessary for the synapse formation [54], but rather regulates
the Ca®"-induced synaptic vesicle exocytosis [36].

At molecular level, otoferlin interacts with plasma membrane t-SNARE (soluble
N-ethylmaleimide-sensitive-factor attachment protein receptor) proteins (syntaxin 1 and SNAP-25) in
a Ca’*-dependent manner [54]. Supporting this discovery, both t-SNARE proteins are known to
interact with synaptotagmin I, a C2 domain harbouring protein, in the context of the classical synaptic
vesicles docking [55,56]. It was reported that otoferlin relies on C2F domain for its Ca**-dependent
interaction with t-SNARE [57-59]. However, others suggest a Ca?*-dependent interaction through the
C2C, C2D, C2E and C2F domains and a Ca2+—independent interaction via the C2A and C2B domains.
The SNARE-mediated membrane fusion was reconstituted with proteoliposomes. This assay indicates
that in presence of Ca?*, otoferlin accelerates the fusion process [36], suggesting that otoferlin operates
as a calcium-sensor for SNARE-mediated membrane fusion.

5.3. In Mammal Endothelial Cells

Bernatchez and colleagues reported that dysferlin and myoferlin are abundant in caveolae-enriched
membrane microdomains/lipid rafts (CEM/LR) isolated from human endothelial cells and are highly
expressed in mouse blood vessels [28,60]. As observed for dysferlin in muscle cells, myoferlin
regulates the endothelial cell membrane resealing after physical damage. In endothelial cells,
myoferlin silencing reduced or abolished the ERK-1/2, JNK or PLCy phosphorylation by VEGF,
resulting from a loss of VEGFR-2 stabilization at the membrane. Indeed, myoferlin silencing caused
an increase in VEGFR2 polyubiquitination, which leads to its degradation [28]. In contrast to what was
observed in myoferlin-silenced endothelial cells, dysferlin gene silencing decrease neither VEGFR2
expression nor its downstream signalling. However, dysferlin-siRNA treated endothelial cells showed
a near-complete inhibition of proliferation when they were sub-confluent. The proliferation decrease
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seems to be due to an impaired attachment rather than to cell death, as supported by adhesion
assays and PECAM-1 poly-ubiquitination that leads to its degradation. Co-immunoprecipitation and
co-localisation experiments support the formation of a molecular complex between dysferlin and
PECAM-1. This PECAM-1 degradation leads, in dysferlin-null mice, to a blunted VEGF-induced
angiogenesis [60]. Another angiogenic tyrosine kinase receptor Tie-2 (tyrosine kinase with Ig and
epidermal growth factor homology domains-2) is significantly less expressed at the plasma membrane
when myoferlin is silenced in endothelial cells [61]. In this case, it appears that proteasomal degradation
plays a minor role in the down regulation of the receptor. Strikingly, G-protein coupled receptors
(GCPR) were unaffected by the decrease of myoferlin expression, suggesting a selective effect on
receptor tyrosine kinases (RTK).

It was also reported that in endothelial cells, myoferlin is required for an efficient clathrin
and caveolae/raft-dependent endocytosis, is co-localized with Dynamin-2 protein [62] and that the
FASL-induced lysosome fusion to plasma membrane is mediated by dysferlin C2A domain [63].

5.4. Other Mammal’s Cells

Dysferlin and myoferlin are expressed in both basal and ciliated airway epithelial cells from
healthy human lungs [64]. In the airway epithelial cell line (16HBE), dysferlin and myoferlin were
immuno-detected at the plasma membrane, Golgi membrane and in cytoplasm but not in the nuclei.
The silencing of myoferlin in these cells induces the loss of zonula occludens (ZO)-1, inducing
apoptosis [64].

Myoferlin was also detected in exosomes from human eye trabecular meshwork cells [65] and
in phagocytes where it participates to the fusion between lysosomes and the plasma membrane,
thus promoting the release of lysosomal contents [29].

The Fer1L5 gene expression was largely restricted to the pancreas, where it was alternatively
spliced by removing exon 51 [30].

6. Ferlins in Cancer, Potential Targets to Kill Cancer

Itis clear from the data above that ferlins are consistently involved in membrane processes requiring
membrane fusion, including endocytosis, exocytosis, membrane repair, recycling and remodelling.
Membrane processes are of extreme importance for cell survival and signalling, making them core
machinery for cancer cell adaptation to hostile environments.

