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Summary of the thesis

OPA1l is a protein with pleiotropic functions ranging from the orchestration of
mitochondrial fusion and cristae remodeling to transcriptional reprogramming * 2. Here
we present two different mechanisms by which OPA1l exerts a transcriptional
regulation activity in endothelial and breast cancer cells.

Mitochondria are dynamic organelles that are now recognized as regulators of signal
transduction able to impact on cellular genetic programs 3 4. Increasing evidence
support a fundamental role for mitochondrial shape in the orchestration of cellular
transcriptional programs, but how cells sense and respond to changes in mitochondrial
shape is unclear . We recently discovered that angiogenesis is transcriptionally
modulated by the key mitochondrial fusion gene OPA1 through NFaB activation®. In
particular, ablation of OPA1 in vivo and in vitro leads to developmental and tumor
angiogenesis inhibition 1. A deep RNA sequencing analysis identified a signature for
the Ras-proximate-1 RAP1, and its cyclic AMP (cAMP)-activated nucleotide exchange
factor EPAC1 upon OPALl deletion in Human Umbilical Vein Endothelial Cells
(HUVECS). Previously, several studies had reported the essential role of Rapl in
developmental angiogenesis and vessel stabilization © 7. After birth, Rapl is not
essential, but it participates in the maintenance of vasculature and nitric oxide (NO)
homeostasis 8. Albeit EPACL1 is highly abundant and cover numerous functions in
endothelial cells, its role in angiogenesis remained to be clarified °. Likewise, EPAC1
was shown to be important for endothelial cells biology % 1. A handful of studies
retrieved EPAC1 in mitochondria, and RAP1 in mitochondria associated membranes
(MAMSs) by proteomics, suggesting that they might be linked to mitochondria 2 13,

Whether the EPAC1/RAP1 axis could sense changes in mitochondria driven by OPA1



deletion was unknown. Our results show that EPAC1 and RAP1 localize in proximity
to mitochondria and in MAMs, that are emerging as hubs for mitochondria-derived
signals. Moreover, EPAC1 accumulates on mitochondria upon pharmacological
activation and following OPA1 silencing. OPA1 silencing results in an increase in Ca?*
and in localized cAMP increase in proximity of mitochondria that in turn activated
EPAC1 and therefore RAP1. Notably, Ca?* chelation by BAPTA-AM treatment
suppress the EPAC1/RAP1 activation elicited by OPA1 downregulation. Furthermore,
the analysis of angiogenic parameters like migration and tubulogenesis revealed that
the blockage of EPAC1 and RAP1 signaling could correct the defects caused by OPA1
downregulation. Thus, our work places EPAC1/RAP1 in the retrograde signaling
pathway connecting mitochondria to angiogenesis and highlights the intricate network
of signals and second messengers that can execute transcriptional changes when
mitochondria are perturbed.

In breast cancer, bioinformatic analysis revealed that increased OPAL levels are
associated with worse prognosis. We therefore explored OPAl breast cancer
regulation in triple negative breast cancer (TNBC) cells and other subtypes linked to a
similar phenotype. Our results show that OPAL deletion or treatment with the small
molecule OPAL inhibitor MYLS22 - discovered by our group - reduces migration,
proliferation and invasion. Comforted by these results, we moved to an in vivo model.
We first generated MDA-MB-231 OPA1 knockout cells by CrispR/Cas9 (MDA-MB-231
OPAL1'). Then, we implanted orthotopically in the mammary gland with or without
Matrigel the MDA-MB-231 OPA1"-and with OPA1 reintroduction MDA-MB-231 OPA1-
l:OPA1 as a control. OPA1 deletion resulted in reduced tumor growth and engraftment.
Interestingly, OPAL deletion did not compromise mitochondrial membrane potential,

ATP level or mitochondrial respiration. Thus, to understand the mechanism explaining



the effects driven by OPAL, we turn our attention to miRNAs. Their dysregulation is
increasingly being associated with development of numerous and different cancer
types 4. A miRNA profiling by miRCURY LNA Cancer Focus PCR Panel (breast
cancer panel) identified six miIRNAs that are differentially expressed. The top
candidates corresponded to miR-148a-3p and miR-152, that belong to the same
miRNA148/152 family!®. We then confirmed the expression level by quantitative PCR
(gPCR) and the overexpression of miR-148a, miR-148b or miR-152 could phenocopy
OPA1 deletion. To further verify that OPAL effects on breast cancer were mediated by
mMiRNA regulation, we performed a complete epistatic analysis. In OPA1-depleted cells
silencing of miR-148a, miR-148b or miR-152 rescued migration, proliferation and
adhesion of MDA-MB-231 cells. Conversely, we did not observe any additive effect of
OPA1l silencing and simultaneous mMiRNAs overexpression on cell migration,
proliferation and adhesion. These results suggest that miRNAs of the 148/152 family

are mediators of the effects of OPA1 silencing in breast cancer cells.
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Mitochondria

Mitochondria are essential organelles whose origin is described by the endosymbiotic
theory 16 17 It is not surprising that they resulted from the endocytic uptake of a
prokaryote into a host cell since mitochondria are able to integrate and respond to
cellular clues and dynamically adapt do different circumstances 2 & 1°, Mitochondria
are in fact involved in a plethora of processes, from metabolism to signaling, where the
organelle continuously remodels its morphology % 8. Form and function relationship is
a key concept in cellular biology and mitochondria perfectly reflects the interconnection

between structure, architecture and function.

Mitochondrial Structure

Outer Mitochondrial Membrane

Mitochondria are delimited by the mitochondrial outer membrane (OMM), a protective
lipid bilayer that prevents small molecules diffusion 2°. The OMM can establish contact
sites with other organelles including the endoplasmic reticulum (ER), the nucleus, other
organelles, as well as with microtubules and other cytoskeletal components 2% 21, It is
also an exchange platform since it possesses porins, that act as nonspecific pores for

ions and most metabolites 21.

Inner Mitochondrial Membrane

Mitochondria are characterized by an energy-transducing membrane, the inner
mitochondrial membrane (IMM) 2% 22, This membrane hosts the respiratory complexes,
where the downhill transfer of electrons, from the substrates to the Oz through the

electron transfer chain leads to energy accumulation used to generate an



electrochemical gradient of protons 22 22, The IMM has a peculiar composition that
include cardiolipin but not cholesterol, a characteristic that reflects is bacterial origin.
Interestingly, there are also more complex structures that are thought to relate with the
evolutionary pressure of an intracellular life: the inner boundary membrane (IBM), the
cristae junction (CJs) and the cristae 2 2123, Inner and outer mitochondrial membranes
displays contact sites, the so called IBM 23. From a functional and structural point of
view, those association foci have a peculiar identity: IBM are thought to participate in
lipid transfer, protein import, apoptosis due to the presence of specific enzymes and
protein complexes %122, The IMM is characterized by deep invaginations called cristae,
where the respiratory complexes and supercomplexes are organized 2% 24, The cristae
are defined at their bases by CJs, where the IMM constricts into narrow opening,
whose architecture is regulated by the mitochondrial contact site and cristae organizing
system (MICOS) complex 2°. Cristae origin remains enigmatic, but it is clear that they
are characterized by extremely high plasticity, and cristae morphology is strictly
interconnected with their function. Following cell death stimuli, cristae enlarge and the
cytochrome c (cyt ¢), wherein it is normally sequestered, is released to the cytosol to
induce apoptosis 2% 27, Cristae tightening is linked to higher levels of respiratory chain

assembly, boosting oxidative phosphorylation (OXPHOS) 26: 28,

Bioenergetic role of mitochondria

Mitochondria are traditionally defined the powerhouse of the cell. This metaphor nicely
refers to the fact that mitochondria hosts many of the most relevant biochemical
pathways for the synthesis of ATP from the oxidation of nutrients 2°. Following

glycolysis occurring in the cytosol, Fatty Acid b-oxidation (FAO) and Tricarboxylic acid



(TCA) cycle are two metabolic pathways taking place in the mitochondria that originate

the substrates necessary to synthesize ATP 0.

Glycolysis

Glycolysis, or Embden-Meyerhof pathway, is a metabolic pathway that provide energy
to the cell trough the oxidation of glucose, producing 4 molecules of ATP, 2 NADH and
two molecules of pyruvates per molecule of glucose 3. Pyruvate can be used in the
TCA cycle and as precursor of other reactions 2. Even tough glycolysis does not
require oxygen, it can be performed in aerobic or anaerobic conditions 23. In the first
condition, glycolysis will produce pyruvate that will enter into mitochondria and being
used to perform OXPHQOS 34. In anaerobic conditions, pyruvate is converted into lactate
by lactate dehydrogenase 3. First, hexokinase or glucokinase converts glucose to
glucose-6-phosphate and then converted to fructose-6-phosphate, by phosphoglucose
isomerase 2. At this point fructose bisphosphate aldolase transforms fructose-6-
phosphate into Dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-
phosphate 34. Successively, also DHAP will be converted to glyceraldehyde-3-
phosphate 32. Both molecules of glyceraldehyde-3-phosphate will be oxidized
producing NADH 34, The product of this reaction, 1,3-bisphosphoglycerate will become
3-phosphoglycerate releasing the first molecule of ATP 34, 3-phosphoglycerate will be
modified to 2-phosphoglycerate that in turn, will originate phosphoenolpyruvate
through the release of one molecule of H20 34. This last product will provide the
phosphate group required to generate the second molecule of ATP with the

concomitant production of pyruvate 32,
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Fatty acid b-oxidation

In animal cells, fatty acids (FA) are degraded in mitochondria and peroxisomes . The
cellular uptake of fatty acids is linked to their esterification with CoA 3. Mitochondrial
FA oxidation produces acetyl coenzyme A (Acetyl-CoA) and reducing equivalents
(NADH and FADH?) further oxidized in the electron transport chain (explained later) .
To be imported in mitochondria, FA are initially conversed to fatty acyl-CoA thioesters
at the OMM where the carnitine palmitoyltransferase | (CPT I) transfers the acyl residue
of fatty acyl-CoA from CoA to carnitine 6. As a result, the produced fatty acylcarnitine
can cross the IMM in exchange for carnitine in a process mediated by
carnitine:acylcarnitine translocase 36. Carnitine palmitoyltransferase Il (CPT Il) can
now convert again fatty acylcarnitine into fatty acyl-CoA inside the matrix 6. Inside this
mitochondrial compartment it can take place the b-oxidation, four reactions that result
in the formation of acetyl-CoA 3. Those reactions consist in the subsequent
dehydrogenation, hydration, dehydrogenation and thiolase cleavage 3% 3¢, Repetitive
cycles of b-oxidation lead to the complete FA degradation and the production of Acetyl-
CoA, NADH and FADH, that will fuel the citric acid (TCA) cycle and the electron

transport chain (ETC) 35 36,

The citric acid (TCA) cycle

The TCA cycle is a cyclic metabolic pathway hosted by mitochondria. In the first step,
citrate is produced from Acetyl-CoA and oxaloacetate by citrate synthase °’. In a
reaction mediated by the enzyme aconitase, citrate is then isomerized by dehydration
and rehydration to isocitrate °’. It follows the dehydrogenation of isocitrate to produce
oxalosuccinate that with a subsequent decarboxylation becomes alpha-ketoglutarate

37,38 Successively, through the oxidative decarboxylation of alpha-ketoglutarate by the

11



alpha-ketoglutarate dehydrogenase, Succinyl CoA is produced and used by Succinate
thiokinase to form succinate 38. Succinate then can be used to form fumarate by the
succinate dehydrogenase, or complex Il of the electron transport chain 3. Fumarase
is then in charge to convert fumarate in malate, that regenerates oxaloacetate by
malate dehydrogenase, completing the cycle 3. Each round of the TCA cycle releases
not only energy, in form of GTP or ATP, but also the reducing equivalents used later

in OXPHOS: 3 NADH and FADH 3" 38,

The oxidative phosphorylation and the electron transport chain

To participate in the cell bioenergetics, mitochondria converge the catabolic pathways
in OXPHOS. The respiratory chain consists in five protein complexes and two electron
carriers housed by the IMM. The coupling of the electron transfer and proton
translocation across the IMM results in an electrochemical gradient which generates
the force driving ATP synthesis 3°. The TCA cycle and FAO are the catabolic pathways
that produce Acetyl-CoA and the reducing equivalents NADH and FADH: that
respectively feed complex | and Il (Cl and Cll) of the electron transport chain (ETC) 4°.
Cl is NADH-ubiquinone oxidoreductase and CIl is succinate-quinone
oxidoreductase®®. From CI and CllI electrons are given to complex Il or cytochrome ¢
oxidase by reducing ubiquinone (Q), via the Q-cycle 3°. Cytochrome c is then reduced
in Clll and used to reduce, in turn, oxygen to water by Cytochrome c oxidase (or CIV)
39, This transfer of electrons drives the pumping of protons (H+) through all the
complexes, except ClI, into the IMS 4°. The proton accumulation leads to the build-up
of a proton motive force used by ATPsynthase to couple the conversion of ADP to ATP
and the inward import of protons in the mitochondrial matrix, as postulated by Mitchel

in 1961 4142,
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Mitochondrial Dynamics

Mitochondria can fuse and divide adapting their entire shape to address cellular needs
18,19 Those processes of remodeling are globally named mitochondrial dynamics 2.
Mitochondrial shape is regulated by a set of mitochondrial shaping proteins and it is at
the basis of numerous processes like apoptosis, chemotaxis, immune response,

autophagy and cardiomyocyte development 2 18 19,

Mitochondrial Fission

The mitochondrial fission event requires the mechanical constriction of the organelle,
a multi-step process in which the main regulator is the cytosolic GTPase Dynamin
related protein 1 (Drpl) and its receptors 43 44, First, the fission sites start to be
embraced by ER tubules and actin filaments; it follows the translocation of Drpl to the
OMM that binds its receptors, thereby assembling in helical structures that
mechanically constrict further the organelle. In mammals, the Drpl mitochondrial
receptors identified so far are mitochondrial fission factor (MFF), mitochondrial
dynamics proteins of 49kDa and 51kDa (MiD49 and MiD51) and Fission 1 (FIS1) 4547,
Drpl GTPase activity regulates the final scission event that leads to the formation of

smaller, daughter mitochondria 4850,

Mitochondrial Fusion

Cristae remodeling and the IMM fusion are under the control of the mitochondrial
GTPase Optic Atrophy 1 (OPA1) 5152, The effectors of the outer mitochondrial fusion
are Mitofusin 1 and 2 (MFN1/2), which like Drp1 are dynamin-related GTPases 53 54,
Mfn1 is essential to coordinate fusion and it is proposed to interact with Opal °°. Mfn2

appears to cover a wider range of functions °6. Mutations in MFN2 are included among
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the factors causing the onset of Charcot-Marie-Tooth disease °’. Moreover, Mfn2
tethers the ER at the mitochondria associated membranes (MAMS), a biochemically
isolatable regions of the ER closely juxtaposed to mitochondria that are involved in a

myriad of functions, including lipid and Ca?* exchange 12 58 59,

Optic atrophy protein Opal

Optic atrophy Opal (Mgmlp in yeast) is a dynamin-like protein with pleiotropic function
that firstly has been characterized as the responsible for optic atrophy onset; patients
with autosomal dominant optic atrophy (ADOA) were characterized by mutations in
OPAL1 gene, explaining the nomenclature ©°.

In humans, the alternative splicing of the Opal gene gives rise to 8 messenger RNAs
(mRNASs) encoding for eight different isoforms 6. The isoforms produced can be
processed by the metalloproteases YMEL1L and OMA1 at three cleavage sites,
producing the long form of Opal (I-Opal) and short soluble forms (s-Opal) additionally
cleaved by PARL to release shorter fragments 62-64, Opal is a master regulator of IMM
fusion, which is driven by Opal interaction with the IMM: L-Opal inserted in the IMM
can interact with cardiolipin (CL) to guide heterotypic mitochondrial IM fusion ¢°. Upon
dissipation of the mitochondrial membrane potential, L-Opal is processed by the
stress-sensitive OMAL %6, that cooperates with YMELL, responsible for the constitutive
cleavage of I-Opal to produce s-Opal (Figure 1) 83. Under stress condition, the activity

of OMAL1 leads to mitochondrial fragmentation, apoptosis and defective respiration &3

66, 67

14



$p1,2,3,5 sl [ v [l | GTPase | |

t t
MPP  OMA1 YME1L
} b

sp4,6,7.8 MTS| [ ™™ [ I8l [S2] | GTPase | ]

s,

L-opat| M TISH |_GiPass | I L-OPA1
[T ™™ [l [s2[ | GtPase | |
51 | GTPase | | [s1] [ GTPase | |
s-ora1 | Bl [S2] ] GTPase | | Bl [S2[ | GrPase | | [S-OPA1
[s2] | GTPase | | (82| | GTPase | |
Healthy conditions Mitochondrial dysfunction
Limited OMA1 activity OMA1 activation
Balanced L-OPA1 + S-OPA1 { L-OPA14 S-OPA1

Figure 1. OPA1 variants and forms. OPAL is spliced in eight variants (Sp1-Sp8). Four of the variants
contain proteolytic sites (S1, S2) at which are processed by YME1L and OMAL producing I-OPA1 and
s-OPAL. Mitochondrial dysfunctions induce OMAL1 activity leading to an increase in s-OPA1 forms. MPP,
mitochondrial processing peptidase; MTS, mitochondrial targeting sequence; TM, transmembrane

domain (adapted from Langer et al., 2016) 8.

As described so far, Opal plays a major role in cristae shape and IMM fusion, as its
genetical ablation leads to mitochondrial network fragmentation and cristae aberration
69,70 1t is thought that cristae are decorated by oligomers of I-Opal that maintain cristae
shape and complexes and supercomplexes assembly, as overexpression of Opal
increases cristae number and reduce cristae width 52. Notably, excessive Opal
overexpression leads to a paradoxical mitochondrial fragmentation >° and, as our group
and others showed lately, Opal mild overexpression in vivo is not only well tolerated
by mice, but also appears to be protective against a plethora of tissue insults and
apoptosis 5% 71 72| Interestingly, Opal role is not limited to the abovementioned
processes. Our group recently elucidated a new mechanism of adipocyte browning
directed by Opal. Mild Opal overexpression induces a rise in CAMP leading to CAMP

response element-binding protein (CREB) activation and the transcription of urea cycle
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enzymes, leading to fumarate accumulation 3. We also showed that Opal regulates

physiological and tumor angiogenesis at a transcriptional level ..

Mitochondria as signaling organelle

It is clear that mitochondria cover a fundamental role in providing the energy for the
cell, but they regulate also apoptosis, metabolism, Ca?* signaling adapting their
morphology based on the cell needs 2. Thus, mitochondrial function is under tight
nuclear control which can decrease or increase mitochondrial activity, as well as
promoting mitochondrial biogenesis, depending on cellular needs 7. Likewise,
mitochondria can elicit a 'retrograde response' to alter the nuclear gene expression to

modify cellular function and adapt cell metabolism 74,

Mitonuclear crosstalk: the anterograde response

The mito-nuclear crosstalk is a dynamic set of events extremely important for the
biology of the cell as it orchestrates cellular adaptation to physiological, as well as
stressful, conditions 7°. The so-called anterograde regulation refer globally to all the
nuclear signals that impact on the mitochondrial function to respond to specific cues
and circumstances 4. Likewise, mitochondria communicate to the nucleus with
firetrograde signalso, that we will explore in the next paragraph.

Anterograde signals activated by changes in metabolic conditions such as ATP
synthesis decrease, NAD* or Ca?* level increases and cold stress can induce the
expression of nuclear encoded mitochondrial proteins that influence mitochondrial
function 4. The expression of cyt ¢ and mostly nuclear encoded OXPHOS subunits
are under the regulation of the Nuclear respiratory factor 1 (NRF1) and GA-binding

protein-U (GABPU) 7678, Other transcriptional promoters of mitochondrial proteins or
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enzymes include players of the Peroxisome proliferator-activated receptors (PPARS)
family of nuclear receptors, that impinge on TCA cycle, OXPHOS or fatty acid
oxidation. Moreover, PPAR-2 co-activator 1U (PGC1U), PPAR-o co-activator 1b
(PGC1b) and the PGC-related co-activator PRC are known to induce NRF, estrogen-
related receptors (ERR) and PPAR to induce mitochondrial biogenesis 784, Those
represent examples of some cell strategies to regulate mitochondrial function and
maintain its physiological homeostasis or to adapt to specific metabolic demands
(represented in Figure 2). In the same way, signals of nuclear stress can be also
communicated to mitochondria, usually associated with an impaired mitochondrial

function, or diminished mitochondrial biogenesis 74 85,
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Figure 2. Anterograde signaling. Exercise and caloric restriction (CR) activate AMP-activated protein

kinase (AMPK), which, in turn, activates sirtuin 1 (SIRT1) through the regulation of NAD+ levels. SIRT1
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activates PPAR-2 co-activator 10 (PGC1U), which, through interactions with PPARs, NRFs or ERRSs,
induces mitochondrial genes expression. Cold and exercise can also activate the expression of
mitochondrial genes by activating PGC1U through the cAMPI protein kinase A (PKA)i cAMP response
element-binding protein (CREB) pathway, or through Ca2+ signalling by Ca2+/calmodulin-dependent
protein kinase kinase-b (CAMKKDB) or Ca2+/calmodulin-dependent protein kinase type IV (CAMKIV)
(adapted from Quirds, P.M. et al,2016) 4.

