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0. ABBREVIATIONS

A

ACN: Acetonitrile

ACSBG1: Acyl-CoA synthetase bubblegum family member 1
ACSL: Long-chain acyl-CoA synthetase

acyl-CoA: Acyl coenzyme A

AFAP1: Actin filament-associated protein 1

AFAP1L1: Actin filament-associated protein 1-like 1

AGO2: Protein argonaute-2

Alel: Lysophospholipid acyltransferase

ALPP: Alkaline phosphatase, placental type

ALS: Alsin

AMOTL1: Angiomotin-like protein 1

AMPK: 5’-AMP-activated protein kinase catalytic subunit alpha-2
ARP2/3: Actin related proteins 2 and 3

ASC: Activating signal cointegrator 1 complex subunit 2
ATF4: Cyclic AMP-dependent transcription factor ATF-4
ATF6: Cyclic AMP-dependent transcription factor ATF-6 alpha
ATG: Autophagy-related protein

ATG12: Autophagy-related protein 12

ATG14 : Autophagy-related protein 14

ATG16L1: Autophagy-related protein 16L

ATG2: Autophagy-related protein 2

ATG3: Autophagy-related protein 3

ATG5: Autophagy-related protein 5

ATG7: Autophagy-related protein 7

ATGS8: Autophagy-related protein 8

ATG9: Autophagy-related protein 9

ATP: Adenosine triphosphate

AU: Arbitrary units
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Ax12: Axial budding pattern protein 2

B

BAD: Bcl2-associated agonist of cell death
Baf A1: Bafilomycin A1

BAK: Bcl-2 homologous antagonist/killer
BAT: Brown adipose tissue

BAT3: HLA-B-associated transcript 3

BAX: Bcl-2-like protein 4

BCA: Bicinchoninic Acid Assay

BCL2: Apoptosis regulator Bcl-2

BDLP: Bacterial dynamin-like protein
BECN1:Beclin-1

BFDR: Bayesian false discovery rate
BioID: Proximity-dependent biotin identification
BirA: Biotin operon repressor protein
Brij99: 2-[(Z)-octadec-9-enoxy]ethanol
BSA: Bovine serum albumin

BYSL: Bystin

C

Ca*% Calcium

CADHS5: Cadherin-5

CALMLS5: Calmodulin-like protein 5

Cas9: CRISPR-associated endonuclease Cas9
CASP: Caspase-1

CCNB1: G2/mitotic-specific cyclin-B1

CDK1: Cyclin-dependent kinase 1

cDNA: Complementary deoxyribonucleic acid
CGN: Cingulin

CHAPS: 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate
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CHMP2A: Charged multivesicular body protein 2a

CHOP: C/EBP-homologous protein

CLUH: Clustered mitochondria protein homolog

CO,: Carbon dioxide

COP-II: Coat complex protein II

CORO2A: Coronin-2A

CPSF6: Cleavage and polyadenylation specificity factor subunit 6
CRISPR: Clustered regularly interspaced short palindromic repeats
CTNNB1: Catenin beta-1

CUL3: Cullin-3

Cx37: Connexin-37

Cx43: Connexin-43

D

DAPI: 4',6-diamidino-2-phenylindole
DDM: n-Dodecyl-B-D-Maltoside
DDX1: DEAD box protein 1

DDX17: DEAD box protein 17
DDX20: DEAD box protein 20
DHX30: DEAH box protein 30
DHX36: DEAH box protein 36

DHX9: DEAH box protein 9

DMEM: Dulbecco’s Modified Eagle Medium
DMSO: Dimethyl sulfoxide

DNA: Deoxyribonucleic acid

DOHH: Deoxyhypusine hydroxylase
DRP1: Dynamin-related protein 1
DSB: Double strand break

DSC1: Desmocollin-1

DTT: Dithiothreitol
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E

E3: E3 ubiquitin ligase

EBSS: Earle’s balanced salts solution

ECL: Enhanced chemiluminescence

ECT1: Ethanolamine-phosphate cytidylyltransferase
EDTA: Ethylenediaminetetraacetic acid

EEA1: Early endosome antigen 1

elF5A: Eukaryotic translation initiation factor 5A-1
ELAVL1: ELAV-like protein 1-A