Considering that ferlins have been only scarcely investigated in cancer, the authors next sought to
mine publicly available databases and gain information regarding ferlin’s expression or mutation in
tumors. Using the FireBrowse gene expression viewer (firebrowse.org), The Cancer Genome Atlas
(TCGA) RNAseq data of all ferlin’s genes in neoplastic tissues were investigated in order to obtain
a differential expression in comparison to their normal counterparts. It appears that all ferlin genes are
modulated in several cancer types. Myoferlin and fer114 genes are more frequently up regulated than
down regulated, while dysferlin, ferll5, and fer116 are more frequently down regulated (Figure 2).

Experimentally, a myoferlin gene was discovered as highly expressed in several tumour tissues
including the pancreas [66,67], breast [68], kidneys [68], and head and neck squamous cell carcinoma
(HNSCC) [69]. This expression was confirmed at a protein level in tumour tissue and/or cell lines
from the pancreas [70-73], breast [74,75], lungs [75], melanoma [75], hepatocellular carcinoma [76],
HNSCC [77], clear cell renal carcinoma [78,79], and endometroid carcinoma [80]. Myoferlin was also
detected at a protein level in microvesicles/exosomes derived from several cancer cells including the
bladder [81], colon [82-85], ovary [86], prostate [87], breast and pancreas, where it plays a role in vesicle
fusion with the recipient endothelial cells [88].
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Figure 2. Ferlin gene expression in several cancers (red) and their normal counterparts (blue).
Cancer tissues from adrenocortical carcinoma (ACC), bladder urothelial carcinoma (BLCA), breast
invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma
(CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), colorectal adenocarcinoma
(COADREAD), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), esophageal carcinoma
(ESCA), glioblastoma multiforme (GBM), glioma (GBMLGG), head and neck squamous cell carcinoma
(HNSC), kidney chromophobe (KICH), pan-kidney cohort (KIPAN), kidney renal clear cell carcinoma
(KIRC), kidney renal papillary cell carcinoma (KIRP), acute myeloid leukemia (LAML), brain lower grade
glioma (LGG), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous
cell carcinoma (LUBC), mesothelioma (MESO), ovarian serous cystadenocarcinoma (OV), pancreatic
adenocarcinoma (PAAD), pheochromocytoma and paraganglioma (PCPG), prostate adenocarcinoma
(PRAD), rectum adenocarcinoma (READ), sarcoma (SARC), skin cutaneous melanoma (SKCM), stomach
adenocarcinoma (STAD), stomach and esophageal carcinoma (STES), testicular germ cell tumours
(TGCT), thyroid carcinoma (THCA), thymoma (THYM), uterine corpus endometrial carcinoma (UCEC),
uterine carcinosarcoma (UCS), uveal melanoma (UVM).

This review then explored the mutations occurring in ferlin genes in tumours using Tumorportal
(http://www.tumorportal.org) [89]. Several mutations were reported in ferlin genes in a few cancer
types. However, none of them were considered as significant. Survival was also analysed (Table 3) using
a pan-cancer method available online (OncoLnc-http://www.oncolnc.org) and combining mRNAs,
miRNAs, and IncRNAs expression [90]. Noticeably, otoferlin expression was strongly significantly
correlated with survival in renal clear cell carcinoma (KIRC—p < 1075); myoferlin expression was strongly
significantly correlated with survival in brain lower grade glioma (LGG-p < 10~%) and pancreatic
adenocarcinoma (PAAD-p < 107%), and Fer114 expression was strongly significantly correlated with
survival in bladder urothelial carcinoma (BLCA-p < 10~°) and kidney renal clear cell carcinoma
(KIRC—p < 107°). The 5 more significant correlations between ferlin’s expression and the overall
survival were represented as Kaplan-Meier curves with their associated log-rank p-value (Figure 3).


http://www.tumorportal.org
http://www.oncolnc.org
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Table 3. Survival analysis by a Cox regression.