Mitochondrial retrograde signaling in non mammalian organisms

Mitochondria can signal to the nucleus to induce a nuclear transcriptional
reprogramming, essential for the cell to adapt its metabolism and function. The first
retrograde pathway characterized is the RTG signaling pathway identified in
Saccharomyces cerevisiae > 8, Mitochondrial dysfunction, exposure to
hyperosmolarity, inhibition of TOR kinase pathway and osmotic stress are among the
stimuli that were shown to activate the RTG pathway, that in turn regulates nuclear
gene expression 8" 88 This retrograde pathway involves Rtglp, Rtg2p, and Rtg3p.
Rtgl and Rtg3 are transcription factor that translocate to the nucleus following Msk1p
dependent dephosphorylation of Rtg3p 8% °°. Mskip is dynamically regulated by Rtg2p
and Bmhl/2p: when bound by Bmhl/2p it becomes sequestered and
dephosphorylation of Rtg3p is prevented, whereas binding of Rtg2p releases Bmh1/2p,
allowing the dephosphorylation of Rtg3p and activation of the pathway 86 8% %0 Besides
the RT pathway, stress responses and mitochondrial dysfunction trigger different
retrograde pathways. For example, disruption of mitochondrial translation leads to the
activity of the transcription factor Spflp. The mitochondrial unfolded protein response
(mtUPR) is another retrograde pathway induced by mitochondrial proteostasis
impairment, which induces the expression of proteases, chaperones and other stress
response genes that have been characterized in yeast as well as Caenorhabditis

elegans and Drosophila melanogaster °1. The outcome of the mtUPR response is the
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restoration of the lost mitochondrial proteostasis. In C. elegans, mtUPR has been
showed to be triggered by the activating transcription factor associated with stress
(Atfs1p), that during mitochondrial stress is no longer imported into mitochondria and
degraded, but re-directed to the nucleus where it influences gene expression 9% 93,

The retrograde signaling activated in response to specific mitochondrial stresses is
thought to be responsible for lifespan extension in different organismal models.
Attenuation of OXPHOS represents a common stimulus linked to extended lifespan
across different species, even though it is also associated with slower development °*
%, In yeast, the activation of RTG dependent or independent retrograde pathway is
also linked to replicative lifespan extension and resistance to oxidants depending on
mitochondrial dysfunction, like in the null mutant for a component of the large subunit
of the mitochondrial ribosome Afolp or for a protein of the mitochondrial translation
control module Sovilp % %, The mtUPR activation seems to be also involved in life
span extension C.elegans, as similarly observed in D. melanogaster, but the cause-

effect mechanisms are not yet clear 98101,

Mitochondrial retrograde signaling in mammalian models

In mammals, transcriptional reprogramming induced by mitochondrial alterations are
modulated by transcription factors, including cCAMP response element-binding protein
(CREB), activating transcription factor (ATFs), nuclear factor of activated T cells
(NFAT), CCAAT/Enhancer binding protein U (CEBP/U), calcineurin and nuclear factor
kappa B (NFaB) 192:193_ Ca?* lays among the starting signal for the retrograde cascade.
One common cause of Ca?* release is the loss of mitochondrial membrane potential,
which can activate NFeB, NFAT and kinases that stimulate CREB, EGR1, ATF2,

CEBP/U and CEBP homologous protein (CHOP) (Figure 3) 102105, CHOP and CEBPbH
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are considered responsible for the mtUPR in mammals, since they promote the
expression of chaperons like HSP60, HSP10 or proteases such as YME1L1 and many
others 196-108 However, mammalian mtUPR signaling and related mechanisms are still
not clear. mtUPR in mammals appears to be part of a more general mitochondrial
stress response that include the integrated stress response (ISR), mtDNA damage,
viral infection, ER unfolded protein response (erUPR) and defective mitochondrial
protein synthesis 74 199, This list represents some of the triggering stimuli that share
the same effect: the activation of the U-subunit of eukaryotic translation initiation factor
2 (elF20) 110112 The resulting signaling cascade leads to the translation of stress
response genes like ATF4, responsible for the expression stress-related genes to
repair cellular and mitochondrial homeostasis like CHOP and ATF3 10 111 |n a model
of impaired mitochondrial translation, CHOP was shown to interact with C/EBPD,
thereby attenuating prolonged ISR and mitochondrial cardiomyopathy through
regulation of ATF4 levels independently from mtUPR response 1°. Increased longevity
has been also observed in mice, where the mutations in Mclkl and Surfl cause non-
deleterious ETC defects that triggers antioxidant response and stress-protective

retrograde signals 113-115,
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Figure 3. Retrograde signaling. Ca2+ can lead to a rewiring in the nuclear gene expression. Ca2+

0

increase in induced by defects in OXPHOS, mtDNA damage, decrease in the level of ATP, loss of the
mitochondrial membrane potential (qym). Calcineurin translocates to the nucleus with NFaB, which can
also be activated by ROS, and with nuclear factor of activated T cells (NFATC). Alternatively, Caz+ can
activate several kinases, such as protein kinase C (PKC), JNKi p38 and Ca2+/calmodulin-dependent
protein kinase type IV (CAMKIV), which, in turn, activate EGR1, ATF2, CREB, CEBPU and CHOP. The
release of Ca2+ can also activate anterograde regulation through Ca2+/calmodulin-dependent protein

kinase kinase-b (CAMKKD) (adapted from Quirés, P.M. et al,2016) 13,

Mitochondrial signals can induce a systemic response

Like in C. elegans, mammalian mitochondrial dysfunction can trigger non-cell-
autonomous responses mediated by different cytokines named fimitokineso, because
of their role in systemic signaling of mitochondrial status. These mitokines include
fibroblast growth factor 21 (Fgf21) 1%, growth derived factor 15 (Gdf15), Activin, the
neuropeptide Flp-2 (see 17 for an overview), but also mitochondria-derived peptides
like the mitochondrial sORF-derived peptide humanin, which appears to be
cytoprotective against Alzheimer disease and able to regulate metabolism. Another
metabolically active peptide is MOTS-c (mitochondrial open reading frame of the 12S
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rRNA-C) that is able to prevent insulin resistance and obesity 118120, Even though
sORF-derived peptides appear to be relevant signals in physiological and pathological
conditions, the mechanisms controlling the release and expression of those peptides
are still not clear %1, Mitochondria participate also in the regulation of autoimmunity,
sterile inflammatory responses and cellular senescence 1?2, mtDNA release is in fact
one of the stimuli behind sterile inflammation, as mtDNA is recognized by different
cytosolic sensors, including the cGAS-STING pathway '?2. In the cytosol, leaked
MtDNA is bound by cGAS that produces the second messenger cyclic GMPT AMP
(cGAS), thereby activating stimulator of interferon (STING) genes, which in turn elicits
transcription factors, like IRF3 and NFaB, to drive the expression genes involved in
antiviral response, autophagy regulation and induction of lysosomal cell death (see 1?2

123 for an overview).

Mitochondrial retrograde signals precede mitochondrial dysfunctions

The activation of retrograde signals is starting to be considered as early event in the
pathogenesis of mitochondria-related diseases as well as in physiological conditions
124,125 Mitochondrial dynamics alterations are also included among the signals with a
nuclear transcriptional adaptation effect. Mitochondrial fusion is required for heart
development, by controlling Notch signaling and cardiomyocyte differentiation 2. In
hematopoietic stem cells, Mfn2 is essential to control transcriptional activity of nuclear
factor of activated T cells (Nfat) 4. In neuronal stem cells changes in mitochondrial
dynamics orchestrate a Notch-dependent transcriptional program that allows self-
renewal 126, Muscle mitochondrial cristae shape controls systemic metabolism and
senescence of distant epithelial tissues, by activating Atf4 dependent Fgf21 production

and secretion 12> 127 Surprisingly, the observed transcriptional modifications and
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systemic signals occur without any detectable mitochondrial dysfunction, a finding
recapitulated in other settings where Fgf21 is produced before mitochondrial function
is affected '24. Thus, changes in mitochondrial shape affect functions well beyond

mitochondria, raising the key question of how they are signaled.
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Angiogenesis

Oxygen and nutrients are delivered throughout our body thanks to a defined systems
of blood vessels. The establishment of this complex network of vessels begins in the
developing mammal embryo, where the endothelial precursors (angioblasts) set a
primitive vascular labyrinth in a process called vasculogenesis 128 129, Those vessels
are fundamental for nutritive function but also to promote organ morphogenesis 122
Successively, the vascular network expands and remodel into an organized system,
during the so-called angiogenesis, and different signals drive the differentiation of
vessels into arteries or veins 130 131, Thus the term angiogenesis refers to the sprouting
of blood vessels from pre-existing ones 128, Other mechanisms of vessels growth are
possible, but their nature and the molecular mechanisms involved are not fully
understood. Pre-existing vessels can divide into daughter vessels in a process called
intussusception and tumor cells can line vessels, recruit the existing vasculature or

even generate tumour endothelium 132134,

Vessel branching, maturation and quiescence

Blood vessels are delimited by endothelial cells (EC) and through the process of
arteriogenesis, they are covered by pericytes and vascular smooth muscle cells
(VSMCs) that enwrap the tubules conferring stability and regulating perfusion 131,
During adulthood, angiogenesis is activating only under specific conditions and most
blood vessels remain quiescent 135, Pericytes play a fundamental role in maintaining
the quiescence, suppressing endothelial cell proliferation and releasing cell-survival
signals like VEGF and ANG-1 %, Those quiescent cells form a monolayer of phalanx

cells which junction are under the control of VE-cadherin and claudins 37, However,
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ECs maintain a certain level of adaptability. Upon proangiogenic stimuli in fact, ECs
switch to an angiogenic and active phenotype becoming motile, invasive and
protruding filopodia 31 138, Angiogenesis occurs during tissue healing, the cycling
ovary and in the placental vascularization but can be recruited in pathological
conditions such as tumor and metastasis formation, inflammatory disorders,
hypertertension and eye diseases 128 133,

Specific factors can populate the environment surrounding the quiescent cells and
promote the angiogenic shift; among them we retrieved growth factor like VEGF, FGF
or chemokines. When quiescent cells are stimulated pericytes detach, vessel
permeability increase as ECs lose their junctions and the extracellular matrix (ECM) is
degraded by metalloproteinases (MMPs) 139 140 Proangiogenic factors normally
sequestered by the ECM are thus released, enhancing the process 3. The
subsequent establishment of new blood vessels is tightly regulated by specific

molecular players, they will be now discussed.

Molecular basis of angiogenic sprouting

The sprouting of blood vessels is a finely controlled process in which a leader cell, the
tip cell guides the migration towards the proangiogenic stimuli due to the presence of
filopodia 4% 142 | The sprouting is supported by stalk cells, that differently from the tip
cell, which proliferation sustain the expansion of the ongoing tube formation 41, The
establishment of the tip or stalk identity is crucial for the fine regulation of the sprouting
and is regulated by the Notch signaling 143. Tip cells are selected by the presence of
the VEGF receptor VEGFR2, neuropilins (NRPs) and the NOTCH ligands DLL4 and
JAGGED1 1?8, Notchl is critical for suppressing tip cell behaviour in stalk cells,

whereas VEGF stimulates tip cell through VEGFR2. VEGF and VEGFR2 leads to DLL4
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expression and Notch activation DLL4 dependent in neighboring cells. As a result,
NOTCH1 receptor is activated and induce VEGFR2 and NRP1 downregulation,
inhibiting the tip identity 143 144, ECs continuously compete for the tip position because
the proangiogenic stimuli lead to a general response by ECs that upregulate DLL4 145,
The tip position is conquered by the fastest cell or the one with highest DLL4 level that
activates earlier the Notch signaling in the other cells 43 144 The sprouting progress
until the nascent vessel reach and connect with another vessel during anastomosis 128
134 Once the process is complete, cells become again phalanx cells and signals
including the platelet-derived growth factor B (PDGF-B) and ANG-1 induce the
coverage by pericytes 4. Protease inhibitors and plasminogen activator inhibitor-1
(PAI-1) are responsible for the set of the basement membrane and cell junctions are

stablished again giving rise to a functional and stable vessel 12% 131,

Metabolism of endothelial cells

ECs are highly glycolytic cells and they prioritize aerobic glycolysis compared to
OXPHOS as a source of energy 33 147 This peculiar metabolism could represent a
cell adaptation that allows vessels sprouting in hypoxic conditions 148, Glycolysis is
boosted in ECs, thus ATP can be produced faster and in higher amount; moreover,
ECs would preferentially use glycolysis to ensure maximal Oz transport to tissues and
organs using the possible less amount of Oz required for their needs 148 149, All types
of ECs display high levels of glycolysis besides quiescent ECs, where FOXO1 and
Notch repress the upregulation of glycolysis intermediates °°. In fact, glycolysis is
enhanced by growth factors like VEGF that induce the upregulation of glycolytic
enzymes, boosting the flux. Inhibition of the glycolytic activator phosphofructokinase-

2/fructose-2,6-bisphosphatase (PFKFB3) has been showed to reduce drastically
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migration and proliferation of ECs in physiological and pathological conditions 5% 152,
In the same way, downregulation of hexokinase 2 (HK2) glucose transporter 1
(GLUT1) drastically blunt angiogenesis %3 154 |nterestingly, pyruvate kinase M2
(PKM2) downregulation is also linked to inhibition of angiogenesis, but trough the
activation of NFkB rather than impairment of glycolysis 4% 155, Those examples
represent the importance of glycolysis for endothelial cells. Angiogenesis is not only a
highly demanding process, but the continuous proliferation of ECs requires the
synthesis of cellular components for cell growth, like proteins, DNA, lipids and RNA %6,
Glycolysis represents a source for carbons, nitrogens and reducing agents necessary
for macromolecular biosynthesis. For example, the pentose-phosphate pathway (PPP)
is fueled by intermediate of glycolysis and provide nucleotides and NADPH, necessary
for fatty acid and nitric oxide synthesis. At the contrary, the hexosamine biosynthesis

pathway (HBP) results in protein glycosylation with anti-angiogenic effects 1°6-158,
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Figure 4. Key metabolic pathways in ECs (adapted from Falkenberg, K.D. et al., 2019) 4%

Mitochondria in angiogenesis

Metabolic role of mitochondria in endothelial cells

Mitochondrial role in angiogenesis has been neglected for long time, as the OXPHOS
contribute to the energetic demand of ECs appeared as dispensable!>®. However,
mitochondria could still represent a source of energy in specific tissues or under
impaired glycolysis®®. Mitochondrial role in angiogenesis emerged as a source of
macromolecules necessary for cell growth and proliferation 0. Glycolysis-derived
carbons enter the TCA cycle as acetyl-CoA or oxaloacetate 1°¢, TCA cycle
intermediates serve as substrates for various anabolic pathways, such as biosynthesis
of nucleotides and amino acids like aspartate or to regenerate NADH for OXPHOS 14°,
Coherently, recent studies showed how mitochondrial respiratory complexes
deficiency compromises ECs proliferation impinging on the TCA cycle flux, aspartate
levels and NAD™ 161, FA are also essential for ECs for growth, as substrates for the
TCA cycle and for membrane composition. Impairments in FA synthesis leads to ECs
decreased migration and proliferation with different mechanisms1®2, Decreased FA
could lead to altered membrane fluidity and therefore filopodia formation or imping on
post-translational protein modification like decreases eNOS palmitoylation 163165,
Perturbation in inter-organelle shuttling of FA are also connected to decrease ECs
migration and proliferation 163, FA oxidation (FAO) is essential to fuel the TCA cycle,
that results in aspartate production and therefore sustaining ECs proliferation 16,
Surprisingly, in quiescent ECs FAO is higher compared to proliferative ECs 149 166,

Phalanx cells constitute vessels continuously perfused and therefore exposed to
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oxidative stress. FAO constitute an adaptation against oxidative stress through the

regeneration of NADPH 166,

Mitochondria as a signaling organelle

More than a biosynthetic hub, mitochondria cover a fundamental role as signaling
organelles also in ECs. Besides the regulation of apoptosis and Ca?* buffering that are
common in other cell types, much attention has been given to reactive oxygen species
(ROS) production by mitochondria. Proangiogenic stimuli like VEGFR2 increase
mitochondrial respiration 167 associated with increase in ROS levels that in turn
promotes angiogenesis % Mechanistically, ROS promotes VEGFR2 activation
inhibiting O2-sensing prolyl hydroxylase domain proteins (PHDs) ultimating in hypoxia-
inducible factors (HIFs) stimulation that mediate a proangiogenic transcriptional
reprogramming %6 169 Moreover, ROS signaling intersect with NO regulation,
fundamental for vasodilation and therefore angiogenic processes. In fact, NADPH,
arginine and O2 are substrate of eNOS linking endothelial metabolism to redox
signaling 7% 171 It has to be noted that ROS can be deleterious for ECs, but the
threshold that distinguish a beneficial or damaging effect on ECs is not clear 172,
However, protective mechanisms against oxidative stress exist and include the
PGC1U-dependent mitochondrial biogenesis 173175, Caloric restriction and hypoxia are

also among the factors that can induce PGC1U as well as VEGF trough Akt3 176177,

Mitochondrial dynamics in angiogenesis
How mitochondrial shape influence angiogenesis is an enigmatic topic whose research
field is gaining interest and growing more and more. So far mitochondrial dynamics

relevance has been identified in vascular pathology and metabolic stress. For example,
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in diabetic mice OPALl appears to be downregulated and oppositely DRP1 to be
overexpressed leading to a fragmented mitochondrial network and increased ROS
production 1’8; moreover, altered mitochondrial dynamics towards increased fission is
overserved in diabetes mellitus. 17°. As recently explored, proangiogenic stimuli are
predicted to influence mitochondrial gene expression and among the fusion genes,
OPAl1 1. Opal role in angiogenesis extends beyond its role in apoptosis and
mitochondrial respiration, being a key regulator of the transcriptional reprogramming

in developmental and tumor angiogenesis 1.
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Ras-associated protein 1 Rapl

Rapl is a small GTPase part of the Ras family that was initially identified as a
transformation suppressor of K-ras and later as an antagonist of Ras 8%, Even tough
Rapl and Ras display 50% of homology, it is now recognized that Rapli functions
extend beyond its relationship with Ras and both proteins display different upstream
regulators and effectors'®!. Rap1i function has been placed at the pivot of a plethora
of processes like cell migration, proliferation, cell-adhesion, platelet aggregation,
cytoskeleton rearrangements and the regulation of signaling pathways 18! 182 Rap1
exists in two isoforms sharing 95% identity, Rapla and Raplb, codified by two
distinguished genes whose specific functions have been widely studied in endothelial
cells, as we will explore soon 8. Being a GTPase, Rapl switches among a GTP-
bound active conformation to a GDP-bound inactive state, a process finely regulated
by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins

(GAPs) 184,

Rapl activation and pharmacological inhibition

Rapl can be activated in response to different stimuli including growth factors
chemokines and cytokines, which trigger signaling cascades downstream receptor
tyrosine kinases and G-protein coupled receptors 82, Mechanistically, Rapl can be
activated by numerous GEFs: RapGEF3 (Epacl), RapGEF4 (Epac2), RapGEF1
(C3G), RapGEF2 (PDZ-GEF1), RapGEF6 (PDZ-GEF2), Rasgrp2 (CAL-DAG-GEF1)
and RasGEF1A,B,C 184186 These GEFs are differently activated: C3G is activated by

tyrosine kinases 18718 CAL-GAD-GEF is stimulated by Ca?* and/or diacylglycerol
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(DAG)°, PDZ and RasGEFs may be activated by direct binding to cell adhesion
molecules 19% 192 and, finally, Epac proteins are stimulated by cAMP 193,

Rapl activation depends also on post translational modifications, especially
isoprenylation 194, This modification consists in the covalent attachment of an isoprenyl
group (farnesol or geranylgeraniol) to the C-terminus of Rapl, conferring the
hydrophobicity required for membrane binding 1%. Interestingly, only 0.5-2% of the
intracellular proteins are isoprenylated, among which we retrieve Ras 1. Since Ras is
often involved in cancer development, the pharmacological inhibition of isoprenylation
gained interest as a potential antitumoral therapy °’. At the molecular level,
isoprenylation could be blocked by the treatment with statins, that decrease the
intermediate of the mevalonic acid and, consequently, farnesylation or
geranylgeranylation %8, Alternatively, geranylgeranyltransferase-l (GGTase-) inhibitor
or farnesyltransferase (FTase) inhibitors could be also valuable drugs 9% 200, Notably,
Rapl is the only member of the Ras family to rely exclusively on geranylgeraniol,
allowing a certain degree of specificity in the treatments 2°%. The localization of Rap1
at different membranes (plasma membrane, Golgi, late endososomes) seems to be
essential to determine which activators and effectors will be involved, but the
relationship between localization and function remains enigmatic and awaits further

research 202204,

Rapl pleiotropic functions

Rapl has been implied in a plethora of processes, including the regulation of adherens
junctions, endothelial barrier, cell motility, polarity, migration and cytoskeleton
reorganization 181 182, 205207 |n the central nervous system, Ca?* increase activates

Rapl that in turn regulates neuronal excitability, synaptic plasticity, long-term
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potentiation and gene transcription through ERK signaling pathway 2%, In the immune
system, ERK activation by Rapl leads to anti-inflammatory response via toll-like
receptor (TLR) signaling stimulation 2% 210, Moreover, Rap1 controls chemotaxis and
the trafficking of immune cells through the regulation of the actin cytoskeleton in an
integrin-dependent mechanism 211212, These are just some examples of the extensive
list of biological processes regulated by Rapl, which majority depends on Rapl
regulation of cadherin- and integrin-dependent cell adhesion and signal transduction
(see 213 for an extensive review). Given that, it is not surprising that Rapl can also
promote tumor invasion and metastasis dissemination 18. 214 215 Thys,

pharmacological inhibition of Rapl gained interest as for Rapl for cancer treatment.