EMD: Emerin

ER: Endoplasmic reticulum

ERK: Mitogen-activated protein kinase

ER-phagy: Reticulophagy

ESCRT: Endosomal sorting complexes required for transport

F

Faal: Fatty acid activator 1

Faa4: Fatty acid activator 4

FACS: Fluorescence-activated cell sorting

FAF2: FAS-associated factor 2

FAM120A: Family with sequence similarity 120 member A
FAM98A: Family with sequence similarity 98 member A
Fatl: Very long-chain fatty acid transport protein

FBS: Fetal Bovine Serum

FC: Fold change

FDR: False discovery rate

FIS1: Mitochondrial fission 1 protein

FMR1: Fragile X mental retardation protein 1

FUNDC1: FUN14 domain-containing protein 1

FUS: RNA-binding protein FUS

FW: Forward
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FXR1: Fragile X mental retardation syndrome-related protein 1

FXR2: Fragile X mental retardation syndrome-related protein 2

G

G1: Growth 1 phase of cell cycle

G2: Growth 2 phase of cell cycle

G3BP1: GAP SH3 domain-binding protein 1

G3BP2: GAP SH3 domain-binding protein 2

GABARAP: Gamma-aminobutyric acid receptor-associated protein
GABARAPL2: Gamma-aminobutyric acid receptor-associated protein-like 2
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

GASZ: Germ cell-specific ankyrin, SAM and basic leucine zipper domain-
containing protein

GEMIN4: Gem-associated protein 4

GFP: Green fluorescence protein

GP78: Autocrine motility factor receptor

Gpt2: Glycerol-3-phosphate O-acyltransferase 2
gRNA: Guide RNA

GTP: Guanosine-5’-triphosphate

H

HA: Hemagglutinin

HDACG: Histone deacetylase 6

HDR: Homologous directed repair

HECT: Homologous to the E6-AP carboxyl terminus
HNRNPAS3: Heterogeneous nuclear ribonucleoprotein A3
HNRNPEF: Heterogeneous nuclear ribonucleoprotein F
HNRNPH1: Heterogeneous nuclear ribonucleoprotein H
HNRNPUL1: Heterogeneous nuclear ribonucleoprotein U-like protein 1
HR: Homologous recombination

HUWE1: HECT, UBA and WWE domain-containing protein 1

3¢



0 | Abbreviations

I

[F: Immunofluorescence assay

IGF2BP3: Insulin-like growth factor 2 mRNA-binding protein 3
[L-18: Interleukin-18

[L-1pB: Interleukin-1p

ILF2: Interleukin enhancer-binding factor 2

IMM: Inner mitochondrial membrane

IMS: Intermembrane space

INF2: Inverted formin-2

[P: Immunoprecipitation

IRE1la: Serine/threonine-protein kinase/endoribonuclease IRE1
IRF3: Interferon regulatory factor 3

ITCH: E3 ubiquitin-protein ligase Itchy homolog

ITPR2: Inositol 1,4,5-trisphosphate receptor type 2

J

JMY: Junction-mediating and -regulatory protein

JNK: Mitogen-activated protein kinase 8

K
KLHL13: Kelch-like protein 13
KO: Knockout

L

LAMC1: Laminin subunit gamma-1

LARP1 : La-related protein 1

LB: Lysogeny Broth

LC3B: Microtubule-associated proteins 1A/1B light chain 3B
LD: Lipid droplet

LIR: LC3 interacting region

LRRFIP2: Leucine-rich repeat flightless-interacting protein 2

¥ 32



LUC7L2: Putative RNA-binding protein Luc7-like 2

M

M: Mitosis, cell division phase of cell cycle

MAM: Mitochondria-associated membranes
MARCHF5: Membrane-associated RING finger protein 5
MAVS: Mitochondrial antiviral signaling protein
MDVs: Mitochondria-derived vesicles

MEF: Mouse embryonic fibroblasts

MFF: Mitochondrial fission factor

MFEN1: Mitofusin-1

MFEN2: Mitofusin-2

MGRN1: Mahogunin RING finger protein 1

MID49: Mitochondrial dynamics protein of 49 kDa
MID51: Mitochondrial dynamics protein of 51 kDa
MIRO: Mitochondrial Rho GTPase

MIT: Massachusetts institute of technology

MNS1: Meiosis-specific nuclear structural protein 1
MOV10: Moloney leukemia virus 10 protein