Positive Association
Cohort Cox Coefficient p-Value Cohort Cox Coefficient p-Value

DYSF EXPRESSION
CESC 0.266 420e792  SARC —-0.277 1.00e702
STAD 0.171 480792  KIRC -0.220 1.00e~92
OTOF EXPRESSION
KIRC 0.377 1.50e 9%  BLCA -0.275 4.50e04
KIRP 0.413 490e %  SKCM -0.169 1.40e702
MYOF EXPRESSION
LGG 0.441 1.40e9  SKCM -0.163 1.90e02
PAAD 0.561 1.70e~05
LAML 0.215 4.70e™92
FER1L4 EXPRESSION
KIRC 0.356 5.20e-06  BLCA —0.383 2.90e-06
KIRP 0.492 1.10e %%  SKCM -0.225 1.10e703
LGG 0.244 4.00e%3
FER1L5 EXPRESSION
LUAD —-0.199 1.30e~92
FER1L6 EXPRESSION
KIRC —0.160 4.80e~2
READ —0.401 4.90e92

Ferlin gene expression from cohorts with cancer was submitted to a survival analysis with a Cox regression. The red
rows indicate a negative Cox coefficient, the green rows indicate positive Cox coefficient. The bold p-values were
considered as highly significant (p < 1074). Bladder urothelial carcinoma (BLCA), cervical squamous cell carcinoma
and endocervical adenocarcinoma (CESC), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell
carcinoma (KIRP), acute myeloid leukemia (LAML), brain lower grade glioma (LGG), lung adenocarcinoma (LUAD),
pancreatic adenocarcinoma (PAAD), rectum adenocarcinoma (READ), sarcoma (SARC), skin cutaneous melanoma
(SKCM), stomach adenocarcinoma (STAD).

Interestingly, a recent publication points out specific single nucleotide polymorphisms in dysferlin
genes as significantly associated with pancreas cancer patient survival [91]. Mining the TCGA database,
a high Fer1L4 expression was reported as a predictor of a poor prognosis in glioma [92,93] and as
an oncogenic driver in several human cancers [94]. However, several other publications pointed it out
as a predictor of good prognosis in osteosarcoma [95], gastric cancer [96], endometrial carcinoma [97].
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Figure 3. Kaplan-Meier survival curves of patient cohorts with different cancer types. Ferlin gene
expression was segregated in low (blue) and high (red) expression according to median in kidney renal
clear cell carcinoma (KIRC), brain lower grade glioma (LGG), bladder urothelial carcinoma (BLCA),
and pancreatic adenocarcinoma (PAAD).

6.1. Breast Cancer and Melanoma

A mathematical model was proposed to examine the role of myoferlin in cancer cell invasion.
This model confirms the experimental observation of decreased invasion of the myoferlin-null breast
MDA-MB-231 cell line, and predicts that the pro-invasion effect of myoferlin may be in large partly
mediated by MMPs [98]. The model was further validated in vitro suggesting a mesenchymal to
epithelial transition (MET) when myoferlin was knockdown [99,100]. Using the same cell model,
Blackstone and colleagues showed that myoferlin depletion increased cell adhesion to PET substrate by
enhancing focal adhesion kinase (FAK) and its associated protein paxillin (PAX) phosphorylation [101].
Interestingly, myoferlin was reported as regulating the cell migration through a TGF-31 autocrine
loop [102]. Recently, related results were reported in melanoma [103]. Myoferlin expression was first
correlated with vasculogenic mimicry (VM) in patients, then its in vitro depletion in A375 cell line
impaired VM, migration, and invasion by decreasing MMP-2 production.

Several evidences, obtained from normal endothelial cells, indicate that myoferlin is involved
in RTKs recycling (see above). Our group showed that MDA-MB-231 and -468 cells depleted for
myoferlin were unable to migrate and to undergo EMT upon EGF stimulation. The authors discovered
that myoferlin depletion altered the EGFR fate after ligand binding, most probably by inhibiting
the non-clathrin mediated endocytosis [104]. Unexpectedly, myoferlin seemed to be physically
associated with lysosomal fraction in MCF-7 cells [105], supporting its involvement in the membrane
receptor recycling.

The co-localisation of myoferlin with caveolin-1 [104], the main component of caveolae considered as
ametabolic hub [106] prompted our group to investigate the implication of myoferlin in energy metabolism.
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In this context, the authors showed in triple-negative breast cancer cells that myoferlin-silencing
produces an accumulation of monounsaturated fatty acids (C16:1). Its depletion further decreased
oxygen consumption switching the cell metabolism toward glycolysis [107]. This was the first report of
the role of myoferlin in mitochondrial function and cell metabolism. A recent report describing the link
between dysferlin mutations and mitochondrial respiratory complexes in muscular dysferlinopathy
emerged (see above) [44]. It is also intriguing that dysferlin_v1 alternate transcript discovered in
skeletal muscle [45] harbours a mitochondrial importation signal [39].