Rapl in endothelial cells

As described so far, Rapl is a pleiotropic protein, whose paramount importance
consists in its role in the regulation of angiogenesis and the vasculature ¢ 8 216 |n the
endothelium, knockout of both Rapl isoforms in mice (EC-Rapla""Raplb™" mice)
results in embryonic lethality, highlighting its essential role in vessel stabilization 217
218 Interestingly, Raplb seems to play a prominent role, as expression of one allele of
Raplb, but not Rapla, is sufficient to rescue the lifespan of the double-knockout mice
218,219 |n fact, Raplb is the predominant isoform in the endothelium, and it has been
shown to activate VEGFR2, thereby promoting angiogenesis ‘. After birth, Rap1 does
not appear to be essential for vessel maintenance, even if adult Rap1 might be involved
in endothelial barrier function and nitric oxide release 22°. In fact, Rap1 is responsible
for the formation of a mechanosensing complex that responds to changes in shear
stress of flowing blood, regulating NO production and release 2?!. Rapl activation

induces the association of a protein complex that includes VE-cadherin, stimulation of
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VEGFR2 and eNOS activation, finally impacting on NO production and release.
Impaired NO homeostasis impinges on endothelial cells functions and is linked to the
onset of cardiovascular diseases 2.

Another extremely important function of Rapl is to promote cell barrier function, that
results from a balanced rearrangements of the cytoskeleton that produces different
mechanical stresses, that dynamically promote cell junction tightening or increased
permeability 1+ 222, Endothelial barrier is regulated in two different ways that share a
common triggering second messenger: CAMP. For this reason, CAMP-GEFs have a
major role in the activation of Rapl and the regulation of endothelial barrier and cell
adhesion 8 205 223 |n the first path, Rapl is activated by the cAMP-GEF Epacl to
directly strengthen VE-cadherin adhesion 1% 224, Mechanistically, Rap1 activation leads
to Afadin stimulation that mediates the connection between tight and adherens
junctions, as VE-cadherin with p120-catenin resulting in the reinforcing of cell junctions
225, 226 |n the second modality, Rapl regulates endothelial barrier recruiting the
actomyosin cytoskeleton 227, In this process Rapl is activated by Epacl and recruits
its effectors Rasipl and Rasil to participate in the formation of a complex with other
GTPases like RhoGAP 228229 As a result, actomyosin-induced tension on adherens
junctions is reduced 22°. Alternative mechanisms might involve Epacl/Rap1l activation
of KRIT-1 and suppression of RhoA activity that promotes increased permeability 23,
The promotion of the endothelial barrier by Epacl and Rapl role appears to be
fundamental in physiological conditions and protective in pathological conditions of

vascular leakiness 231232,
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Exchange protein directly activated by

cAMP EPAC

As already mentioned, Epacl and Epac2 are cAMP-activated GEFs for Rapl and
Rap2, respectively 8 193 The human and mouse gene RAPGEF3 codifies for three
transcripts: the first variant EPAC1A, is the full-length form, the second and third
transcripts originate the same variant, EPAC1B, which lacks the fist 42aa at the N-
terminal domain of EPAC1A 186.193 The functional distinction among the two isoforms
is not known. Human and mouse RAPGEF4 gene encodes five variants of Epac2
(Epac2A1, Epac2A2, Epac2B, and Epac2C) 9. EPAC1 and EPAC2 differ in tissue
expression, function and structure. EPACL1 distribution is ubiquitous, whereas EPAC2

is restricted to central nervous system and endocrine tissues 193 233,

EPAC structures

EPAC1 and EPAC2 have a similar structural organization. The N-terminal region is
responsible for EPAC localization due to the Dishevelled, Egl-10, Pleckstrin (DEP)
domain and it hosts the cyclic-nucleotide-binding domain (CNBD) responsible for
EPAC activation. The C-terminus is the catalytic region containing the Ras-exchange
motif (REM) domain, the Ras-association (RA) domain and the cell division cycle 25
homology domain (CDC25-HD) 193 233, The REM domain is involved in the stabilization
of the active conformation of EPAC, RA domain is a protein interaction motif and
CDC25-HD promotes the exchange of GDP for GTP on Rap GTPases 193233 The N-

terminus is responsible for the autoinhibitory state of EPAC, where the CNBD sterically
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blocks the access of RAP to the catalytic region. Upon cAMP binding, EPAC switch to

an open conformation available to bind and activate RAP (Figure 5) 193233,
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catalytic regions upon cAMP binding; (B) Multidomain structure of Epac (adapted from Schmidt, M. et

al, 2013) 23,
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EPAC pharmacological regulation

Pharmacological modulation of EPAC has been widely studied over the years 23% 236,
The most recent and efficient EPAC activator is the cAMP analogue 8-(4-chloro-
phenylthio)-2I-O-methyladenosine-3i-5i-cyclic  monophosphate  (8-pCPT-2'-O-Me-
cAMP) which activates EPAC1 over EPAC2 and is 30 to 100 times less potent than
cAMP to activate PKA 236.237_ Even though this drug and its derivates are widely used
and target EPAC1 with a reasonable specificity, the use of CAMP analogues displays
off-targets effects as they inhibit phosphodiesterases (PDES), resulting in an increase
in cAMP levels 235 236 Non-cyclic nucleotide activators are also under development,
with the most recent and promising activator being the so-called 1942 238.23% 'However,
it shows a possible side effect as a competitive inhibitor of cAMP 238 239, Thus, the
identification of a specific EPAC1 activator with reduced side effects or off-targets
continues to represent a huge challenge.

Likewise, many efforts were made to develop a specific EPAC1 inhibitor. To date,
many competitive and non competitive inhibitors are available 23°. ESI09 is a non-cyclic
compound that has been shown to inhibit EPAC with high efficiency 249 241, However,
very high concentration (more than 25uM) associated with loss of protein stability, and
derivates to reduce such limitation are being actively explored 24% 241, Moreover, ESI09
affects EPAC1 and EPAC2; ESIO5, instead, is a specific inhibitor of EPAC2 that does
not block EPAC1 function 242, A non competitive and selective inhibitor of EPAC1 has
been recently identified and called AM-001; studies in vitro and in vivo support a

promising role for this drug 243.
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EPACI1 at the crossroad of many signaling pathways

Besides being a RAP1 activator, EPACL is at the crossroad of numerous and different
signaling pathways (Figure 6). In the heart, EPAC1 seems to play a fundamental role.
In fact, among its upstream regulators we retrieve b-adrenergic (b-AR) receptors,
GPCRs that can activate EPAC1 and regulate cardiomyocyte hypertrophy 244 245,

Moreover, EPAC1 has been associated with a transcriptional reprogramming in
different cell types. Indeed, activation of EPAC1 by GPCRs could lead to the import of
b-catenin to the nucleus, regulating the expression of pro-survival and metastasis
related genes 246, For instance, EPAC1 has been showed to regulate osteoclast
differentiation at a transcriptional revel trough the activation of RAP1 and NFaB 247,
Calcineurin is also an effector of EPAC1 able to impinge on transcription. Activation of
EPAC1 can upregulate the modulator of calcineurin MCIP1 or the Transient Receptor
Potential Canonical (TRPCs) channels that are associated with Ca?* increase 248-2%,
Both mechanisms lead to the activation of calcineurin and NFAT translocation to the

nucleus 248-250,
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Figure 6. Epacl EPAC1 signalosomes. Upon activation of the b-AR, the b-arr2-EPAC1 complex is
recruited to the plasma membrane where EPAC1 activates RAP2B and PLCU leading to IP3 production.

This signaling pathway stimulates in turn calcineurin (CaN) and Ca2+/calmodulin-dependent protein
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kinase Il (CaMKIl). Once phosphorylated by CaN, the nuclear factor of activated T cells (NFAT)
translocates to the nucleus to induce the transcriptional activation of prohypertrophic genes. CaMKII
promotes the nuclear export of histone deacetylase (HDACs) and thus the activation of the
prohypertrophic transcription factor, myocyte enhancer factor 2 (MEF2). PI4P produced in the Golgi
activates the nuclear complex Epacl/PLCU/A-kinase anchoring protein (mAKAP) at the nuclear

membrane leading to PKD activation and HDAC export (adapted from Formoso et al.2020) 235,

EPACI1 role in mitochondria

EPAC1 has been found to localize on mitochondria and to possess a putative
mitochondrial targeting sequence in the first 37aa of the N-terminal domain 2%, The
exact localization of EPACL in the mitochondria is not clear. It is possible that pools of
EPAC1 reside not only in the cytosol, nucleus, plasma membrane, but also in proximity
or even inside mitochondria 252254, This localization might reflect the disposition of
different cAMP foci that activate EPAC1. In mammals, cAMP is synthesized by ten
adenylate cyclases (ACs); nine of them (AC1i 9) are transmembrane AC activated by
GPCRs, the last one is the soluble isoform (AC10 or sAC) and it is activated by
bicarbonate and Ca?* 255 2%, Since the IMM is not permeable to cCAMP, the sAC is
necessary to produce cAMP in the mitochondrial matrix 2°6. Thus, different pools of
cAMP might regulate differently EPAC1 localization and activation. Mitochondrial
EPAC function is hitherto under debate, especially regarding its role in apoptosis 2%,
For instance, EPAC1 has been shown to have a protective role against cell death in
cardiomyoblasts, but also in the kidney and in rat heart 25 257. 258 However, genetic
ablation or pharmacological inhibition of EPAC1 has also been shown to prevent cell
death 13.259.260 Nonetheless, a genetic mouse model of EPAC1 has clearly shown that
EPACL1 plays a role in promoting mitochondrial apoptosis, since ablation of EPAC1

reduced BAX upregulation and cyt ¢ release %1 .
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The EPAC1/RAP1 axis in angiogenesis

Given the numerous downstream effectors, EPAC1 might play a role in a myriad
intricate signaling cascades 2%°. For example, and despite having received a
considerable interest, its physiological roles in the field of angiogenesis are yet to be
clarified 19 261,262 EPAC1 is highly expressed in endothelial cells where it regulates
cell adhesion, migration, junction formation and endothelial barrier as explained above
11,224, 261, 262 |n vivo studies have produced opposite results supporting a protective
role in retina from oxygen-induced vascular damage and to protect retina against the
damage caused by the ischemia-reperfusion event 263 264, However, EPAC1 has now
been proposed to participate in pathological, but not in physiological, angiogenesis °.

The EPAC1/RAP1 axis has also been extensively studied in endothelial cells.
EPAC1/RAP1 might positively regulate the vasculature tone, endothelial cellsi
adhesion, motility, polarity, endothelial barrier function and nitric oxide production and
release trough the fine regulation of signaling pathways, cytoskeleton rearrangements
or VE-cadherin and integrin mediated processes as shown in Figure 7 (see 252 for an
extensive review). However, the EPAC1/RAP1 role in angiogenesis is less clear. In
vivo studies of mouse model with the genetic ablation of Rapla or Raplb and in vitro
studies clearly support a proangiogenic role for this protein 6. Even though EPAC1
physiological role per se in angiogenesis is not clear, it seems likely that the
EPAC1/RAP1 pathway might be considered as a positive regulator of angiogenesis. It
has to be noted that the angiogenic process is extremely dynamic, involving a finely
tuned balance between inhibition and enhancing of cell migration, proliferation,

permeability and adhesion, that depends on the surrounding stimuli. The
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understanding of the mechanisms recruited is therefore a complicated and stimulating

challenge that requires deeper investigations.
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Figure 7. Epacl and Rapl in endothelial cells. Rap1l is required for NO production downstream from the
mechanosensing complex comprised of PECAM-1, VE-cadherin (VE-CAD) and VEGFR2. By controlling
NO release, Rapl signaling regulates endothelial homeostasis. Thus Rapl is critical for shear stress
sensing and the angiogenic responses. Activated by cAMP-dependent GEF, Epac, Rapl promotes
junctional stability and tightening via its effectors Rasipl, Radil, cdc42 and Afadin by mediating

attachment between tight and adherens junctions (Chrzanowska-Wodnicka et al, 2017) S.
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Breast Cancer

Breast cancer and molecular subtyping

Female breast cancer is the most commonly diagnosed cancer (11.7% of total cases)
and the leading cause of cancer death worldwide 2%°. According to the American
Cancer Society, breast cancer develops in 1 woman on 3 in the United States.

Breast cancer includes a range of mammary gland-derived malignant tumors which
display high heterogeneity 266, This variety relies on the different molecular profile that
characterize each tumor. Three major subtypes of tumor are classified by their
estrogen (ER) or progesterone (PR) receptor and HER2 (Human epidermal growth
factor receptor 2) immunochemistry positivity. Tumors can present different
combinations of these receptors: luminal A (ER+, PR+/T, HER2T, low Ki-67), luminal
B (ER+, PR+/T, HER2+/T, high Ki-67), HER2 overexpression (ERT, PRT, HER2+), and

basal-like (ER-, PR-, HER2-), and other special subtypes 266 267,

Triple negative breast cancer

Triple negative breast cancer (TNBC) is considered as a subtype of basal-like breast
cancer, since it is associated with the negative expression of all the mentioned
receptors 256, Even though progresses in early detection, diagnosis and therapy greatly
improved breast cancer clinical outcome, TNBC remains the most aggressive breast
cancer subtype and thus the most difficult to be treated 267: 268, TNBC is highly invasive
and around 46% of TNBC patients show metastasis dissemination 268, The first
classifications of TNBC based on gene expression profile was described by Lehman

and colleagues 2%, TNBC can be classified in basal-like 1 and 2 (BL1 and BL2),
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mesenchymal (M), mesenchymal stem-like (MSL), immunomodulatory (IM), and
luminal androgen receptor (LAR) 2%°. BL1 and BL2 are associated with the
dysregulation of gene expression involved in cell cycle regulation, proliferation and
DNA damage response 2%° 270, M and MSL display upregulation of genes related to
epithelial-mesenchymal transition and growth factor signaling 26% 271, IM subtype is
characterized by the expression of genes controlling cytokine signaling, immune
response and antigen presentation 2% 271, Successively, Burstein at al. updated the
first classification in four classes: M that expresses growth factor receptors, LAR
(Luminal Androgen Receptor) overexpressing AR (Androgen Receptor), basal-like
immune-activated (BLIA) and basal-like immunosuppressed (BLIS) 256 272, Finally,
based on transcriptome profile of messenger RNA (mMRNA) and noncoding RNAs
(INcRNAs), Liu et al specified the four classes in: IM immunomodulatory, LAR luminal
androgen receptor, MES mesenchymal-like, BLIS basal-like and immune suppressed
(FUSCC classification) 273. The last classification appeared to be coherent with the
previous one. IM subtype is again associated with the control of the immune functions,
like innate immune response and immune signal transduction pathway 26 273, LAR
present a unique hormonal regulation that includes activated androgen, estrogen,
steroid hormones, phorphyrin and peroxisome proliferator-activated receptor (PPAR)
signaling pathways 26 273, ME is characterized by the enhancement of molecular
cascades involved in growth factors, ECM-receptors interactions and gap junction
regulation 273, Finally, BLIS displays boosted proliferation and signaling pathways

regulating DNA replication and repair 272 273,
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Therapeutical approaches

The continuous evolution in the molecular characterization of each subtype is the key
to develop specific treatments for TNBC. Chemotherapy approaches are routinely
used and consists in the combination of taxane, anthracycline, cyclophosphamide,
cisplatin, and fluorouracil. However, chemotherapy is associated with deleterious side
effects in patients and TNBC can display chemotherapy resistance. Moreover, the high
heterogeneity that characterized TNBC limits the possibility of targeted therapies.
Currently, there are ongoing clinical trial in which specific molecular pathways are
targeted and that can be enhanced by the association of chemotherapy 274,

For example, a target for the LAR subtype is the androgen receptor and a potential
therapy could involve the use of AR blockers like bicalutamide, enzalutamide, and
abiraterone 274 275, Epidermal growth factor receptor (EGFR) is also highly expressed
in the 60% of Basal like subtypes 2’6, however treatments to block EGFR pathway
showed that cancer cells were able to find alternative strategies to activate
downstream effectors 277. Thus, to increase the efficacy of EGFR blocking, it might be
better to associate the inhibition of the downstream PISK/AKT/mTOR pathway 266,
Ongoing trials see the use of buparlisib (pan-PI13K inhibitor) added to paclitaxel and
ipatasertib, a highly selective AKT inhibitor 27> 278, For TNBC with PDL-1 positive
immune cells, chemotherapy and immunotherapy can favor the response to immune
checkpoint inhibitors 274, Taxanes for example promote dendritic cell activity and trigger
TLRs response 27°, For the basal-like subtypes, a novel approach consists in the
inhibition of poly-ADP ribose polymerase (PARP) 220, PARP is a family of DNA repair
enzyme, in which PARP-1 is one of the most important 28°. The inhibition of PARP

causes loss of DNA repair inducing apoptosis and could represent a good cancer
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treatment in combination with platinum-based chemotherapy, or eventually with PI3K
inhibitors in patients insensitive to PARP inhibitors alone 280 281,
TNBCs remain the most challenging cancer in terms of therapy, calling for the

identification of novel liabilities that can be targeted.

TNBC metabolism

Glucose metabolism

Cancer cells prioritize glucose uptake via glycolysis and aerobic glycolysis rather than
via OXPHOS 282, The advantages are linked to rapid ATP production and the
availability of glycolytic intermediates to support the anabolic demand of the tumoral
cells 283, Chemoresistance can be also linked to the cancer ability to adapt their
metabolism to match nutrient availability. Molecularly, gene amplification and
mutations in MYC, p53, BECN1, PTEN, PIK3CA and RB1 appear as key regulators in
the metabolic reprogramming of TNBCs 282 284286 TNBCs are characterized by
intensive glucose uptake due to boosted glycolysis that depends on the
overexpression of glycolytic enzymes like GLUT1, HK2, PKM2 and LDHA 287,
Overexpression of those genes are associated with increase tumor cell proliferation
and migration and tumor invasiveness and development 288290,

Glycolysis is thus a potential therapeutic target, but effective treatments curtailing

glycolytic metabolism have not yet reached clinical practice 292,

Mitochondria role in TNBC
TNBC can rely also on oxidative metabolism 2°2, Interestingly, mitochondrial OXPHOS
can promote TNBC migration and metastasis dissemination 2°, and mitochondrial

defects appear to be detrimental for TNBC cells 2%. For example, the lack of mtDNA
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reduces the tumorigenic phenotype and growth of breast cancer cells, ultimately
making them more sensitive to cytotoxic drugs 2°°. Tigecycline (TIG) is a clinically
approved drug that can be used in a specific contest of transcriptionally enhanced
mitochondrial protein translation 2% 297, Thus, by impairing mitochondrial protein
translation it leads to reduced tumor cell proliferation 2% 297, However, inhibition of
mitochondrial respiration is not a general therapeutic strategy for chemoresistant
TNBC, given the predicted severe side effects of OXPHOS inhibition.