MQ: Max Quant

mMRNA: Messenger RNA

MS: Mass spectrometry

MTCH2: Mitochondrial carrier homolog 2

mtDNA: Mitochondrial DNA

mTORC1: Mammalian target of rapamycin complex 1
MUL1: Mitochondrial ubiquitin ligase activator of NFKB 1
MYH14: Myosin-14

MYL6: Myosin light polypeptide 6

MYO1F: Unconventional myosin-If

N
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Na-DOC: Sodium deoxycholate
NCBP1: Nuclear cap-binding protein subunit 1
NDFIP2: NEDD4 family-interacting protein 2

NEDD4: Neural precursor cell expressed developmentally down-regulated
protein 4

NEDDA4L: HECT-type E3 ubiquitin transferase NED4L

NEK?7: Serine/threonine-protein kinase Nek7

NFAT1: Nuclear factor of activated T-cells, cytoplasmic 2

NF-«kB: Nuclear factor NF-kappa-B

NHE]: Non-homologous end joining

NIR: Near infrared fluorescence

NLRP3: NACHT, LRR and PYD domains-containing protein 3
NME3: Nucleoside diphosphate kinase 3

NONO: Non-POU domain-containing octamer-binding protein
NP-40: Nonyl phenoxypolyethoxylethanol

NSDHL: Sterol-4-alpha-carboxylate 3-dehydrogenase, decarboxylating
NUFIP2: Nuclear fragile X mental retardation-interacting protein 2

NUMB: Protein numb homolog

0]

02: Oxygen

OMAZ1: Overlapping with the m-AAA protease 1 homolog
OMM: Outer mitochondrial membrane

OPA1: Optic atrophy protein 1

OXPHOS: Oxidative phosphorylation

P

P62: Phosphotyrosine-independent ligand for the Lck SH2 domain of 62 kDa
PABPC4: Polyadenylate-binding protein 4

PACS2: Phosphofurin acidic cluster sorting protein 2

PAM: Protospacer adjacent motif

PARK2: E3 ubiquitin-protein ligase parkin
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P-body : Processing body

PBS: Phosphate buffered saline

PBST: Phosphate buffered saline with Tween-20
PC: Phosphatidylcholine

PCR: Polymerase chain reaction

PCT1: Choline-phosphate cytidylyltransferase
PCYT1A: Choline-phosphate cytidylyltransferase A
PD: Proteome Discoverer

PE: Phosphatidylethanolamine

PEL: Polyethylenimine

PERK: PRKR-like endoplasmic reticulum kinase
PFA: Paraformaldehyde

PHB: Prohibitin

PI: Phosphatidylinositol

PI3K: Phosphoinositide 3-kinase

PINK1: PTEN-induced putative kinase protein 1
PIP: Prolactin-inducible peptide

PIS: Phosphatidylinositol synthase

PKC: Protein kinase C

PLIN1: Perilipin-1

PNK: Polynuclotide kinase

POTEF: POTE ankyrin domain family member F
PRKAA1: 5’-AMP-activated protein kinase catalytic subunit alpha-1
PS: Phosphatidylserine

PS2: Presenilin-2

PSPC1: Paraspeckle component 1

PtdIns3P: Phosphatidylinositol-3-phosphate
PUF60: 60 kDa poly(U)-binding-splicing factor
PUM1: Pumilio homolog 1

PURA: Purine-rich single-stranded DNA-binding protein alpha
PVDF: Polyvinylidene fluoride
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R

RAB2A: Ras-related protein Rab-2A

RABS5A: Ras-related protein Rab-5A

RABS5C: Ras-related protein Rab-5C

RAB7: Ras-related protein Rab-7

RABEXS5: Rab5 GDP/GTP exchange factor

RAF1: RAF proto-oncogene serine/threonine-protein kinase
RAPH1: Ras-associated and pleckstrin homology domains-containing protein 1
RAS: GTPase Kras

RBM18: Probable RNA-binding protein 18

RHOT2: Mitochondrial Rho GTPase 2

RICTOR: Rapamycin-insensitive companion of mTOR

RIG-I: Antiviral innate immune response receptor RIG-I
RIN1: Ras and Rab interactor 1