Several breast cancer cell lines and tissues showed a calpain-independent myoferlin cleavage,
regardless of cell injuries and subsequent Ca?* influx [108]. The resulting cleaved myoferlin increases
ERK phosphorylation in an overexpressing HEK293 system. It would be of interest to further study the
link between mini-myoferlin and KRAS mutated cancers as ERK is a mid-pathway signalling protein
in this context.

6.2. Pancreas and Colon Cancers

In pancreas adenocarcinoma (PAAD), myoferlin is overexpressed in high grade PAAD in
comparison to low grade [73]. The patients with high myoferlin PAAD had a significantly worse
prognosis than those with low myoferlin PAAD, with myoferlin appearing as an independent
prognosis factor. The experiments undertaken with pancreatic cell lines and siRNA-mediated silencing
demonstrated that myoferlin requested to maintain a high proliferation rate. The authors reported that
myoferlin is a key element in VEGF exocytosis by PAAD cell lines, correlating with microvessel density
in PAAD tissue [109]. Recently, it was demonstrated that myoferlin is critical to maintain mitochondrial
structure and oxidative phosphorylation [110]. This discovery was extended to colon cancer where
myoferlin seemed also to protect cells from p53-driven apoptosis [111]. The concept claiming that
metastatic dissemination relies on oxidative phosphorylation is broadly accepted [112,113]. Based on
these reports, the authors discovered that myoferlin was overexpressed in PAAD cells with a high
metastatic potential, where it controls mitochondrial respiration [114].

Recently, FER1L4 methylated DNA marker in pancreatic juice has been strongly associated with
pancreatic ductal adenocarcinoma suggesting its use as a biomarker for early detection [115].

6.3. Lung Cancer

In mice bearing solid LLC lung tumours, the intratumoral injection of myoferlin siRNA mixed
with a lipidic vector reduced the tumour volume by 73%. The observed reduction was neither the
consequence of a difference in blood vessel density nor of VEGF secretion. However, a significant
reduction of the proportion of the Ki67-positive cells indicated a decrease in cell proliferation [75].
Myoferlin was reported as expressed in human non-small cell lung cancer tissues where it was
correlated with VEGFR?2, thyroid transcription factor (TTF)-1 and transformation-related protein (p63),
especially in the low stage tumours [116].

Recently, it was suggested that long non-coding RNA Fer1L4 negatively controlled proliferation
and migration of lung cancer cells, probably through the PI3K/AKT pathway [117]. The same observation
was made in osteosarcoma cells [118], esophageal squamous cell carcinoma [119], and hepatocellular
carcinoma [120].

6.4. Liver Cancer

In the hepatocellular carcinoma (HCC) cell line, the silencing of the transcriptional coactivator
of the serum response factor (SRF), Megakaryoblastic Leukemia 1/2 (MKL1/2), induced a reduction
of myoferlin gene expression. It was shown by chromatin immunoprecipitation that MKL1/2 binds
effectively to the myoferlin promoter [76]. As in other cancer types, HCC required myoferlin to
proliferate and perform invasion or anchorage-independent cell growth. Its depletion enhanced EGFR
phosphorylation, in agreement with the concept of myoferlin being a regulator of RTK recycling.
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6.5. Head and Neck Cancer

A myoferlin expression pattern was investigated in oropharyngeal squamous carcinoma (OPSCC).
It was reported that myoferlin was overexpressed in 50% of the cases and significantly associated with
worse survival. Moreover, HPV-negative patients had significantly higher expressions of myoferlin.
A subgroup survival analysis indicates the interaction between these two parameters as HPV-negative
has the worst prognosis when myoferlin is highly expressed. Nuclear myoferlin expression appeared
to be highly predictive of the clinical outcome and associated with IL-6 and nanog overexpression [77].
Upon HNSCC cell line stimulation with IL-6, myoferlin dissociates from EHD2 and binds activated
STATS3 to drive it in the nucleus. The observation was extended to breast cancer cell lines [69].