Mitochondrial function is however influenced by mitochondrial shape and morphology
2, offering a potential target to modulate mitochondrial respiration without directly
inhibiting OXPHOS. Among the shaping proteins previously described, OPA1 is an
attractive candidate in the context of targeted mitochondrial cancer therapy 2.
Besides OPAL role in mitochondrial fusion, OPAL regulates apoptosis, mitochondrial
respiration, cell proliferation and angiogenesis - 5 52, Downregulation of OPA1l
increase cell sensitivity towards apoptosis and mutations that abolish OPAL catalytic
activity impair its antiapoptotic function 1. OPAL1 is often amplified across pan-cancer
genomic datasets, including breast 2%, OPA1 overexpression correlates with poor

prognosis and increased chemotherapy resistance 300-302,
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MicroRNAs (miIRNAS)

MicroRNAs are short (19 to 25 nucleotides) small RNAs that regulate
posttranscriptional gene expression 3%, They were first discovered in 1993 in
C.elegans and later they were found in all eukaryotic cells and to be conserved across
different species 14 304,

MIiRNA are transcribed in the nucleus as polyadenylated primary miRNA transcripts
(pri-miRNA) subsequently cleaved into pre-miRNA, the miRNA precursors3°®, Through
export protein Exportin 5 they access the cytoplasm where they are additionally
cleaved into double-stranded miRNAs by RNase type Il Dicer 396: 307 One of the two
strands is the mature strand that will be incorporated in a ribonucleoprotein complex
referred to as RNA-induced silencing complex (RISC) 307, The mature miRNAs will be
guided towards the mRNA target to bind its 30 untranslated region (UTR) leading to
MRNA destabilization and translational repression 307. 308,

miRNA regulation is fundamental in biological processes like development,
organogenesis, cell differentiation, apoptosis and metabolism 397. 308 miRNAs
expression displays high variability among cell types and miRNAs targets are
extremely numerous and different 3°8. Moreover, circulating miRNAs are identified as
mediators of intercellular communication 3°°. At the same time, miRNA homeostasis
appears to be increasingly relevant in pathological conditions. Alteration in miRNA
expression patterns have been associated to numerous diseases like in the

cardiovascular system and metabolism or cancer 3%,
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mMIiRNA in cancer

Since their discovery it is becoming increasingly clear that aberrant miRNA expression
correlates with several diseases, including tumor development 310, miRNAs are
dysregulated in cancer: the oncomiRs, whoses targets correspond to tumor suppressor
genes, are upregulated, whereas tumor suppressor miRNAs are downregulated,
resulting in overexpression of the target oncogenes 3%,

Multiple miRNAs are deregulated in breast cancer such as miR-125b, miR-145, miR-
21, miR-155 and miR-148/152 family 5. miR-148a, miR-148b, and miR-152 are the
members of the miR-148/152 family with similar sequences, structures, and the same
seed (nucleotides 2i 7) region 5. In breast cancer it was observed that miR-148a
downregulation is associated with diagnosis of high-grade primary tumors, poor
prognosis and metastasis dissemination 3!1. Then it has been clarified that miR-148a
was downregulated because of the hypermethylation of its promoter 32, The
overexpression of miR-148a was able to suppress breast cancer metastasis in vivo 312,
Other studies further confirmed that miR-148a was downregulated in breast cancer
and the ectopic expression of miR-148a could inhibit proliferation, migration and
invasion of breast cancer cells 313 314 Together with miR-148a, also miR-152 was
found to be downregulated in breast cancer 3. The overexpression of miR-148a or
miR-152 significantly inhibits breast cancer cell proliferation, colony formation, and
tumor angiogenesis via targeting IGF-IR and IRS1 and suppressing their downstream
AKT and MAPK/ERK signaling pathways 3'°. and then migration and invasion of breast
cancer cells 314, The downregulation of miR-148/-152 family appears to be a prognostic
marker in breast cancer and a potential target to develop new antitumoral therapy 1°.
In fact, the overexpression of the miR-148/152 family could represent a strategy for

therapeutic application in breast cancer 315,
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Aim of the thesis

The aim of the presented thesis is to elucidate the mechanisms underlying the
transcriptional role of Opal in angiogenesis and breast cancer. Given the role of Opal
in angiogenesis! we decided to delve into the signals communicated to the nucleus
and able to impact on complex processes like angiogenesis or cancer development.
Through genetic and pharmacological approaches, we performed a set of experiments
that could explain how changes in OPALl levels drive cell-specific transcriptional

reprogramming.
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Results
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The small GTPase Rapl links the mitochondria-shaping protein Opal to

angiogenesis inhibition.
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Summary

Changes in mitochondrial shape impact cell division, migration, activation, and
differentiation across different tissues by inducing changes in gene expression profiles
that appear cell type and context dependent. Signals linking mitochondrial morphology
to gene expression rewiring are unclear. Here we identify that loss of OPAL inhibits
angiogenesis by engaging the Ras-like GTPase RAP1. RNA sequencing of endothelial
cells where OPA1 was downregulated uncovers a Ras-like GTPase RAP1, and its
cyclic AMP (cAMP)-activated nucleotide exchange factor EPAC1 signature. EPAC1
and RAP1l localize proximal to mitochondria and upon OPALl silencing,
perimitochondrial cAMP levels increase, EPACL1 is recruited on mitochondria and
activated, leading to RAP1 activation that impinges on NFaB to blunt angiogenesis.
Genetic or pharmacological EPAC1 and RAPL1 inhibition curtails NFaB activation and
restores angiogenesis in endothelial cells lacking OPA1L. Our results nominate EPAC

and RAPL1 as rheostats of OPAL loss in angiogenesis.
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Introduction

Mitochondria are key organelles in energy conversion, intermediate metabolism.
Moreover, they are increasingly recognized as platforms of signaling cascades, from
apoptosis to inflammation. Not surprisingly, mitochondria continuously communicate
with the nucleus, eliciting firetrograded responses that convey information on their
status to modify nuclear gene expression, impacting on cell function and metabolism
L. Early observations in S. cerevisiae described how mtDNA depletion could drive a
retrograde response mediated by the RTG pathway 2. Likewise, the mitochondrial
unfolded protein response (MtUPR) is part of the retrograde pathways observed in C.
elegans, in D. melanogaster and in mammalian cells triggered by mitochondrial
proteostasis impairments or mitochondrial dysfunction 3 4. Mammalian retrograde
communication involves key metabolites including fumarate, succinate, alpha
ketoglutarate, as well as protein factors like calcineurin, Jun Kinase (JNK), protein
kinase C (PKC), activating transcription factor (ATF), nuclear factor of activated T cells
(NFAT), cAMP response element-binding protein (CREB) and nuclear factor kappa-
light-chain-enhancer of activated B cell (NFaB) >-°. However, how retrograde signaling
is elicited is still poorly understood. Loss of mitochondrial membrane potential,
cytosolic Ca?* increase, mitochondria-derived peptides like humanin or mitochondrial
open reading frame of the 12S rRNA-C (MOTS-c) are all conserved mitochondrial
signals impacting on the transcriptional landscape in different cells%-12,

Interestingly, also changes in mitochondrial morphology have been linked to the
activation of retrograde signaling. Mitochondrial shape is modulated by mitochondrial
fusion GTPases Mitofusin (MFN) 1 and 2 and Optic atrophy 1 (OPA1l); and
mitochondrial fission proteins like Dynamin related protein 1 (DRP1) and its receptors.

Several examples of epigenetic reprogramming following changes in mitochondrial
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shape exist: in the heart, mitochondrial fusion is essential to keep at bait Notch
signaling and allow stem cell differentiation into cardiomyocytes 4; MFN2 is essential
for hematopoietic stem cells differentiation by controlling NFAT activity %
mitochondrial fission unleashes differentiation of neural stem cells ¢; OPA1 controls
browning of preadipocytes via the Jumaniji family demethylase Kdm3a °. OPA1 is also
embedded in the program of angiogenesis, the process in which new blood vessels
are formed from pre-existing ones, where it controls the timely expression of
angiogenes by regulating Ca?* signaling and NFeB activation 7. This short list of
examples indicates that changes to the same mitochondria-shaping protein result in
tissue specific consequences on the differentiation programs. Thus, cells do not
possess a universal code that translates the same mitochondrial morphological change
into a stereotypical epigenetic response. More likely, tissue and context specific
response exist, calling for their identification.

Here we set out to elucidate the retrograde signals linking OPA1 deletion to
angiogenesis inhibition. An unbiased RNA sequencing approach unveiled that OPA1
deletion ectopically activates the Epacl/Rapl pathway of essential angiogenesis
modulators. Epacl and Rapl relay the loss of OPA1 to NFaB and their inhibition can

correct the angiogenesis defects occurring upon OPA1 deletion.
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RESULTS

An EPAC1/RAP1 signature in OPAL silenced HUVECSs.

To understand how could rewire gene expression in angiogenesis by controlling NFeB
signaling '’, we performed an unbiased RNA sequencing (RNAseq) analysis
comparing HUVEC transfected with a scramble (Scr) and an OPAL siRNA. For each
condition, we analyzed three independent experiments where RNA was isolated by
polyA selection and reads were set at 40x10°. Advaita Bioinformatics iPathway

analysis (http://www.advaitabio.com) revealed that 2,361 genes out of a total of 13,316

genes with measured expression were differentially expressed (DE) (Fig.1A). OPA1
silencing significantly impacted on 54 identified pathways (Fig.1B), among which we
concentrated on the top five predicted ones. The ficytokine-cytokine receptor
interactiont and fipathways in cancero include most angiogenes and were expectedly
impacted, given the negative regulation of angiogenesis by OPA1 ablation 17,
Statistical significance of the impact of OPA1 ablation on the fiSterol biosynthesiso and
filysosomed pathways was not unequivocal, lowering the confidence that they might
participate in the regulation of angiogenesis (Tablel). Our attention was conversely
caught by the RAP1 signaling pathway. RAP1 plays a crucial role in angiogenesis, but
its association to mitochondrial shape changes is unknown. Notably, an isoform of the
RAP1 GEF EPAC1 has been found in cardiomyocyte mitochondria, increasing our
interest in this pathway 8. Forty-five genes out of the 2,361 ones listed in this pathway
were indeed differentially expressed in our RNAseq dataset (Fig. 1C). Perturbation
analysis that indicates the direction (activation/deactivation) of the measured changes
surmised that OPA1 ablation could lead to RAP1 activation (Fig.1D). This finding was

surprising, given that RAP1 is a well-established positive regulator of angiogenesis in
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vitro and in vivo 1°-22 and called for a deeper analysis of the link between OPAL1 loss,
RAP1 and angiogenesis . Among them CALDAG-GEF-1 seemed a natural
candidate, but subcellular localization experiments excluded its localization at
mitochondria 23. Ca?* is well known to crosstalk to the other key second messenger
cAMP via modulation of adenylyl cyclases 2* that are also located at mitochondria 2°,
raising the possibility that EPAC1/RAP1 might mediate regulation of angiogenesis by

OPAL.

EPAC1 and RAP1 localize at mitochondria.

To verify the predictions from our RNAseq analysis, we first measured if RAP1 and its
upstream regulator EPAC1 were retrieved on or in proximity to ECs mitochondria. We
therefore purified crude mitochondrial fractions from HUVECs and MS1 mouse ECs.
By specific immmunoblotting, we found that the majority of EPAC1 and Rapl was in this
subcellular fraction (Fig. 2A-B). Because this fraction includes not only mitochondria,
but also endoplasmic reticulum (ER) and mitochondria associated membranes
(MAMSs), patches of the ER in close proximity to mitochondria 26 where RAP1 has been
retrieved by proteomics 27, we further purified pure mitochondria, MAMs and ER from
MS1 ECs. Interestingly, both RAP1 and EPAC1 were enriched in MAMs (Fig. 2B).
Next, we wished to understand if this localization in proximity to mitochondria was
dynamically modulated by activation of EPAC1. Upon treatment of HUVECs and MS1
cells with its specific cell permeant agonist cCAMP analogue 8-(4-chloro-phenylthio)-2|-
O-methyladenosine-3i-5i-cyclic monophosphate (8-pCPT-2'-O-Me-cAMP), EPAC1
accumulated in the crude mitochondria fraction. Conversely, bulk cAMP rise induced
by the PKA activator forskolin in combination with the phosphodiesterase inhibitor

IBMX was much less efficient in inducing EPACL1 relocalization (Fig.2C). Finally, we
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tested whether OPAl1l downregulation also led to EPAC1 accumulation on
mitochondria. Efficient OPA1 silencing by siRNA resulted in EPACL, but not RAP1
accumulation in the crude mitochondria fraction (Fig.2D). These results were further
corroborated by immunofluorescence analysis of EPAC1 subcellular localization in
HUVECs. While EPACL staining was diffuse in control-transfected cells, it appeared
mitochondrial upon OPAL silencing, as further confirmed by counterstaining with the
mitochondrial marker Mitotracker Deep Red (Fig.2E). Altogether, these results indicate
that RAP1 and EPAC1 are in proximity of ECs mitochondria and that EPAC1
pharmacological activation as well as OPA1l downregulation induce EPAC1

translocation to the organelle.

OPAL ablation increases perimitochondrial cCAMP and activates EPAC1/RAP1

Given the (peri)mitochondrial localization of EPAC1 and RAP1, we decided to test
whether OPAL1 silencing led to their activation. First, we measured whether OPA1l
ablation led to changes in cAMP levels, as also observed in white adipose tissue
preadipocytes upon Opal overexpression °. Direct measurements indicated that OPA1
silencing in HUVECs resulted in an increase in bulk cAMP levels (Fig.3A). To
understand whether loss of OPAL led to cAMP accumulation at the peri-mitochondrial
level, we expressed EPAC1-SH87-OMM an outer mitochondrial membrane targeted
version of the EPAC1 FRET-based sensor EPAC1-SH87, This sensor also indirectly
measures EPAC1 activity, as a decrease in EPAC1-SH'8” FRET rate is proportional to
the open conformation of the sensor i.e., its activation. Upon co-expression of EPAC1-
SHI87-OMM ywith control or OPA1 siRNA we measured basal and maximal FRET levels,
obtained by perfusing cells with 8-pCPT-2'-O-Me-cAMP. Interestingly, basal FRET

levels as well as the difference between maximal and basal FRET levels [expressed
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as 1/(FRETmax-FRETbasal)] were higher in OPA1 depleted HUVECSs (Fig.3B-C). These
results indicate that peri-mitochondrial cCAMP level and EPACL activation are increased
upon OPA1 silencing.

Because active EPAC1 might in turn activate RAP1, we turned to a biochemical assay
to detect the fraction of active RAP1 in HUVECSs. In this chromatographic assay, the
RAP1 binding domain (RBD) of RalGDS, a RalGDP dissociation factor that interacts
preferentially with active RAP1 is immobilized on a column that is incubated with total
cellular lysates. Because RALGDS-RBD interacts with active, GTP bound RAP1,
bound RAPL is proportional to the amount of active RAPL1 in cells. As expected, 8-
pCPT-2'-O-Me-cAMP increased the amount of RAP1 retained on the column.
Downregulation of OPA1 was also able to increase in a time dependent manner
column bound RAPL1 to levels comparable to those obtained following 8-pCPT-2'-O-
Me-cAMP treatment (Fig.3D-C). Altogether, these results indicate that OPAL loss is
associated with increased perimitochondrial cCAMP levels, EPAC1 and RAP1 activation
in ECs.

Cytosolic Ca?* rise links OPAL1 silencing to angiogenesis inhibition 7. Because Ca?*
stimulates cAMP production by acting on several adenylyl cyclases, including sAC
REF, we wished to understand whether RAP1 activation in OPA1 silenced HUVECs
was Ca?* sensitive. We therefore performed the same experiment of active RAP1
chromatography in OPA1-ablated HUVECs where we chelated cytoplasmic Ca?*. In
response to treatment with the cell permeant Ca?* chelator BAPTA-AM, RAP1
activation was fully prevented, indicating that RAP1 activity in OPAL ablated HUVECs

is calcium dependent (Fig.3E).

EPACL1 inhibition corrects the NFaB hyperactivation caused by OPAL1 silencing
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Because OPA1l-dependent angiogenesis inhibition is mediated by NFaB activation '
and in osteoclasts EPAC1 is upstream NFaB 28, we wished to understand if
EPAC1/RAPL1 inhibition could blunt the NFeB activation observed in OPAL silenced
HUVECS. First, we retrieved p65 and the NFaB negative regulator IkBU in the MAMs
fraction where also EPAC1 and RAP1 are located (Fig.4A). Next, we measured
specific activity of the NFaB subunit p65. When we silenced OPA1 we recorded an
increase in NFaB activity that was normalized when we treated silenced HUVECs with

the EPAC chemical inhibitor ESI-09 (Fig.4B).

EPAC1/RAP1 inhibition restores parameters of angiogenesis in HUVECs lacking
OPAl

We finally wished to understand if the EPAC1/RAP1 hyperactivation was involved in
the suppression of angiogenesis caused by OPAL loss. We first measured if their
pharmacological inhibition could rescue multiple parameters of angiogenesis in OPAL
silenced cells. As expected, Rap1l inhibition using its well-established inhibitor GGTI-
298 reduced migration and tubulogenesis of HUVECSs transfected with a control (Scr)
siRNA. Conversely, inhibition of the RAP1 GEF EPAC1 with ESI09 had no effect of
angiogenesis in control HUVECSs, consistent with the notion that Epacl participates in
pathological but not in physiological angiogenesis 2°. Next, we tested whether the same
pharmacological inhibitors restored angiogenesis in HUVECs where OPAl was
efficiently downregulated by siRNA. ECs migration and tubulogenesis were corrected
by the treatment with ESI0O9 and surprisingly also by GGTI-298 that conversely
inhibited the two angiogenesis parameters in control transfected HUVECs (Fig. 5A-B;
Fig. 6A-B). Neither inhibitor restored OPAL1 levels, as judged by immunoblotting (Fig.

S2A-B). Because pharmacological inhibitors might display off target effects, we turned
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to a genetic approach to verify if EPAC1 and RAPL1 lie in the angiogenesis regulation
pathway controlled by OPAL. Efficient silencing of EPAC1 and RAP1 (Fig.Suppl.2C)
inhibited migration of HUVECs, but when we downregulated these two genes with
OPA1 we observed a remarkable correction of EC migration (Fig.7A-B; Fig.8A-B).
Altogether, these results indicate that contrary to the current model where RAP1 is
required for physiological angiogenesis, EPAC/RAP1 inhibition restores it in ECs

where OPAL is silenced.
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Discussion

Here we identify EPAC1/RAP1 as mediators of the inhibition of angiogenesis caused
by OPA1l downregulation. Unbiased RNAseq analysis identifies an EPAC1/RAP1
signature in OPA1-downregulated HUVECSs. Functional experiments detail an increase
in CAMP levels around OPA1-depleted mitochondria, leading to EPAC1 recruitment
and RAP1 activation. Inhibition of the EPAC1/RAP1 pathway in OPAl-depleted ECs
corrects hyperactive NFaB signaling and restores angiogenesis.

OPA1 reprograms transcription in endothelial cells independently from mitochondrial
fusion but by controlling mitochondrial Ca®* homeostasis 1. Yet, how changes in Ca?*
levels result in such widespread phenotypes that include proliferation, migration and
complex tissue patterning (tubulation) was unclear. Unbiased RNA sequencing of
OPA1 silenced HUVECs identified approximately 10% of all genes differentially
expressed upon OPAL silencing. Bioinformatic analysis revealed a handful of signaling
pathways that were significantly overrepresented, among which Rapl.
Ras-proximate-1 or Ras-related protein 1 (Rapl) is a small GTPase that belongs to
Ras-related protein family and is essential for signal transduction 2°. The two Rapl
isoforms (RAP1A and RAP1B) are ubiquitously expressed and involved in the
regulation of cell adhesion and motility, in integrin mediated signaling and in
cytoskeleton remodeling 3125, Not surprisingly, Rap1A/B is therefore crucial in tumor
invasion and metastasis formation 36. In the endothelium, Rapl promotes
angiogenesis, endothelial barrier function and nitric oxide (NO) release 2% 22:37.38_ The
multifaceted role of Rapl in ECs supports the notion that Rapl is essential for
developmental angiogenesis and vessel stabilization?? 37- 3, Instead, Rap1 loss in

adult mice is not lethal, but affects the maintenance of vasculature and NO release 22

37,39
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Rapl is activated by the Rap guanine nucleotide exchange factor 3, also known as
exchange protein directly activated by cAMP 1 (Epacl) that responds to changes in
cAMP levels 4% 41, Among the two mammalian Epac isoforms, Epacl is abundantly
expressed in ECs where it regulates migration, cell-cell adhesion and junction and
endothelial barrier maintenance® 4244, However, whether Epacl is required for
angiogenesis in vivo is not yet clear 2% 43, EPAC1 and RAP1 suggests that they might
be involved in sensing mitochondrial changes, but whether they connected
mitochondria in general, and OPAL in particular, to angiogenesis was unclear. By
analysis of subcellular fractions and immunofluorescence we placed RAP1 in MAMs
that are emerging as hubs for mitochondria-derived signals. EPAC1 dynamically
relocates to mitochondria upon activation and OPA1 silencing, potentially explaining
how RAP1 is activated when OPAL is ablated. Indeed, OPA1 silencing results in an
increase in Ca?* and in localized cAMP increase in proximity of mitochondria, as
measured by a specific CAMP sensor targeted to the OMM. Whether OPAL directly
controls cAMP synthesis/degradation is unclear. Because chelation of Ca?* can
suppress the EPAC1/RAP1 activation elicited by OPA1l downregulation, it is
conceivable that the cAMP rise occurs downstream the Ca?* increase observed when
OPAL1 is silenced. Indeed, several adenylate cyclases, including sAC that has been
reported to be associated to mitochondria, are stimulated by Ca?* 2+ 25, Catalytically
active mutants of EPACL1 that are conversely unable to shuttle to the OMM upon OPA1
deletion would be instrumental to clarify whether activation of the EPAC1/RAP1
pathway must be compartmentalized at the OMM to inhibit angiogenesis. Likewise,
further characterization of RAP1 localization and function upon OPAL silencing could
be fruitful. Notably, the RAPL1 inhibitor GGTI-298 blocks geranylgeranyltransferase,

thereby abrogating the key post-translational modification required for its lipid binding,
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which suggests that RAP1 intracellular localization might be important for its function
upon OPAL1 loss in endothelial cells.

EPAC1/RAP1 deletion is normally associated to the inhibition of angiogenesis.
However, in OPA1 silenced ECs the blockage of this signaling cascade has the
opposite effect of rescuing angiogenesis that is curtailed by OPA1 downregulation.
This surprising result can be perhaps explained by the fact that the genetic remodeling
of ECs caused by OPAL1 silencing is NFaB dependent and RAP1 inhibition can block
NFaB 28.

EPAC1 is not the exclusive GEF for RAP1. However, RNA seq indicated that EPAC1
was overexpressed upon OPAL silencing and EPAC inhibition was able to recapitulate
in full the genetic or pharmacological inhibition of RAP1 in rescuing angiogenesis in
OPAL1 silenced ECs. Altogether, these indications support that EPAC1 is the RAP1
GEF in response to OPA1 downregulation.

Our work places EPAC1/RAP1 in the retrograde signaling pathway connecting
mitochondria to angiogenesis and highlights the intricate network of signals and
second messengers that can execute transcriptional changes when mitochondria are

perturbed.
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Materials and methods

RNA Sequencing Experiment

HUVECs were transfected for 32h with 30nM of Scr or OPA1 siRNA and total RNA
was isolated using RNeasy Mini Kit (QIAGEN). The purity and quality of extracted
RNAs were evaluated using the Experion RNA StdSens Analysis kit (Bio-Rad). High
quality RNAs with RNA Quality Indicator (RQI) score greater than 8 were used for RNA
sequencing experiments. RNA sequencing was performed by the GIGA Genomics
Facility (Liege, Belgium). Gene expression profiling was performed using An Illumina
NextSeq500. For each sample, 250ng of total RNA were labeled using an Illumina
Total Prep RNA Amplification kit (Ambion) according to the manufactureris instructions.
The raw sequence reads were aligned by STAR (reference genome HOMO SAPIENS
UCSChg19). The differential genes expression and their false discovery rate (FDR)
corrected p values were calculated using DESeq2 (v. 1.6.3). Data analysis have been
computed with iPathwayGuide (Advaita) that scores pathways using the Impact
Analysis method (Draghici et al., 2007; Tarca et al., 2009, Khatri et al., 2007). The

pathway topologies are obtained from the KEGG database.

Cell culture

Cells were grown at 37°C in a 5% CO2 humid atmosphere. Human umbilical vein
endothelial cells (HUVECS) (Lonza) were used from passages 3-9. Cells were seeded
on 0,2% gelatin-coated dishes and maintained in culture in Endothelial Cell Growth
Medium 2 (EGM2) SupplementPack from PromoCell (C-39211) enriched with 5% fetal
bovine serum (FBS). MILE SVEN 1 (MS1) mouse endothelial cells (ATCC-CRL-2279)
were cultured in DMEM 1g/L glucose, supplemented with 10% fetal bovine serum

(FBS), 100 U/ml penicillin and 100 g/ml streptomycin.
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SiRNA transfection

Cells were transfected (180,000 cells per well in a 6-well plate; 80,000 cells per well in
a 48-well plate and 8000 cells per well in a 96-well plate) with unrelated human and
mouse sequence SiRNA (Scr) (AM4635, Ambion), OPA1 (30 nM), EPAC1 (30 nM),
RAP1A (30 nM) or RAP1B (30 nM) siRNA using Dharmafect-4 reagent (Dharmacon
research) according to the manufacturer's instructions. Functional assays on
transfected HUVECs and evaluation of transfection efficiency were performed after
24h, 36h and 48h as indicated. All transfections experiments described were carried
out with OPA1 siRNAL1 (144409, Invitrogen). siRNA for EPAC1, RAP1A, RAP1B are

from Eurofins Genomics. In Table 2, the list of oligonucleotides sequences.

Table 2 Oligonucleotides

EPACL1 siRNA 5i- AAC UCG GUG AAG CGA GAA UUA -3
RAP1A siRNA 5i- GCA AGA CAG UGG UGU AAC U -3i
RAP1B siRNA 5i- GUC UGC UUU GAC UGU ACA A -3i
OPA1 siRNA 1444009, Invitrogen

Scr siRNA AM4635, Ambion

Plasmid transfection

180.000 HUVECs were seeded on a 6-well plate and transfected after 24h with
JetOPTIMUS (Polyplus, 101000051) according to the manufacturer's instructions.
After 6h of transfection, medium was refreshed or cells replated to perform other

assays.

Scratch wound migration assay
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HUVECs were transfected in 48-well plate in 800 pl of EGM2 for 48h and wounded
with the head of 200 pl tips. Migration of the cells into the wound was recorded 6h later.
When HUVECs were transfected with more siRNA sequences, they were first
transfected with EPACL1 siRNA for 48h, and then for additional 48h in combination with
the other siRNA as indicated in the 48-well plate. Migration has been measured as

described above.

Tubulogenesis assays

HUVECs were transfected as described for 48h and treated with the inhibitors as
indicated for 6h prior to be seeded in a 96-well plate pre-coated with 35 ul Matrigel per
well (BD Biosciences). 5000 cells were incubated in EGM2 medium and Matrigel for
5h. In the case of multiple silencing HUVECs were transfected as explained above and
48h post second transfection were seeded on the Matrigel. Brightfield Images were
taken using a Leica DM4000 epifluorescence microscope equipped with 5X
magnification objectives. Quantitative analysis of network structure was performed with
ImageJ software by measuring the total length of the tubes and counting the number

of intersections in the network in at least 3 field per well.

NFaB binding activity

The P65 DNA-binding activity of NFeB was quantified by ELISA (EZ Transcription
Factor Kit NFaB P65, Pierce) according the manufacturer's instructions on total protein
extracts. Cell lysates previously quantified were incubated with the primary antibody
specific for the activated form of P65. NFaB binding to the target oligonucleotide was
detected by visualization of the anti-lgG horseradish peroxidase conjugates and

developing solution.
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FRET Imaging

HUVECs were transfected for 24h with the indicated siRNA and successively
transfected for EPAC1-SH817-OMM. 6h after transfection cells were plated into 96-well
plates (Corning, 4517) with plastic bottom suitable for microscopy. Cells were bathed
in Ringeris modified buffer: NaCl 125 mM; KCL 5 mM; Na3PO4 1 mM; MgS04 1 mM,;
HEPES 20 mM; glucose 5.5 mM; CaCl2 1 mM; pH adjusted to 7.4. Experiments were
performed with Operetta high-content imaging system. Cyan fluorescent protein
(mTurquoise) has been excited at 430 nm; the emission fluorescence was collected
for both donor and acceptor fluorophores at 480 nm and 545 nm. Images were
collected from at least 5 field per well and FRET was measured at six time points; three
at basal level, three after injection of 8-pCPT-2'-O-Me-cAMP. The analysis has been
performed with Columbus software. Every independent experiment represents the
average of the three basal measurement and post- injection of all the wells for each

condition.

Mitochondria and MAMs isolation

Mitochondrial and MAMs fraction were isolated from MS1 cells and mouse forebrain
tissue as previously described 4°. The isolation of mitochondria from HUVECs have
been performed with the Qproteome Mitochondria Isolation Kit (37612; Qiagen)
according to the manufactureris recommended protocol. 1.800.000 HUVECs were
transfected and after 48h mitochondria have been extracted. Where indicated,
HUVECs have been treated with FSK-IBMX and 8CPT-AM 30 min prior to

mitochondria isolation.

cAMP measurements
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HUVECs were transfected as indicated for 24h and cAMP was measured with the
cyclic AMP Complete ELISA Kit (Abnova, KA0320). Briefly, cells were lysed according
to the manufactureris instruction and seeded in a plate coated with IgG antibody.
Successively, samples and standards were incubated with a solution of cAMP
conjugated to alkaline phosphatase and the antibody against cAMP. After washing, the
substrate solution for the alkaline phosphatase is added and the colorimetric reaction
is read at 405 nm. The amount of signal is indirectly proportional to the amount of
cAMP in the sample. Data were analyzed on Four Parameter Logistic (4PL) Curve

Calculator.

Active RAP1 pulldown assay

HUVECs were transfected as showed for 24h and 36h. Where indicated, cells were
treated for 30min with cell permeant cAMP analogue 8-CPT-AM as positive controls or
with 2uM BAPTA-AM for 1h30min. RAP1 activation was measured with the active
RAP1 pulldown and detection kit (Thermo Fisher 16120). Cells were lysed according
to the manufactureris instruction. Equal amount of protein lysate (700ug) was loaded
to the column with immobilized RalIGDSZARBD and the pulldown Rapl-GTP was
detected by western blot. The pulldown has been compared with the inactive RAP1 in

the flow through.

Western blotting

Cells were lysed in lysis buffer and heated at 95°C for 10 min. Equal amounts of protein
were resolved by 8% SDS PAGE and transferred to polyvinylidene fluoride membranes
(PVDF) according to the manufactureris protocol. Blots were blocked for 1 hour at room

temperature with 5% BSA (Sigma Aldrich) in Tris-buffered saline with 0.1% Tween 20
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(TBS-T) and probed overnight at 4°C with 1:1000 primary antibody. After three washes
with TBS-T, the appropriate secondary antibody at a 1:5000 dilution was added for 1
hour at room temperature. The bands were Vvisualized by enhanced
chemiluminescence ECL kit (Pierce). For RAP1-GTP pulldown, equal amounts of
protein (700ug) were resolved by 4-20% SDS PAGE, transferred to a nitrocellulose
membrane as indicated in the manufactureris instructions. Blocking and incubation

followed as described above.

Immunofluorescence

HUVECs were transfected as described and seeded on dishes coated with gelatin
(0.2%). Prior to be fixed, cells were incubated for 30min with 200nM Mitotracker Deep
Red (InvitrogenE M22426) at 37AC in EGM2 medium. Cells were then fixed with 100%
methanol (5 min) at -20°C, permeabilized with 0.1% Triton X-100 for 5 minutes and
then blocked with 1% BSA/10% normal goat serum/0.3M glycine in 0.1% PBS-Tween
for 1h. HUVECs were then incubated overnight at +4°C with Alexa Fluor 488 Anti-
Epacl antibody (EPR1672) diluted 1:50. Samples were finally washed 3 times with
PBS and images were acquired on a Zeiss LSM900 with Airyscan microscope (Zeiss).
Data were collected using a 63x1.4 NA objective and 488 and 640 nm laser lines.
Airyscan processing was performed using the Airyscan processing function in the ZEN

software.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data representation and Statistical analysis
Data are displayed as box plots of at least three independent experiments. Dots

indicate each datapoint, boxes are SEM, centre line mean, whiskers 10-90" percentile.
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Normal distribution of populations at the 0.05 level was calculated using the Shapiro-
Wilk normality test. Statistical significance was calculated by a one-way ANOVA with
Tukeyis post-test using OriginPro (Microcal) or using a two-tailed or paired samples
Studentis t tests. Differences between groups were considered statistically significant

for p<0.05. *p00,05; **p00,005; ***p00,001; ****p00,001.
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Figures legends

Fig.1 RNA sequencing analysis identifies a signature for EPAC1/RAP1 pathway
upon OPA1 downregulation in HUVECs

(A) Volcano plot of 13,316 genes with measured expression in HUVECs transfected
for 32h with siRNA against OPALl or a non-relevant sequence (UNREL). All 2361
significantly differentially expressed (DE) genes correspond to the red and green dots
respectively downregulated and upregulated. Black dots represent non-significant

genes. n=3 independent experiments.

(B) Pathway perturbation vs. over-representation in OPAl-silenced HUVECs. Over-
representation on the x-axis (pORA) and the total pathway accumulation on the y-axis
(pAcc). Each pathway is represented by a single bubble. The top 5 pathways are
represented in yellow, green and blue. The size of each dot is proportional to the size

of the pathway it represents. black: non-significant.

(C) Log fold change (FC) of the RAP1 pathway genes (from GO) retrieved in RNAseq
experiments. Upregulated genes are shown in green, downregulated genes are shown

in red.

(D) Gene expression changes of Epacl/Rapl signaling pathway components upon
OPAL1 ablation in HUVEC. Data are from RNAseq analysis. Each gene expression from
2 repeats has been computed and analyzed using iPathway Guide (Advaita). Red:
increased expression vs scr SiRNA; Blue: decreased expression. Only significant gene

expression changes are displayed.
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Fig.2 EPAC1 and RAP1 are retrieved proximal to mitochondria and EPACL1
accumulates on mitochondria upon its activation or following OPA1l

downregulation.

(A) Equal amounts of protein extract from HUVECs subcellular fractionation (Cyto:
cytosol; Crude Mito: crude mitochondria) isolated as described were separated by SDS

PAGE and immunoblotted as indicated.

(B) Equal amounts of proteins from MAMs isolation of mouse endothelial cells (MS1)
were separated by SDS-PAGE and immunoblotted using the indicated antibodies (WL.:
whole lysate; CYT: cytosol; PNS: post-nuclear supernatant; C.MT: crude mitochondria;
ER: endoplasmic reticulum; P.MT: pure mitochondria; MAMs: mitochondria associated

membranes).

(C) Subcellular fractionation of HUVECSs treated where indicated with the cell permeant
cAMP analogue 8-CPT (8-pCPT-2'-O-Me-cAMP) or forskolin. Equal amounts of
proteins in each fraction were separated by SDS-PAGE, immunoblotted using the

indicated antibodies and quantified by densitometry analysis.

(D) Subcellular fractionation of HUVECs treated with the indicated siRNA for 48h.
Experiment performed as in (C). Equal amounts of proteins in each fraction were
separated by SDS-PAGE, immunoblotted using the indicated antibodies and quantified

by densitometry analysis.
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(E) Representative high-resolution fluorescence images obtained with Airyscan from
HUVECs transfected with the indicated siRNA. After 48h cells were fixed and

immunostained using the indicated antibody or Mitotracker Deep Red.
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Fig.3 Fig.8 OPA1l ablation is inducing cAMP increase, EPAC1 and RAP1

activation in a calcium dependent manner.

(A) HUVECSs were transfected with the indicated siRNA for 24h and cAMP levels were

measured as described. n=3 independent experiments.

(B) Representative FRET images acquired with Operetta High Content Imaging
System. Image were modified with ImageJ only for representative purposes. HUVECs
were first transfected with the indicated siRNA and after 24h with EPAC1-SH87-OMMfqr
additional 24h. FRET images were acquired at basal level and after 8CPT (8-pCPT-2'-

O-Me-cAMP) addition.

(C) HUVECSs were first transfected with the indicated siRNA and after 24h with EPAC1-
SH187-OMM for additional 24h. (B) FRET was measured at basal level and after 8CPT
addition and represented as 1/(FRETmax-FRETbasa). Nn=53 for Scr HUVECs and n=59

for HUVEC OPA1-depleted independent experiments.

(D-E) Detection of GTP-bound RAP1 in HUVECSs transfected with the indicated siRNA
for 24h or 36h. Where indicated, cells were treated for 30min with cell permeant cAMP
analogue 8-CPT as positive control. Cells were lysed according to the manufactureris
instruction of the pull-down assay kit. Equal amount of protein lysate (700ug) was
loaded to the column with immobilized RalIGDSZRBD and the pulldown Rapl-GTP was
detected by western blot. n=3 independent experiments. (E) Experiment performed as
in (D) but where indicated, cells were treated for 1h 30min with BAPTA-AM. n=3

independent experiments.
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Fig.4 NFaB activation is prevented by EPACL1 inhibition in OPAl-depleted

HUVECs

(B) Equal amounts of proteins from MAMs isolation of mouse forebrain were separated

by SDS-PAGE and immunoblotted using the indicated antibodies.

(A) NFaB catalytic P65 activity was measured in HUVECs transfected 48h with the

indicated siRNA and treated where indicated with ESI-09. n=3 independent

experiments.
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Fig.5 Pharmacological inhibition of EPAC1 and RAP1 rescues migration in

HUVECSs lacking OPA1.

(A) Representative brightfield images at the indicated time points of a scratch-wound
assay using HUVECs transfected with the indicated siRNA for 48h. Where indicated,
cells were treated with the EPAC1 and RAP1 chemical inhibitor, respectively ESI-09

and GGTI-298.

(B) Quantification of migration at 6h in experiments as in (A-B). n>9 independent

experiments per conditions.
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Fig.6 Pharmacological inhibition of EPAC1 and RAP1 rescues tubulogenesis in

OPAl-depleted HUVECSs.

(A) Representative brightfield images of endothelial tubular network formed after 6h of

Matrigel seeding by HUVEC treated as indicated. Cells were transfected for 48h with

the indicated siRNA and treated where indicated with ESI-09 or GGTI-298 prior to seed

the cells in the Matrigel.

(B) Quantification of tube lengths (um) as in (A). n=3 independent experiments.

(C) Quantification of branching points (nffield) in experiments as in (A). n=3

independent experiments.
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Fig.7 Silencing of EPAC1 and RAPL1 rescues migration in HUVECs upon OPAl

loss.

(A) Representative brightfield images at the indicated time points of a scratch-wound

assay using HUVEC:s first transfected with Scr and EPAC1 siRNA for 48h followed by

extra 48h with the indicated siRNA.

(B) Quantification of migration at 6h in experiments as in (A). n>5 independent

experiments.
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Fig.8 Silencing of EPAC1 and RAP1 rescues tubulogenesis in HUVECs upon

OPAL1 downregulation.

(A) Representative brightfield images of endothelial tubular network formed after 6h of

Matrigel seeding by HUVEC HUVEC S first transfected with Scr and EPAC1 siRNA for

48h followed by extra 48h with the indicated siRNA.

(B) Quantification of tube lengths (um) as in (A). n=3 independent experiments.

(C) Quantification of branching points (n/field) in experiments as in (A). n=3

independent experiments.
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Tablel

p-value
Pathway name p-value p-value (FDR)
(Bonferroni)
Cytokine-cytokine
5.855e-7 1.745e-4 1.745e-4
receptor interaction
Lysosome* 1.323e-5 0.002 0.004
Pathways in cancer | 2.405e-5 0.002 0.007
Rapl signaling
8.724e-5 0.006 0.026
pathway
Steroid biosynthesis* | 3.287e-4 0.020 0.098

* the p-value corresponding to the pathway was computed using only over-representation analysis.

Table 1. Top five altered pathways from iPathway analysis of RNAseq in OPAL vs. Scr

siRNA treated HUVECSs.
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The small GTPase Rapl links the mitochondria-shaping protein Opal to

angiogenesis inhibition.

Margherita Zamberlan'?, Stéphanie Herkenne#, Francesca Grisan?, Liliana lannucci?,
Giulietta Di Benedetto?, Federica Vinellit?, Konstantinos Lefkimmiatis®>3 and Luca

Scorranol28

Supplemental Online Material
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Supplementary Figures

Supplementary Figure 1

Log fold change (FC) of the indicated genes codifying for adenylate cyclases. Pathway

genes (from GO) retrieved in RNAseq experiments. Upregulated genes are shown in

green, downregulated genes are shown in red.
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Supplementary Figure 2

(A) Equal amounts of protein extracted from HUVECs transfected 48h with the
indicated siRNA and treated with GGTI-298 as indicated were separated by SDS-

PAGE and immunoblotted with the indicated antibodies.