6.6. Gastric Cancer

Recently, a profiling study reported that FER1L4 was a long non-coding RNA (IncRNA) strongly
downregulated in gastric cancer tissue [96], in plasma from gastric cancer patients [121] and in human
gastric cancer cell lines [122]. In gastric cancer tissues, FER1L4 IncRNA was associated with the tumour
diameter, differentiation state, tumour classification, invasion, metastasis, TNM stage and serum
CA72-4. Interestingly, the abundance of this IncRNA decreases in plasma shortly after surgery [121].
The same team reported that the FER1L4 IncRNA is a target of miR-106a-5p [122,123]. The cell depletion
in FER1L4 IncRNA resulted in an increase in miR-106a-5p and in a decrease of its endogenous
target PTEN, suggesting a competing endogenous RNA (ceRNA) [124] role for FER1L4 IncRNA [122].
The control of miR-106a-5p by FER1L4 IncRNA was extended to colon cancer [125] and HCC [126],
while it was described over miR-18a-5p in osteosarcoma [127].

6.7. Gynecological Cancers

Lnc Fer1L4 was briefly investigated in ovarian cancer where it was described as downregulated in
cancer cells in comparison to normal ovarian epithelial cells [128]. Interestingly, the Fer1L4 expression
correlates negatively with the paclitaxel resistance and its re-expression restore the paclitaxel sensitivity
through the inhibition of a MAPK signalling pathway.

7. Conclusions

This review clearly shows that all ferlin proteins are membrane-based molecular actors sharing
structural similarities. Far beyond their well-described involvement in physiological membrane fusion,
several correlations apparently link ferlins, and most particularly myoferlin, to cancer prognosis.
However, further investigations are still needed to discover the direct link between myoferlin and
cancer biology. Encouragingly, there are many indications that myoferlin depletion interferes with
growth factor exocytosis, surface receptor fate determination, exosome composition, and metabolism,
indicating the future research axes.

Self-sufficiency in growth factor signalling is a hallmark of cancer cells. Cancer cells overproduce
the growth factor to stimulate unregulated proliferation in an autocrine, juxtacrine or paracrine
fashions. In this context, myoferlin could be considered as a cancer growth promoter as it helps the
exocytosis of the growth factors, at least VEGEF. In normal cells, myoferlin was described as involved
in receptor tyrosine kinase (EGFR and VEGFR) recycling or expression, allowing as such, the cell
response to the growth factors. Knowing that some cancer cells exhibit mutations in tyrosine kinase
receptors, which lead to a constitutive receptor activation triggering the downstream pathways, it can
be speculated that myoferlin depletion could impede cell proliferation in these cases. This role was
indeed described in breast cancer cells [104].

Exosomes are small extracellular vesicles released on exocytosis of multivesicular bodies filled
with intraluminal vesicles. They represent an important role in intercellular communication, serving as
carrier for the transfer of miRNA and proteins between cells. The exosomes are increasingly described
as cancer biomarkers [129] and involved in the preparation of the tumour microenvironment [130].
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Interestingly, myoferlin was demonstrated to be present in exosomes isolated from several cancer cell
types. However, the biological significance of this localization has still to be investigated.

Metabolism recently integrated the hallmarks of cancer [131], and mitochondria were recognised
as key players in cancer metabolism [132]. The indications that myoferlin is necessary for optimal
mitochondrial function is a promising avenue in the search for an innovative therapy.

Myoferlin, being overexpressed in several cancer types, offers very promising advantages for
cancer diagnosis and targeting. Targeting myoferlin at the expression or functional levels remains,
however, the next challenge. Interestingly, recent studies identified new small compounds interacting
with the myoferlin C2D domain and demonstrating promising anti-tumoral/metastasis properties in
breast and pancreas cancer [133,134].

Gene transfer strategies have undergone profound development in recent years and this is
particularly applicable for recessive disorders. The adeno-associated virus (AAV) is a non-pathogenic
vector used in a treatment strategy aiming at delivering full-length dysferlin or shorter variants to
skeletal muscle in dysferlin-null mice. Several well documented reports demonstrate an improvement
in the outcome measures after dysferlin gene therapy [135-138]. Similar AAV vectors were used
as a gene delivery system in cancer [139,140], allowing the dream of myoferlin negative-dominant
delivery to cancer cells. Moreover, the sleeping beauty transposon system [141] may overcome some
of the limitations associated with viral gene transfer vectors and transient non-viral gene delivery
approaches that are being used in the majority of ongoing clinical trials.

8. Statistical Methods

The multivariate Cox regressions (Table 3) were performed with the coxph function from the
R survival library. For each cancer and data type, OncoLnc attempted to construct a model with
gene expression, sex, age, and grade or histology as multivariates [90]. The clinical information was
obtained from TCGA and only patients who contained all the necessary clinical information were
included in the analysis. The patients were split into low and high expressing according to the median
gene expression.
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