(B) Equal amounts of protein extracted from HUVECs transfected 48h with the
indicated siRNA and treated with ESI-09 as indicated were separated by SDS-PAGE

and immunoblotted with the indicated antibodies.

(C) Equal amounts of protein extracted from HUVECs first transfected with Scr and

EPAC1 siRNA for 48h followed by extra 48h with the indicated siRNA were separated

by SDS-PAGE and immunoblotted with the indicated antibodies.
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Inhibition of the mitochondrial protein Opal curtails triple negative breast cancer

growth.
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Summary

Mitochondrial fusion and fission proteins have been nominated as druggable targets in
cancer. Whether their inhibition is efficacious in triple negative breast cancer (TNBC) that
almost invariably develops chemoresistance is unknown. Here we show that targeted
inhibition of the mitochondrial fusion protein OPAL curtails TNBC growth. Bioinformatics
analyses of cancer genomic databases identified a signature of OPAL upregulation in
breast cancer that correlates with worse prognosis. Genetic and pharmacological OPA1
inhibition reduced breast cancer cells proliferation, migration, and invasion in vitro and in
vivo. Mechanistically, while OPAL silencing did not reduce mitochondrial respiration, it
increased levels of miRNAs of the 148/152 family known to inhibit tumor growth and
invasiveness. Indeed, these miRNAs were epistatic to OPAL in the regulation of TNBC

cells growth and invasiveness. Our data identify OPAL as a druggable target in TNBC.
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Introduction

Breast cancer is the second cause of cancer death and the most frequently diagnosed
tumor in women. Breast cancer is a highly heterogeneous disease. Several subtypes are
classified by their estrogen (ER) or progesterone (PR) receptor and HER2 (Human
epidermal growth factor receptor 2) immunochemistry positivity and respond differently to
treatment 1. Progresses in early detection, diagnosis and therapy greatly improved breast
cancer clinical outcome, resulting in a steep decline in mortality rate?. Nevertheless, some

subtypes remain difficult to treat.

Triple negative breast cancer (TNBC) constitutes the most aggressive breast cancer
subtype and is highly heterogeneous. Different classifications of TNBC are available,
based on gene expression profile. For example, TNBC can be classified in basal-like 1
and 2 (BL1 and BL2), mesenchymal (M), mesenchymal stem-like (MSL),
immunomodulatory (IM), and luminal androgen receptor (LAR)3; or in four classes: M that
expresses growth factor receptors, LAR (Luminal Androgen Receptor) overexpressing AR
(Androgen  Receptor), basal-like immune-activated (BLIA) and basal-like
immunosuppressed (BLIS)?. Finally, TNBC can be classified in subtypes based on cluster
analysis of gene expression. However, gene expression analysis is not commonly
available in clinical practice®>. Because of the poor response of TNBC to therapy,
refinements in its classification are crucial to develop targeted therapies®. For example, a
target for the LAR subtype is the androgen receptor; PIBK/AKT/mTOR, MET, TGF-beta,
and NOS pathways are targets for the M subtype. For TNBC with PDL-1 positive immune
cells, chemotherapy and immunotherapy can favor the response to immune checkpoint

inhibitors. For the basal-like subtypes, a novel approach consists in the inhibition of poly-
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ADP ribose polymerase (PARP) in combination with platinum-based chemotherapy, or
eventually with PI3K inhibitors in patients insensitive to PARP inhibitors alone’®. Despite
these advances, TNBC is not currently treated with targeted drugs. Conventional therapy
is employed, with anthracyclines and taxanes being widely used®. However, resistance to
chemotherapy almost invariably develops and TNBCs remain the most challenging cancer

in terms of therapy, calling for the identification of novel liabilities that can be targeted.

The emergence of chemoresistance in breast cancer is a complex process. One facet of
chemoresistance is the ability of cancer cells to adapt their metabolism to match nutrient
availability. Specific metabolic phenotypes allow TNBCs to sustain proliferation,
progression, metastatization and resistance to chemotherapy®''1?, Molecularly, gene
amplification and mutations in MYC, p53, BECN1, PTEN, PIK3CA and RB1 appear as
key regulators in the metabolic reprogramming of TNBCs'34, Like most other cancers,
TNBCs rely on increased glucose uptake and glycolysis that are boosted by transcription
factors (such as HIF-1U, NRF2, c-myc..) driving overexpression of glycolytic enzymes
(such as HK2, PKM2, LDHA). Glycolysis is thus a potential therapeutic target, but effective

treatments curtailing glycolytic metabolism have not yet reached clinical practice®®.

TNBC can rely also on oxidative metabolism*6. Interestingly, mitochondrial Oxidative
Phosphorylation (OXPHOS) can promote TNBC migration and metastasis
dissemination!’; conversely, lack of mtDNA reduces the tumorigenic phenotype and
growth of breast cancer cells, ultimately making them more sensitive to cytotoxic drugs?®.
Unfortunately, inhibition of mitochondrial respiration is not a viable therapeutic strategy for
chemoresistant TNBC, given the predicted severe side effects of OXPHOS inhibition.

Mitochondrial function is however influenced by mitochondrial shape and morphology?*®,
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offering a potential target to modulate mitochondrial respiration without directly inhibiting
OXPHOS. Mitochondrial morphology depends on the balance between fusion and fission
processes. Fission is controlled by dynamin-related protein 1 (DRP1) that binds to its
adaptors on the outer mitochondrial membrane (OMM), fission 1 (Fisl), mitochondrial
fission factor (MFF), and mitochondrial division (Mid) 49 and 51. Fusion is controlled by
mitofusins (MFN) 1 and 2 in the OMM and by optic atrophy protein 1 (OPA1) in the inner
mitochondrial membrane (IMM)2%?1, OPAL1 is an attractive candidate in the context of
targeted mitochondrial cancer therapy??, based on clinical and biological features of this
mitochondrial protein. First, in addition to its core function in mitochondrial fusion, OPA1
regulates several hallmarks of cancer: cytochrome c release and apoptosis, mitochondrial
respiration, cell proliferation and angiogenesis?1232419, Second, OPAL1 is often amplified
across pan-cancer genomic datasets, including breast?>. Third, OPA1 overexpression
correlates with poor prognosis and reduced sensitivity toward chemotherapy?62728, Finally,
in acute myeloid leukemias (AML) resistant to the Bcl-2 antagonist venetoclax, OPA1l

inhibition restores sensitivity to venetoclax 2°.

Here we set out to investigate if OPAL can be a therapeutic liability of breast cancer. Our
data indicate that breast cancer prognosis negatively correlates with OPAL1 levels and that
OPA1 genetic and pharmacological inhibition curtails breast cancer in vitro and in vivo by

impinging on MiRNAs of the 148/152 family.
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RESULTS

Increased OPA1 levels associate with worse prognosis in breast cancer.

Unbiased approaches led to the identification of the key mitochondrial fission effector
DRP1 as a therapeutic liability of several cancer cell lines, including breast®. Because
also mitochondrial fusion genes appear to be amplified in the same cancer types, we
wished to investigate whether levels of the three fusion mediators OPA1, MFN1 and MFN2
were upregulated across cancer types. To this end, we compared in the TNMplot data
base their differential gene expression among healthy and tumor tissues®. Our analysis
indicates that among the fusion genes, OPAL is significantly overexpressed in AML,
breast, colon, esophageal, lung, ovary, pancreatic, rectum, renal, stomach, testis, and
uterus cancer tissues (Figure 1A). MFNs are also differentially expressed among cancer
tissues with a trend of slight increase for MFN1 and a slight decrease for MFN2 (Suppl.
Figure 1A-B). We focused our attention on TNBC, and we delved into RNA sequencing

databases (https://tnmplot.com/analysis/) to further evaluate whether also mRNA levels

of mitochondrial fusion proteins were upregulated in breast cancer. We found that OPA1
MRNA was indeed upregulated in breast cancer (Figure 1B), without any difference
across different breast cancer subtypes (Figure 1C). Conversely, MFN1 mRNA levels
were only slightly increased and MFN2 not affected (Suppl. Figure 1C-D). Higher OPA1
levels associated with worse breast cancer prognosis (Figure 1D), whereas MFNs
expression levels were not a prognostic marker of the disease (Suppl. Figure 1E-F).
These analyses indicate that OPA1 is upregulated in breast cancer and that prognosis is

worse in patients with higher OPA1 levels.
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OPAL is required for multiple cancer hallmarks of breast cancer cells.

Given the potential association of OPAL levels with worse breast cancer prognosis, we
used a TNBC cell line (MDA-MB-231) to investigate the effect of OPA1 downregulation
on key facets of cancer cell biology. Efficient OPA1 downregulation by siRNA (Figure 2A),
reduced MDA-MB-231 cells migration in a scratch wound assay (Figure 2B-C) and
Boyden chamber (Figure 2D-E). Furthermore, OPA1 silencing reduced cell proliferation
(Figure 2F), invasion (Figure 2G-H) and adhesion on fibronectin, an extracellular matrix
protein typical of the cancer niche (Figure 21) without affecting the cellular adhesion on
gelatin (Figure 2J) and cell viability (Figure 2K). To determine whether these effects were
specific for OPAL deletion or generically caused by the perturbation of mitochondrial
fusion, we silenced MFN1 or MFN2 in MDA-MB-231 cells (Suppl. Figure 2A-B). Cell
migration, proliferation and adhesion were not affected upon MFN1 or MFN2 ablation
(Suppl Figure 2C-G) even if as expected MFN1 or MFN2 silencing resulted in
mitochondrial fragmentation (Suppl. Figure 3 A-C). Because our bioinformatic analysis did
not reveal a difference in OPAL levels within breast cancer subtypes, we investigated
whether its ablation in others breast cancer cell types caused the same phenotype
observed in TNBC cells. We therefore silenced OPA1 by siRNA in three other breast
cancer cells that differ for histology, receptor and P53 status: T47D, a Luminal-A breast
cancer subtype cell line that is ER+/PR+/HER2-, P53 mutant; MCF7, a second Luminal-
A breast cancer subtype cell line that is ER+/PR+/HER2- and wild-type P53; and HS578T,
a Basal breast cancer subtype cell line wild-type that is ER-/PR-/HER2- and wild-type
P53 (Figure 2L-N). Interestingly, as in MDA-MB-231, OPA1 ablation altered breast cancer

cells migration, proliferation and adhesion (Figure 2 O-T). Finally, we tested whether
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MYLS22, a specific OPAL inhibitor discovered in our laboratory, could recapitulate the
effects of genetic OPA1 silencing on breast cancer cell phenotype. A 24h treatment with
a non-toxic concentration of MYLS22 inhibited MDA-MB-231 migration and proliferation
(Figure 2U-Y). Altogether, these results indicate that genetic or pharmacological OPA1

inhibition reduces breast cancer cell proliferation, migration and invasiveness.

OPA1 ablation impairs breast cancer growth in vivo

We next investigated whether TNBC cells require OPAL for growth in vivo. We first
generated MDA-MB-231 OPA1 knockout cells by CrispR/Cas9 (MDA-MB-231 OPA17).
MDA-MB-231 OPA1 displayed the expected mitochondrial fragmentation (Suppl. Figure
4 A-C) and normal cell survival (Suppl. Figure 4D). To ascertain whether the phenotype
of MDA-MB-231 OPA1’ cells was a direct consequence of OPA1l deletion, we
reintroduced OPA1 (MDA-MB-231 OPA17:OPA1, Suppl. Figure 4E) and compared cell
migration, proliferation and adhesion in MDA-MB-231 OPA1”- and in reconstituted cells.
Re-expression of OPALl restored all the measured parameters, confirming that the
phenotype was due to OPA1 deletion (Suppl. Figure 4F-H). Next, we implanted MDA-MB-
231 OPA1”’ and MDA-MB-231 OPA17:OPAL1 orthotopically in the mammary gland of 6-
weeks old NOD-SCID mice. Surprisingly, we did not observe any engraftment and
therefore growth of MDA-MB-231 OPA1” cells, whereas MDA-MB-231 OPA1”:OPA1
engrafted and grew (Figure 3A-B). To circumvent the engraftment issue, we implanted
MDA-MB-231 OPA1” and MDA-MB-231 OPA17:0OPAL1 cells in Matrigel. OPA1 deletion

resulted in reduced tumor growth (Figure 3C-D) and engraftment (Figure 3E). The
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sluggish growth of MDA-MB-231 OPA1" cells was accompanied by reduced cyclin D
protein levels, a proxy for cellular proliferation (Figure 3F). In addition, when we visualized
tumor vessels by immunostaining of breast cancer for the endothelial marker CD31, we
noticed that vessels diameter but not number of vessels was reduced in the MDA-MB-231
OPA1-- tumors (Figure 3G-1). Altogether, these results indicate that the absence of OPA1

impairs breast cancer proliferation and vascularization in vivo.

MicroRNA profiling identifies upregulated miRNAs upon OPAL inhibition.

We next wished to understand how Opal inhibition could influence these multiple aspects
of breast cancer cell biology. A likely explanation was that OPA1 silencing led to
mitochondrial dysfunction i.e., reduced mitochondrial respiration and membrane potential.
However, while OPA1 ablation induced the expected mitochondrial fragmentation in MDA-
MB231 cells (Figure 4A-C), mitochondrial membrane potential, ATP level and
mitochondrial respiration were not affected (Figure 4D-F). Another explanation for the
pleiotropic effects observed upon OPA1 deletion in breast cancer cells was the potential
regulation of miRNAs that can control multiple cellular pathways by seeding on a variety
of different 3{UTRs. In the case of breast cancer, several miRNAs have been identified to
regulate the same biological effects caused by OPA1 deletion33233,  We therefore
performed a miRNA profiling by using miRCURY LNA Cancer Focus PCR Panel (breast
cancer panel) to investigate if OPAl deletion affected miRNAs expression. The
comparison of PCR array data obtained from four replicate analyses of control and OPA1-

ablated MDA-MB-231 cells indicated that only 6 miRNAs out of a total of 84 were
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differentially expressed [fold change (FC), threshold 0.5; FDR=0.05, Figure 5A].
Interestingly, miR-148a-3p and miR-152 were the top two upregulated miRNAs. These
two miRNAs belong to the same miRNA148/152 family that consists of three members,
miR-148a, miR-148b and miR-1522. Mature members of the mir-148/152 family are 21-22
nucleotides in length, with the same seed sequence of 6-7 nucleotides (in red in Figure
5B). We confirmed by quantitative PCR (gPCR) the increase in miRNAs 148a, 148b and
152 levels upon OPAL1 deletion (Figure 5C-E). To determine whether miRNAs148a, 148b
and 152 were specifically induced upon Opal deletion, we also measured their levels
following Mfnl or Mfn2 silencing. Interestingly, Mfn1l or Mfn2 deletion did not affect miR-
148a, 148b and 152 expressions (Suppl. Fig 5A-C). Altogether, these results show that
MiRNA148/152 family members are upregulated in MDA-MB231 cells following OPA1

deletion.

mMiRNAs of the 148/152 family mediate the effects of OPA1 downregulation in MDA-

MB231 cells.

To ascertain whether miR-148a, 148b and 152 overexpression could explain the
phenotype by OPA1 deletion in MDA-MB231 cells, we first analyzed by miRpaths (microT-
CDS) the signaling pathways and cellular functions that might be perturbed by changes
in expression levels of these three miIRNAs. Interestingly, miR-148a, 148b and 152 had
the potential to regulate the RAS and PI3K/AKT signaling pathways. Additionally, miR-
148a, 148b and 152 could also control extracellular matrix (ECM)-receptor interaction,

focal adhesion and glycan degradation (Figure 6A). Therefore, the observed increase of
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miR-148a, 148b and 152 expression levels following Opal deletion could at least partially
explain the observed phenotype. To verify this possibility, we first analyzed if
overexpression of miR-148a, miR-148b or miR-152 could phenocopy Opal deletion in
MDA-MB-231 cells. When we transfected MDA-MB-231 cells with miR148a, 148b or 152
mimics, levels of miR-148a, miR-148b and miR-152 increased (Figure 6B-D).
Overexpression of these miRNAs reduced MDA-MB-231 cells migration, proliferation, and
adhesion (Figure 6E-G). In line with these results, overexpression of these miRNA
reduced CYCLIN D2 and D3, INTEGRIN 6 mRNA and protein levels and therefore
decreased ERK phosphorylation (Figure 6H and Suppl. Figure 6A-C). Conversely,
delivery of anti-miRNA-148a, 148b or 152 reduced the expression of these miRNAs
(Suppl. Figure 6D-F) and increased breast cancer cells migration, proliferation and
adhesion (Suppl. Figure 6G-I). Additionally, downregulation of these miRNA increased
CYCLIN D2 and D3, INTEGRIN & mRNA and protein levels and therefore increased ERK
phosphorylation (Suppl. Figure 6J-M). To formally verify whether the phenotype observed
in MDA-MB-231 cells upon Opal deletion was mediated by an increase in 148/152 family
mMiRNAs, we performed an epistatic analysis and overexpressed miR-148a, miR-148b or
miR-152 in OPA1l-depleted cells. Silencing of miR-148a, miR-148b or miR-152 rescued
migration, proliferation and adhesion of MDA-MB-231 cells where we had silenced OPA1
(Figure 61-L). Conversely, we did not observe any additive effect of OPAL silencing and
simultaneous mMIRNAs overexpression on cell migration, proliferation and adhesion
(Suppl. Figure 6N-Q). These results establish the role of miRNAs of the 148/152 family as

mediators of the effects of OPAL silencing in breast cancer cells.
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Discussion

OPAL1 levels appear higher in several tumors including AML, breast, colon, esophageal,
lung, ovary, pancreatic, rectum, renal, stomach, testis and uterine cancer, and they
positively correlate with resistance to conventional chemotherapeutics?63425292728 = g
predicted given the role of OPA1 as apoptosis inhibitor?43>36 and angiogenesis initiator3”’.
However, whether cancer cells are addicted to OPA1, and its pharmacological or genetic
inhibition can curtail tumor growth awaits formal testing. Our study shows that Opal
ablation or inhibition with MYLS22, a specific, nontoxic small molecule inhibitor identified
in our laboratory®’ decreases breast cancer cell migration, proliferation, adhesion and
invasion. The pleiotropic effects of Opal inhibition are not a consequence of mitochondrial
dysfunction, but mediated by the upregulation of specific miRNAs, explaining how
changes in multiple complex cellular processes can be orchestrated by the inhibition of a

single mitochondrial protein.

OPA1 function extends beyond the regulation of mitochondrial fusion. The effects of OPA1
ablation on breast cancer progression could therefore be OPAl specific, or a
conseqguence of inhibition of mitochondrial fusion per se. Our data indicate that MFN1 or
MFN2 deletion does not affect breast cancer cells migration, proliferation, or adhesion.
This is similar to what has been observed in the case of apoptosis, angiogenesis, or
regulation of mitochondrial metabolism?4233738_\We therefore posit that the effect of OPA1
on breast cancer is specific and could be mediated by its ability to control the transcription
of miRNAs. The two upregulated miRNAs, 148a and 152, belong to the miRNA148/152
family consisting also of mMiRNA148b3°. This miRNA family is known to function as tumor

suppressor (anti-oncomiRs). Indeed, their downregulation occurs in a number of cancer
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cell lines and tumor tissues including gastrointestinal cancer, endometrial cancer, ovarian
cancer, hepatocellular carcinoma, colorectal cancer and breast cancer4°414243, Often, this
downregulation is caused by hypermethylation of their promoter region by the DNA
methyltransferase 1 (DNMT1) that is overexpressed in several cancer4454647,
Overexpression of miR-148a, miR-148b or miR-152 in breast cancer cell lines reduces
migration, proliferation, colony formation and their ability to induce angiogenesis#0484!,
suggesting that the miR148/152 family can act as tumor suppressors in breast
cancer®404l Qur formal epistatic analysis led to the conclusion that OPA1 ablation
requires upregulation of these miRNAs to reduce breast cancer cells growth. How
changes in OPAL levels affect transcription of these miRNAs remains to be understood.
One possibility is that OPAL deletion results in changes that reduce DNMT1 activity.
Interestingly, increased Ca?* levels convert DNMT1 into a demethylase®® and OPA1
deletion increases intracellular Ca?* levels®’. Alternatively, OPA1 deletion might also lead
to accumulation of alpha-ketoglutarate, a key factor to activate the ten-eleven
translocation (TET) family of epigenetic modifiers that demethylate DNA, albeit unbiased
metabolomic on Opal-deficient fibroblasts reported a reduction in alpha-ketoglutarate

levels®l,

The connection between OPAL inhibition and levels of miRNAs found here might sound
surprising. A handful of studies identified miRNAs as modulators of mitochondrial function,
whereas the opposite i.e. that mitochondria can modulate miRNA levels is less explored.
However, mitochondria-derived oncometabolites have been shown to regulate expression
of miRNAs. For example, fumarate that accumulates in FH deficient renal cells drives their

epithelial-mesenchymal transition by upregulating miR-200 52.
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Irrespective of the mechanism by which OPAL is connected to expression of the miRNAs
identified here, our work highlights the potential of OPA1 inhibition as an anticancer

strategy, by counteracting tumor growth, invasiveness and neovascularization.
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METHODS

STAR Methods

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and

will be fulfilled by the Lead Contact, Luca Scorrano (luca.scorrano@unipd.it).o

Materials Availability

Cell line generated in this study (OpalCisr MDA-MB-231) is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models

Animal housing and all the experimental procedures were authorized by the Belgian
ethical committee (Protocol number: 2166). All mice used were bred in the NOD SCID
background. Mice were housed 4 per cage in a temperature (22-24°C) and humidity-
controlled colony room, maintained on a 12-h light/dark cycle (07:00 to 19:00 light on),

with standard food and water provided ad libitum and environmental enrichments.

For tumor experiments, we used 6-week-old females per group and we repeated each

experiment twice. The allocation of mice in different group was randomly. During all
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experiments, mice were monitored twice per day. Behavior, weight, furrow and tumor size
were controlled every day. The total number of mice analyzed for each experiment is
detailed in the figure legends. All in vivo experiments were approved by the local Animal
Ethic Commission (File number 2166, iCommission di®@hique de liutilisation des animaux

de liUniversit®de Li geo).

Cell culture

All cells were grown at 37°C in a 5% CO2 humid atmosphere. MDA-MB-231 breast
adenocarcinoma cells (ATCC-HTB26; sex: F), MCF7, HS578T and T47D (Provided by Dr.
Gilles, University of Liege) were cultured in DMEM 1g/L glucose, supplemented with 10%

fetal bovine serum (FBS), 100 U/ml penicillin and 100 £g/ml streptomycin.

METHOD DETAILS

Generation of OPA17- MDA-MB-231

OPA1’- MDA-MB-231 cells were generated using the CRISPR/Cas9 technology. The
following guide RNAis were designed with the CRISPR Design Tool at crispr.mit.edu.

targeting Exon 2 of OPAL:

Oligol: 5 CACCGAGTCTCGTAGCTAATCTTGC 30

Oligo2: 50 AAACGCAAGATTAGCTACGAGACTC 3i
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Oligomers were annealed using T4 Polynucleotide kinase, ligated into the Cas9 from S.
pyogenes with 2A-EGFP plasmid (PX458, Addgene Plasmid #48138) cutting at a Bbsl
restriction enzyme site. XL10-Gold ultracompetent bacteria were transformed and grown
under ampicillin selection. Resulting colonies were picked and the insertion of the guide
RNAis were confirmed by sequencing. DNA was purified according to manufactureris
instructions (Qiagen, QlAprep Spin Minprep Kit). The successful insertion of the guide
RNA:s into the vector was confirmed by the loss the restriction enzyme site for Bbsl, thus
unable to cut the plasmid. The plasmids generated were transfected into MB-MDA-231
cells using Lipofectamine 3000 according to the manufactureris instructions. 48 hours
post-transfection, the GFP* cells were single sorted by flow cytometry (FACS Aria, BD
Biosciences). Single clones in 96-well plates were cultured and expanded in complete
growth media and OPAL levels were evaluated by western blot analysis in order to confirm

its genetically deletion.

Design of the synthetic miRNA.

The miRNA mimics miR-148-3p, miR-118-3p, miR-142-3p and cel-miR-67 (control) are
double-stranded RNAs designed using the method of Betancur et al.(36). Briefly, the
mature miRNA strand is modified by the addition of phosphorylation at the 5i end and the
carrier strand is the complementary RNA sequence, carrying a two base 3 overhang with
mutations near the 3i end to thermodynamically destabilize the strand and induce faster

degradation. Oligonucleotides were purchased from Eurogentec.
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MiRNA and siRNA transfection

180,000 cells per well in a 6-well plate; 80,000 cells per well in a 48-well plate and 8,000
cells per well in a 96-well plate were transfected with the following siRNAs: a nhon-relevant
human sequence (UNREL) (AM4635 Ambion, 20 nM), OPA1 (144409 Invitrogen, 20 nM),
OPA1 siRNA2 (36409, Invitrogen 20 nM), MFN1 (50 nM) and MFN2 (50 nM) using
Dharmafect-4 (Dharmacon) according to manufacturer's instructions. All transfection
experiments described in this paper were carried out with MFN1 and MFN2 siRNAL.

Similar results were obtained with MFN1 and MFN2 siRNA 2 (data not shown).

Functional assays on transfected MDA-MB-231 and evaluation of transfection efficiency
were performed after 72 hours. MDA-MB-231 were trypsinized, stained with trypan blue

and living cells were seeded for the different functional assays.

For miRNAs transfection, pre-miR-148a, 148b and 152 and anti-miR-148a, 148b and 152
and the non-relevant human sequences (P-UNREL for the pre-miR-control and A-UNREL
for the anti-miR-control) were used at a concentration of 10 nM following the same

protocol as siRNAs transfection.

Plasmid transfection

30x10° cells were seeded on 6-well plate and the transfections were performed using
Lipofectamine 3000 according to the manufacturer's instructions. For the transient
overexpression of Opal, MDA-MB-231 were transfected with pMSCV-Opal (described in

21) and the assay performed after 48h.

Cell proliferation Assay
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MDA-MB-231 were transfected in a 96-well plate in 100l DMEM 1g/L glucose for 72
hours. The thymidine analogue 5-bromo-2-deoxyuridine (BrdU) was added and the culture
was incubated for 16 hours. BrdU incorporation was measured with the Cell Proliferation
ELISA BrdU chemiluminescence kit (Roche Applied Science) according to the

manufactureris protocol.

Scratch wound migration assay

MDA-MB-231 were transfected in 48-well plate in 800 pL of DMEM 1g/L glucose for 72
hours and were wounded with the head of a 200 pL tip. Migration of the cells into the

wound was recorded 6 hours later.

Cell adhesion Assay

MDA-MB-231 were transfected in a 6-well plate in 100ul DMEM 1g/L glucose for 72 hours.
Cells were trypsinized and seeded (30x102 cells) on Fibronectin-coated or on Gelatin-
coated 96-well plate for 1h. Cells were washed with PBS and fixed ON with methanol.
Cells were stained with violet crystal for 15 minutes and washed three times. Crystal violet
staining was solubilized with 100ml of acetic acid. The absorbance was measured at

520nM.

Invasion assay

Spheroids were prepared as previously described®3. Briefly, homospheroids composed of
transfected MDA-MB-231 were allowed to form in 96-well suspension plates for 48h.

Spheroids were then collected and seeded for 24h in a 3D collagen matrix with culture
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medium and methylcellulose. Pictures were taken to quantify the invasion level by

measuring the area of invasion using ImageJ software.

Apoptosis assay

For cell death detection, 10> WT and MDA-MB-231 Opal¢"sP" cells were grown in 6-well
plates. After 24h cells were stained with Annexin-V-FICT and propidium iodide (PI),
according to manufacturer's protocol (eBioscience™). The rate of cell death, expressed
as percentage of the Annexin-V-positive events in the total population, was measured by
flow cytometry (FACS Calibur, BD Biosciences). For MDA-MB-231 transfected as
previously described, 10° for each condition were seeded in 6-well plates after 48h of
transfection. After 24h, cell death was measured as for WT and MDA-MB-231 Opal¢rsef

cells.

Electron microscopy

To fix and treat the cells for electron microscopy, WT, MDA-MB-231 OpalCcisrr and 72
hours-transfected cells were grown in 24-well plate. Cells were fixed for 1h at 4°C with
freshly prepared 2.5% (V/V) glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4. After
washing with 0.1 M sodium cacodylate, cells were post-fixed in 1% OsO04, 1.5%
KsFe(CN)s in 0.1 M sodium cacodylate pH 7.4, stained with 0.5% uranyl acetate,
dehydrated in ethanol and embedded in Embed 812. Thin sections were imaged on a
Tecnai-12 electron microscope (Philips-FEI) equipped with a Veleta (Olympus Imaging

System) digital camera at the EM Facility of University of Padua.

Seahorse assay
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Oxygen consumption rate (OCR) was measured with the Agilent Seahorse XFe24
Analyzers. 24h prior the assay, 30x10° WT, MDA-MB-231 Opal®istr and transfected cells
were seeded with complete DMEM in XF24 cell culture microplates, resulting in 60-70%
confluency. Experiments were carried out replacing the medium with XF medium (DMEM
1g/L glucose, 0.58 g/L Glutamine, 1 mM Sodium Pyruvate, 0.015 g/L Phenol Red, pH 7.2).
The plate was transferred to a 37° C incubator not supplemented with CO? for 1h to allow
temperature and pH equilibration. After three measurements of basal OCR, 70 €l of a
solution containing oligomycin, FCCP or rotenone and antimycin A were sequentially
added to each well to reach final concentrations of 1M oligomycin, 1eM FCCP and 2eM
for and antimycin A. Following each compound injection, three measurements have been

performed. OCR is expressed as pmol of Oz per minute.

Mitochondrial membrane potential measurement

To assess the membrane potential, WT, MDA-MB-231 OpalCisrr and 72 hours-
transfected cells were labelled with the tetramethyl rhodamine methyl ester (TMRM,
Invitrogen) dye. Cells were incubated at 37 °C for 30 min with TMRM (freshly prepared
from stock solution 10 mM in DMSO) at a final concentration of 1nM and supplemented
with 1 €g/ml cyclosporine H (CsH), a P-glycoprotein inhibitor. Where indicated, 2 ug/ml
oligomycin and 2eM FCCP was added for an additional 30 min. TMRM fluorescence was

measured by flow cytometry (FACS Aria, BD Biosciences).

ATP measurement
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MDA-MB-231 were transfected in a 96-well plate in 100l DMEM 1g/L glucose for 72
hours. ATP level was measured with the ATPlite kit (Perkin Elmer) according to the

manufactureris protocol.

mMiRNAs: RNA extraction, cDNA production and gene expression

Total RNA was extracted using the miRNeasy kit (Qiagen) following manufacturer's
protocol. For Poly(A) tailing and reverse-transcription of miRNAs (BioLabs), 20 ng RNA
was reverse transcribed into cDNA. The expression levels of miRNAs were analyzed
using SYBR® Green | kit (Eurogentec) by 7900 Real-Time PCR System (Applied

Biosystems) and the results were obtained with the 2t method®*.

mMiRNA PCR array

MicroRNAs expression was evaluated using a Breast Cancer Focus microRNA PCR
Panel, 96-well (Qiagen). Each plate contains 84 lyophilized LNA miRNA primer sets
focusing on cancer-relevant human miRNAs, 3 reference genes (mMiRNAs and snRNAs
(small nuclear RNAS)), 3 inter-plate calibrators and 5 RNA spike-ins. According to
manufactureris protocol,10 Ol of the master mix (5 Ol of cDNA previously synthetized, 500
ul SYBR Green, 50 pl of ROX Reference dye and 445 pl of nuclease-free water) was
added in each well. gPCR was performed using the 7900 Real-Time PCR System (Applied
Biosystems) according to the following conditions: 2 min at 95°C then 40 cycles at 95°C
for 10 secs and 56°C for 1 min. The Qiagen tool, Geneglob, was used to analyze the data.
The relative miRNA levels were normalized to global mean. The differentially expressed

MiRNAs were visualized using a Volcano plot.
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Analysis of gene expression by gRT-PCR

RNAs were extracted with the miRNeasy kit (Qiagen) according to the manufactureris
protocol. cDNA synthesis was performed with 1eg total RNA and the iScript cDNA
Synthesis Kit (BioRad) according to the manufactureris instructions. Resulting cDNAs (20
ng) were used for quantitative real-time PCR using the SYBR green method (Roche
Applied Sciences). Thermal cycling was performed on an ABI Prism 7900 HT Sequence
Detection System (Applied Biosystems). For all reactions, no template controls were run,
and random RNA preparations were also subjected to sham reverse transcription to check
for the absence of genomic DNA amplification. Quantitative real-time PCR was performed
with SYBR green method (Bioline and ThermoFisher Scientific). Thermal cycling was
performed on an Applied Biosystem 7900 HT detection system and a Stratagene

MX3005P multiplex QPCR system (Applied Biosystems and Stratagene).

The relative transcript level of each gene was normalized to the housekeeping genes
cyclophilin-A (PPIA), beta-2 microglobulin (B2M) and/or GAPDH. Primers were designed
using Primer Express software and selected to span exon-exon junctions to avoid
detection of genomic DNA (primer sequences are provided in supplementary tables S1

and S2). Quantification of mMRNA levels was calculated with the 2-*¢t method.

Western blotting

Cells were lysed in lysis buffer and heated at 95°C for 10 min. Equal amounts of protein
were resolved by 8% SDS PAGE and transferred to polyvinylidene fluoride membranes
(PVDF) according to the manufactureris protocol. The blots were blocked for 1 hour at

room temperature with 5% BSA (Sigma Aldrich) in Tris-buffered saline with 0.1% Tween
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20 (TBS-T) and probed overnight at 4°C with 1:1000 primary antibody. After three washes
with TBS-T, the appropriate secondary antibody at a 1:5000 dilution was added for 1 hour
at room temperature. The bands were visualized by enhanced chemiluminescence ECL

kit (Pierce).

Immunofluorescence

MDA-MB-231 (3x10°) were cultured on coverslip coated with gelatin (0.2%). Then, cells
were washed with PBS, fixed with 4% paraformaldehyde for 15 min at room temperature,
blocked and permeabilized with PBS-5%BSA-0.5% saponin solution, and incubated
overnight in 1% PBS, 0.1% BSA-saponin (Sigma Aldrich) containing 1:100 primary
antibody. After 3 washes with PBS cells were incubated with the same solution containing
the corresponding secondary fluorescent antibodies Alexa Fluor 488 and 568 (Thermo
Fisher Scientific) for 1 hour at room temperature. Samples were washed 3 times with PBS
and nuclei were stained with DAPI. The samples were analyzed by confocal microscopy

using the appropriate laser line of a LSM700 (Zeiss).

For immunofluorescence on tissues, cryostat sections (5 um thick) were fixed in acetone
at -20°C and in 100% methanol at 4°C and then incubated with rat monoclonal anti-
PECAM-1 for 1 hour at room temperature. Slides were washed and incubated with Alexa
488 anti-rat for 1h at 4°C. After three washes, slides were covered with coverslips in
mounting medium (Victor Laboratories) and analyzed using a Leica DMI4000 microscope

(equipped with 10X/0.25, 20X/0.35NA, 40X/0.6NA and 63X/1.25NA objectives).

Mouse tumor model
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Mammary MDA-MB-231 adenocarcinoma model. Subconfluent MDA-MB-231 wt or MDA-

MB-231 OpalCiser cells were trypsinized, washed and resuspended in PBS. MDA-MB-
231 cell suspension (50x1032 cells in 100 pl of matrigel or 100x102 cells in 100 pl of PBS)
was injected in the the fourth mammary gland in the lower abdomen of each mouse.
Tumor growth of MDA-MB-231 cells was assessed by measuring the length and width of
each tumor every day and calculating tumor volume as described above. Thirty-six days

after tumor cells injection, mice were euthanized, and their tumors harvested.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data representation and Statistical analysis

Data are displayed as dot plots of at least three independent experiments. Plots include
each datapoint, mean and SEM. In case of tumor growth curve, averagexSEM is

represented.

Normal distribution of populations at the 0.05 level was calculated using the Shapiro-Wilk
normality test. Statistical significance was calculated by a one-way ANOVA with Tukeyis
post-test using OriginPro (Microcal). All P values and n are reported in the figure legends.

Results are considered significant when p<0.05.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit anti-cyclinD2 Cell Signalling 3741
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Mouse anti-Opal BD-Biosciences 612607
rabbit anti-GRP75 Santa Cruz Sc-13967
Biotechnology
Mouse anti-Tom20 Santa Cruz
Biotechnology
Mouse anti-cyclinD3 Cell signaling 2936
Rabbit anti-Tom20 Invitrogen
Rat anti mouse CD31 BD Pharmingen 550274
Anti mitofusin 1 NeuroMabs 75162
Anti mitofusin 2 ABM Y401293
Rabbit anti-ERK1/2-phospho, p44/42 MAPK |Cell Signaling 9101
Phospho Technology
Rabbit anti-ERK1/2, p44/42 MAPK Cell Signaling 4695
Technology
Rabbit anti-AKT pan (11EZ) Cell Signaling 4685
Technology
Rabbit anti-Phospho-Akt (Ser473) Antibody |[Cell Signaling 9271
Technology
Alexa Fluor 488 goat anti mouse IgG Life Technologies A11029
Alexa Fluor 488 goat anti rabbit IgG Life Technologies A11070
Alexa Fluor 488 Chicken anti-Rat IgG Life Technologies A21470
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Alexa Fluor 594 Donkey anti-Rabbit IgG Thermo fisher A10042

Alexa Fluor 568 Goat anti-Rat 1gG Thermo fisher A-11077

Alexa Fluor 568 Goat anti-Mouse IgG Thermo fisher A-11019

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

BAPTA, AM Thermo Fisher B6769
Scientific

Fura-2, AM Life Technologies F1221

Rotenone Sigma-Aldrich R8875-1G

FCCP Sigma-Aldrich C2920

Antimycin A Sigma-Aldrich A8674

Oligomycin Sigma-Aldrich 04876

TMRM Invitrogen T668

MYLS22 Enamine EN300-333633

Thapsigargin Sigma-Aldrich T903

Trypan Blue Solution, 0.4% Thermo Fisher|15250061
Scientific

Matrigel matrix 3D VWR 7341100

Dharmafect 4 Dharmacon T-2004-03
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Critical Commercial Assays

Takyon ROX SYBR MasterMix blue dTTP  |Eurogentec UF-RS
MT-B0O701

Poly5A) Tailing and reverse trancription of{Biolabs

mMiRNA

iScript cDNA Synthesis Kit Biorad 1708890

E. coli Poly(A) Polymerase Biolabs MO0276S

Deoxynucleotide (dNTP) Solution Mix Biolabs N0447L

M-MuLV Reverse Transcriptase Biolabs M0253S

Breast Cancer Focus microRNA PCR Panel,|giagen

96-well

ATPlite Perkin Elmer 6016943

BrdU Chemiluminescence Kit Roche 11647229001

RNeasy Mini Kit Qiagen 74104

Experion RNA StdSens Analysis kit Bio-Rad 7007103

Pierce protein BCA assay Thermo Fisher 23225

Annexin V-FITC Apoptosis Detection Kit eBioscience BMS500FI/300

Deposited Data
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Experimental Models: Cell Lines

GGU G-3'

T47D

Human Breast Adenocarcinoma ATCC ATCC-HTB26
MDA MB231

MCF7

HS598T

Experimental Models: Organisms/Strains

NOD SCID mice N/A
Oligonucleotides

SIRNA

OPA1 siRNA 1 Invitrogen 144409
OPA1 siRNA 2 Invitrogen 36409
Unrel Ambion AM4635
MFNL1 siRNA 1 5-GGC GAU UAC UGC AAUDe Brito et al., 2008  |N/A
CUU U-3,

MFN1 siRNA2 5'-CCA GAU GAA CCU UUU|De Brito et al., 2008  |N/A
AAC A-3'

MFN2 siRNA1 5'-GGA GAG GGC CUU CAA[De Brito et al., 2008  |N/A
GCG C-3'

MFN2 siRNA2 5'-GAG ACA CAU GGC UGA|De Brito et al., 2008  |N/A
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Primers

Cyclin D1 oligonucleotide for[Eurogentec
CAATGACCCCGCACGATTTC

Cyclin D1 oligonucleotide rev|[Eurogentec
CATGGAGGGCGGATTGGAA

Cyclin D2 oligonucleotide for|Eurogentec
CTCGAGGGATGCCAGTTGGGCC

Cyclin D2 oligonucleotide rev|Eurogentec

GCGGCCGCCAAAAGCGTGAATCATTGCC

Cyclin D3 oligonucleotide for|Eurogentec
TACCCGCCATCCATGATCG

Cyclin D3 oligonucleotide rev|Eurogentec
AGGCAGTCCACTTCAGTGC

B2M oligonucleotide for|Eurogentec
GAGTATGCCTGCCGTGTG

B2M oligonucleotide rev|Eurogentec
AATCCAAATGCGGCATCT

PPIA oligonucleotide for|Eurogentec
CCAACACAAATGGTTCCCAGT

PPIA oligonucleotide rev|Eurogentec

CCATGGCCTCCACAATATTCA
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OPA1 oligonucleotide for|Eurogentec
AGCCTCGCAGGAATTTTTGG

OPA1 oligonucleotide rev|Eurogentec
AGCCGATCCTAGTATGAGATAGC

MFN1 oligonucleotide for[Eurogentec
ATGACCTGGTGTTAGTAGACAGT

MFN1 oligonucleotide rev|Eurogentec
AGACATCAGCATCTAGGCAAAAC

MFEN2 oligonucleotide for|Eurogentec
CACATGGAGCGTTGTACCAG

MFN2 oligonucleotide rev|[Eurogentec

TTGAGCACCTCCTTAGCAGAC

INTB8 oligonucleotide for CGT GAC TTT

CGT CTT GGATTT GG

Eurogentec

INTB8 oligonucleotide rev TCC TTT CGG

GGT GGATGC TAA

Eurogentec

COLA4A oligonucleotide for GGG ATG CTG

TTG AAA GGT GAA

Eurogentec

COLA4A oligonucleotide rev GGT GGT CCG

GTA AAT CCT GG

Eurogentec

Recombinant DNA

Software and Algorithms
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Prism GraphPad

Photoshop Adobe

Image J V1.38 NIH imagej.nih.gov/ij/

Geneglobe QiaGEN

STAR

Other

Gelatin from bovine skin Slgma aldrich G9391

DMEM Gibco 31885049

Penicillin-streptomycin (5000U/ml) Invitrogen 15070-063

cOmpleteE, Mini, EDTA-free ProteaselRoche 4693159001

Inhibitor Cocktail

PhosStop Phosphatase Inhibitor CocktaillRoche 04906845001

Tablets

Amersham Hybond 0.45um PVDF Thermo Fisher 15407374
Scientific

ExpressPlus PAGE Gel, 10x8, 8% 12 wells |GenScript M00812

ExpressPlus PAGE Gel, 10x8, 4-12% 10(GenScript M41210

wells

Trypsin-EDTA (0.25%) Thermo Fisher 25200056

Bovine Serum Albumin Sigma Aldrich A8806

Ketamidor 100mg/mL (Ketamine) Ecuphar 3026770
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Proxylaz 20mg/mL (Xylazine)

Prodivet

pharmaceuticals

Nc
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Figure 1: OPA1l is overexpressed in breast cancer tissue

(A) TNM plot of the OPAL expression across all tissues in available normal and tumor
RNA sequencing data (n=15648 normal, 40442 tumor samples, *P<0.05). Data are

resorted from https://tnmplot.com.

(B) Violin plot of OPA1 expression in breast invasive carcinoma from RNA sequencing

data available. Data are resorted from https://tnmplot.com.

(C) OPA1 mRNA expression in breast cancer subtypes from METABRIC data using

cBioPortal.

(D) Kaplan-Meier curve for breast cancer patients with high or low OPA1 mRNA levels.

Data are resorted from Kaplan-Meier Plotter (http://kmplot.com). (Affy id/Gene

symbol: 214306 at; Survival: RFS (n =4934); Follow up threshold: all; split on median.

Figure 2: OPAL1 is required for breast cancer cells hallmarks in vitro

(A) MDA-MB-231 cells were transfected with the indicated siRNA and lysed after 72h.
Equal amounts of proteins were separated by SDS-PAGE and immunoblotted with

the indicated antibodies.

(B) MDA-MB-231 cells were transfected with the indicated siRNA and after 72h a scratch-
wound assay was performed. Representative brightfield images were acquired at the

indicated time points. Scale bar: 250 pm.

(C) Quantification of cell migration after 6h in experiments as in (B). n=19 independent

experiments. ***: p<0.0001.
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(D) Representative brightfield images of MDA-MB-231 cells transfected with the indicated

siRNA in a Boyden chamber. Scale bar: 250 um.

(E) Quantification of cell migration after 6h in experiments as in (D). n=6 independent

experiments. ***; p<0.0001.

(F) Quantification of MDA-MB-231 proliferation upon transfection with the indicated
SiRNA determined by BrdU incorporation. n=7 independent experiments. ***:

p<0.0001.

(G) Representative brightfield images of MDA-MB-231 spheroids transfected with the

indicated siRNA. Scale bar: 250 pm.

(H) Quantification of cell invasion after 6h in experiments as in (H). n=6 independent

experiments. ***: p<0.0001.

() Quantification of cell adhesion on fibronectin for 1h of MDA-MB-231 transfected with

the indicated siRNA for 72h. n= 4 independent experiments. ***: p<0.0001.

(J) Quantification of cell adhesion on gelatin for 1h of MDA-MB-231 cells transfected with

the indicated siRNA for 72h. n= 3 independent experiments.

(K) Quantification of apoptosis rate in MDA-MB-231 transfected with the indicated siRNA
for 72h determined by annexin V/propidium iodide label by flow cytometry. n=4

independent experiments.

(L-N) Equal amounts of protein from breast cancer T47D (L), MCF7 (M) and HS578T (N)
cells transfected for 72h with the indicated siRNA were separated by SDS-PAGE

and immunoblotted with the indicated antibodies.
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(O-Q) Representative brightfield images acquired at the indicated time points of scratch-

(R)

(S)

M

C)

(V)

wound assays of T47D (O), MCF7 (P) and HS578T (Q) cells transfected with the

indicated siRNA. Scale bar: 250 pm.

Quantification of cell migration after 6h in experiments as in (O-Q). n=4 independent

experiments. **: p<0.001.

Quantification of proliferation of T47D, MCF7 and HS598T transfected with the

indicated siRNA determined by BrdU incorporation. n=7 independent experiments. **:

p<0.001.
Quantification of cell adhesion on fibronectin for 1h of T47D, MCF7 and HS598T cells
transfected with the indicated siRNA for 72h. n= 4 independent experiments. **:
p<0.001.
Representative brightfield images acquired at the indicated time points of MDA-MB-
231 cells incubated with MYLS22 (50uM) for 8h in a scratch-wound assay. Scale bar:
250 pm.
Quantification of cell migration of MDA-MB-231, incubated with MYLS22 (50 uM),

after 6h in experiments as in (U). n=4 independent experiments. ***: p<0.0001.

(W) Representative brightfield images of MDA-MB-231 incubated with MYLS22 (50uM)

(X)

for 6h in a boyden chamber. Scale bar: 250 pum.

Quantification of cell migration of MDA-MB-231, incubated with MYLS22 (50 uM),

after 6h in experiments as in (W). n=4 independent experiments. ***;: p<0.0001.
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(Y) Quantification of MDA-MB-231 proliferation incubated with MYLS22 (50uM) for 24h
and determined by BrdU incorporation. n=4 independent experiments. ***

p<0.0001.

Figure 3: OPA1 deletion curtails tumor growth

(A) Growth curves of orthotopically implanted 5x10* MDA-MB-231 cells of the indicated

genotype at day 0 in 6-week-old mice of the indicated genotype. n=6. *: p<0.05.
(B) Quantification of the engraftment incidence of the tumor implanted in (A).

(C) Representative photographs of breast adenocarcinoma removed after 35 days from
orthotopically implants of 5x10* MDA-MB-231 cells mixed with 50 pl of matrigel in 6-

week-old mice of the indicated genotype. Scale bar: 0.5 cm.

(D) Growth curves of orthotopically implanted 5x10* MDA-MB-231 mixed with 50ul of
matrigel cells with the indicated genotype at day 0 in 6-week-old mice of the indicated

genotype. n=8 Opal*t and 8 OpalCrsrr mice. *: p<0.05.
(E) Quantification of the engraftment incidence of the tumor implanted in (D).

(F) Equal amounts of proteins from breast adenocarcinoma harvested from mice 35 days
after implantation with the indicated genotype were separated by SDS-PAGE and

immunoblotted with the indicated antibodies.

(G) Representative CD31 immunofluorescence (red) showing blood vessels in MDA-MB-

231 in experiments as in A. Scale bar: 100 pum.

(H) Quantification of the number of tumor blood vessels in experiments as in (D).
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() Quantification of tumor blood vessels diameter in experiments as in (D). *:P<0.05.

Figure 4: OPA1 ablation does not affect mitochondrial metabolism of breast cancer

cells in vitro

(A)Representative confocal images of mitochondrial morphology in MDA-MB-231
transfected with the indicated siRNA for 72h and stained for TOM20. Scale bar: 30

pm.

(B) Representative EM images of MDA-MB-231 transfected for 72h with the indicated

siRNA. Scale bar: 500 nm.

(C)Quantification of mitochondrial length in experiments as in (B). n=240

mitochondria/condition from 3 independent experiments. *** p<0.001.

(D) Quantitative analysis of mitochondrial TMRM fluorescence in MDA-MB-231
transfected with the indicated siRNA. Where indicated, cells were treated with the
TMRM (0.5nM), the ATP synthase inhibitor oligomycin (2eg/mL) and the uncoupler

FCCP (2eM). Data represents meanNSEM, n=4.

(E) Total ATP levels were measured in MDA-MB-231 transfected for 72h with the indicated

siRNA as indicated (n=5 independent experiments).

(F) Quantification of oxygen consumption rate (OCR) of MDA-MB-231 transfected for 72h
with the indicated siRNA. Oligo: oligomycin, FCCP: Carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone, Rot: rotenone, AA: Antimycin A.
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Figure 5: OPALl ablation increases miR-148a, miR-148b and miR-152 expression

level.

(A)Volcano plot of differentially expressed miRNAs in MDA-MB-231 transfected for 72h
with siRNA against OPAL or a non-relevant sequence (UNREL). Blue dots correspond
to miRNAs significantly up-regulated in Opal-ablated MDA-MB-231. n=4 independent

experiments.

(B)miR-148/152 family. Mature human and mouse sequences for miR-148a, miR-148b

and miR-152. Seed sequences are colored in red.

(C)2%ct of mirl48a levels determined by gRT-PCR in MDA-MB-231 transfected as

indicated for 72h. n=12 independent experiments. ***; p<0.0001

(D) 2%t of mirl48b levels determined by gRT-PCR in MDA-MB-231 transfected as

indicated for 72h. n=8 independent experiments. ***: p<0.0001

(E) 2% of mirl52 levels determined by gRT-PCR in MDA-MB-231 transfected as indicated

for 72h. n=7 independent experiments. ***: p<0.0001

Figure 6: OPA1 ablation inhibits breast cancer cells hallmarks by increasing miRNA

148a, 148b and 152 expression.

(A) Heat map of the major pathways dysregulated by the change of the miRNA-148a, 148b

and 152. Data are resorted from http://snf-515788.vm.okeanos.grnet.gr/#mirnas=hsa-

miR-148a-3p:hsa-miR-148b-3p:hsa-miR-152-3p&methods=microT-CDS:microT-

CDS:microT-CDS&selection=2.
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(B)2%<t of mirl48a levels determined by gRT-PCR in MDA-MB-231 transfected as
indicated for 24h. n=3 independent experiments. ***: p<0.0001. P-UNREL: miRNA
mimic.

(C)2%ct of mirl48b levels determined by gRT-PCR in MDA-MB-231 transfected as
indicated for 24h. n=3 independent experiments. ***: p<0.0001. P-UNREL: miRNA
mimic.

(D) 2%t of mirl52 levels determined by gRT-PCR in MDA-MB-231 transfected as indicated

for 24h. n=3 independent experiments. ***: p<0.0001. P-UNREL: miRNA mimic.

(E) Quantification of cell migration after 6h of MDA-MB-231 transfected as indicated for

24h. n=19 independent experiments. ***; p<0.0001. P-UNREL: miRNA mimic.

(F) Quantification of proliferation of MDA-MB-231 transfected as indicated for 24h
determined by BrdU incorporation. n=4 independent experiments. **: p<0.001. P-

UNREL: miRNA mimic.

(G)Quantification of cell adhesion on fibronectin of MDA-MB-231 transfected as indicated

for 24h. n=4 independent experiments. **: p<0.001. P: miRNA mimic.

(H) Equal amounts of protein from breast cancer cells MDA-MB-231 transfected 24h as
indicated were separated by SDS-PAGE and immunoblotted with the indicated

antibodies. P-UNREL: miRNA mimic.

() Representative brightfield images acquired at the indicated time points of MDA-MB-
231 transfected as indicated in a scratch-wound assay. Scale bar: 250pum. A-: anti-

MIiRNA
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(J) Quantification of cell migration after 6h; experiments as in (B). n=8 independent

experiments. **: p<0.0001; #: p<0.001. A-: anti-miRNA

(K) Quantification of proliferation of MDA-MB-231 transfected as indicated determined by
BrdU incorporation. n=4 independent experiments. ***: p<0.0001; #: p<0.001. A-: anti-

mMiRNA

(L) Quantification of cell adhesion on fibronectin of MDA-MB-231 transfected as indicated.

n=4 independent experiments. ***: p<0.0001; #: p<0.001. A-: anti-miRNA
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Suppl. Figure 1: MFNs expression is changed in breast cancer tissue

(A) TNM plot of the MFN1 expression across all tissues in available normal and tumor RNA sequencing
data (n=3691 normal, 29376 tumor samples, *P<0.05). Data are resorted from https://thnmplot.com. (B) TNM
plot of the MFN2 expression across all tissues in available normal and tumor RNA sequencing data (n=3691
normal, 29376 tumor samples, *P<0.05). Data are resorted from https://thmplot.com. (C) Violin plot of the
MFN1 expression in breast invasive carcinoma from RNA sequencing data available. Data are resorted
from https://tnmplot.com. (D) Violin plot of the MFN2 expression in breast invasive carcinoma from RNA
sequencing data available. Data are resorted from https://tnmplot.com. (E) Kaplan-Meier curve for breast
cancer patients with high or low MFN1 mRNA level. Data are resorted from Kaplan-Meier Plotter
(http://kmplot.com). (Affy id/Gene symbol: 207098_s_at; Survival: RFS (n =4934); Follow up threshold: all;
split on median. (F) Kaplan-Meier curve for breast cancer patients with high or low MFN2 mRNA level. Data
are resorted from Kaplan-Meier Plotter (http://kmplot.com). Affy id/Gene symbol: 216205_s_at; Survival:
RFS (n=4934); Follow up threshold: all; split on median.

Suppl. Figure 2: MFNs are not required for breast cancer cells migration, proliferation and adhesion.
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(A-B) Equal amounts of protein from breast cancer cells MDA-MB-231 transfected for 72h with the indicated
SsiRNA were separated by SDS-PAGE and immunoblotted with the indicated antibodies. (C) Representative
brightfield images acquired at the indicated time points of MDA-MB-231 transfected with the indicated siRNA
in a scratch-wound assay. Scale bar: 250 um. (D) Quantification of cell migration after 6h, experiments as
in (B). n=16 independent experiments. ***: p<0.0001. (E) Quantification of proliferation of MDA-MB-231
transfected with the indicated siRNA determined by BrdU incorporation. n=12 independent experiments. ***:
p<0.0001. (F) Quantification of cell adhesion on fibronectin for 1h of MDA-MB-231 cells transfected with
the indicated siRNA for 72h. n= 4 independent experiments. ***; p<0.0001. (G) Representative brightfield
images acquired at the indicated time points of MDA-MB-231 transfected with the indicated siRNA in a
scratch-wound assay. Scale bar: 250 um. (H) Quantification of cell migration after 6h, experiments as in
(B). n=16 independent experiments. ***: p<0.0001. (I) Quantification of proliferation of MDA-MB-231
transfected with the indicated siRNA determined by BrdU incorporation. n=12 independent experiments. ***:
p<0.0001. (J) Quantification of cell adhesion on fibronectin for 1h of MDA-MB-231 cells transfected with
the indicated siRNA for 72h. n= 4 independent experiments. ***: p<0.0001.
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Suppl. Figure 3: MFNs ablation induce mitochondrial fragmentation

(A) Representative confocal images of mitochondrial morphology in MDA-MB-231 transfected with the
indicated siRNA for 72h and stained for TOM20. Scale bar: 30 um. (B) Representative EM images of MDA-
MB-231 transfected for 72h with the indicated siRNA. Scale bar: 500 nm. (C) Quantification of mitochondrial
length in experiments as in (B). n=240 mitochondria/condition from 3 independent experiments. *** p<0.001.
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Suppl. Figure 4: MDA-MB-231 OPA1" recapitulates the phenotype of acute OPA1 alation

(A) Representative confocal images of mitochondrial morphology in MDA-MB-231 with the indicated
genotype and stained for TOM20. Scale bar: 30 um. (B) Representative EM images of MDA-MB-231 with
the indicated genotype. Scale bar: 500 nm. (C) Quantification of mitochondrial length in experiments as in
(B). n=200 mitochondria/condition from 3 independent experiments. *** p<0.001. (D) Quantification of cell
apoptosis of MDA-MB-231 cells transfected with the indicated siRNA for 72h determined by annexin
V/propidium iodide label by flow cytometry. n=4 independent experiments. (E) Equal amounts of protein
from breast cancer cells MDA-MB-231 with the indicated genotype were separated by SDS-PAGE and
immunoblotted with the indicated antibodies. (F) Representative brightfield images acquired at the indicated
time points of MDA-MB-231 with the indicated genotype and transfected as indicated in a scratch-wound
assay. Scale bar: 250 um. (G) Quantification of cellular migration after 6h, experiments as in (F). n=4
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independent experiments. ***; p<0.0001. (H) Quantification of proliferation of MDA-MB-231 with the
indicated genotype and transfected as indicated determined by BrdU incorporation. n=12 independent
experiments. ***: p<0.0001; *: p<0.05. (I) Quantification of cell adhesion on fibronectin for 1h of MDA-MB-
231 with the indicated genotype and transfected as indicated. n= 4 independent experiments. ***:

p<0.0001.
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Suppl. Figure 5: MFNs ablation does not affect miRNA 148a; 148b and 152 level.
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(A) 2%t of mirl48a levels determined by qRT-PCR in MDA-MB-231 transfected as indicated for 72h. n=4
independent experiments. (B) 2%t of mirl48b levels determined by gRT-PCR in MDA-MB-231 transfected
as indicated for 72h. n=4 independent experiments. (C) 2¢¢ of mirl52 levels determined by gRT-PCR in
MDA-MB-231 transfected as indicated for 72h. n=4 independent experiments.
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Suppl. Figure 6 : No additive effect of OPAL ablation and miRNA 148a, 148b and

152 overexpression. (A) 29F¥f Cyclin D2 mRNA levels determined by gRT-PCR in MDA-MB-231
transfected for 24h with the indicated mimick miRNA. n=6 independent experiments. P-= mimick miRNA.
(B) 29F¥f Cyclin D3 mRNA levels determined by gRT-PCR in MDA-MB-231 transfected for 24h with the
indicated mimick miRNA. n=6 independent experiments. P-= mimick miRNA. (C) 29F¥f ITGB8 mRNA
levels determined by gRT-PCR in MDA-MB-231 transfected for 24h with the indicated mimick miRNA.
n=6 independent experiments. P-= mimick miRNA. (D) 2 iF#f mirl48a levels determined by qRT-PCR
in MDA-MB-231 transfected as indicated for 24h. n=4 independent experiments. *** p<0.001. A-= anti-
miRNA. (E) 2 2F¥f mir148b levels determined by qRT-PCR in MDA-MB-231 transfected as indicated for
24h. n=4 independent experiments. *** p<0.001. A-= anti-miRNA. (F) 29F¥f mir152 levels determined
by gqRT-PCR in MDA-MB-231 transfected as indicated for 24h. n=4 independent experiments. ***
p<0.001. A-= anti-miRNA. (G) Quantification of cell migration of MDA-MB-231 transfected for 24h with
the indicated anti-miRNA after 6h in a scratch wound assay. n=4 independent experiments. **; p<0.001.
A-= anti-miRNA. (H) Quantification of proliferation of MDA-MB-231 transfected for 24h as indicated
determined by BrdU incorporation. n=4 independent experiments. **: p<0.001. A-= anti-miRNA. (1)
Quantification of cell adhesion on fibronectin of MDA-MB-231 transfected for 24h as indicated. n=4
independent experiments. **: p<0.001. A-= anti-miRNA. (J) 29F¥f Cyclin D2 mRNA levels determined
by gqRT-PCR in MDA-MB-231 transfected for 24h with the indicated anti-miRNA. n=6 independent
experiments. A-= Anti-miRNA. (K) 2 2F#f Cyclin D3 mRNA levels determined by qRT-PCR in MDA-MB-
231 transfected for 24h with the indicated anti-miRNA. n=6 independent experiments. A-= Anti-miRNA.
(L) 29F¢f ITGB8 mRNA levels determined by gRT-PCR in MDA-MB-231 transfected for 24h with the
indicated anti-miRNA. n=6 independent experiments. A-= Anti-miRNA. (M) Equal amounts of protein
from breast cancer cells MDA-MB-231 transfected for 24h with the indicated anti-miRNA were separated
by SDS-PAGE and immunoblotted with the indicated antibodies. A-= Anti-miRNA. (N) Representative
brightfield images acquired at the indicated time points of MDA-MB-231 transfected as indicated in a
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