RIPA buffer: Radioimmunoprecipitation assay buffer

RNA: Ribonucleic acid

ROS: Reactive oxygen species

RPA1: Replication factor A protein 1

RPL31: 60S ribosomal protein L31

RPS15 :40S ribosomal protein S15

RPS5: 40S ribosomal protein S5

RSF1: Remodeling and spacing factor 1

RT: Room temperature

RT-PCR: Reverse transcription polymerase chain reaction
RTRAF: RNA transcription, translation and transport factor protein

RV: Reverse
S

S: Synthesis phase of cell cycle
S100A7: S100 calcium-binding protein A7
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S100A8: S100 calcium-binding protein A8

S100A9: S100 calcium-binding protein A9

S1P: Sphingosine-1-phosphate

SAINT: Significance Analysis of INTeractome

SCCPDH: Saccharopine dehydrogenase-like oxidoreductase
Sctl: Glycerol-3-phosphate O-acyltransferase 1

SDS: Sodium dodecyl sulfate

SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis
sec12: Guanine nucleotide-exchange factor SEC12

sec16: Guanine nucleotide-exchange factor SEC16

sec23: Guanine nucleotide-exchange factor SEC23

sec24: Guanine nucleotide-exchange factor SEC24

SFPQ: Splicing factor, proline- and glutamine-rich
SIPA1L1: Signal-induced proliferation-associated 1-like protein 1
siRNA: Small interference RNA

SIRT1: Sirtuin-1

SLC25A10: Solute carrier family 25 member 10

SLC25A24: Solute carrier family 25 member 24

SLC25A38: Solute carrier family 25 member 38

SLC27A2: Very long-chain acyl-CoA synthetase

SMAD2: Mothers against decapentaplegic homolog 2
SMURF?2: E3 ubiquitin-protein ligase SMURF2

SN: Supernatant

SNX33: Sorting nexin-33

SRRT: Serrate RNA effector molecule homolog

sSODN: Single stranded oligodeoxynucleotide

STOML2: Stomatin-like protein 2, mitochondrial

T
TBP: TATA box-binding protein-like 1
TCHP: Trichoplein keratin filament-binding protein
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TDP-43: TAR DNA-binding protein 43

TFCP2 : Alpha-globin transcription factor CP2
TIP60: Histone acetyltransferase KAT5

TM: Transmembrane

TMEMO: Proton-transporting V-type ATPase complex assembly regulator
TMEM9

TNFa: Tumor necrosis factor
TOM20: Mitochondrial 20 kDa outer membrane protein
TOM40: Mitochondrial 40 kDa outer membrane protein

U

UBAS5: Ubiquitin-like modifier-activating enzyme 5
UBP1: Upstream-binding protein 1

ULK1: Unc-51-like kinase 1

UPF1: Up-frameshift suppressor 1 homolog

UPR: Unfolded protein response

USP10: Ubiquitin carboxyl-terminal hydrolase 10
USP30: Ubiquitin carboxyl-terminal hydrolase 30
UTR: Untranslated region

\%

VAT1: Synaptic vesicle membrane protein VAT-1 homolog
VCP: Valosin-containing protein

VDAC1: Voltage-dependent anion-selective channel protein 1

VPS4: Vacuolar protein sorting-associated protein 4

W

WB: Western blot

WIPIL: WD repeat domain phosphoinositide-interacting protein
WIPI2b: WD repeat domain phosphoinositide-interacting protein 2b
WT: Wild type

WWP1: WW domain-containing protein 1
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WWP2: WW domain-containing protein 2

Y
YME1L: YME1-like protein 1

Z
ZNF185: Zinc finger protein 185
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1. SUMMARY

1.1. Abstract

Mitofusins (MFN1/2) have been demonstrated to play a role in
several mitochondrial functions such as mitochondrial dynamics
and bioenergetics, interorganelle communication, immune response,
autophagy, cell cycle progression, cellular senescence and apoptosis.
However, the role of MFN1/2 in the molecular mechanisms underlying
these processes remains poorly understood. Here, we have studied
MEFN1/2 functions and regulation from an interactome perspective
In order to gain insight into the accurate mechanisms by which they
are involved in those cellular events. To this end, we have generated
two HeLa cell lines expressing an HA-tag fused to the C-terminal
domain of MFN1 and MFN2 applying CRISPR/Cas9 technology. This has
facilitated MFN1/2 pulldown under endogenous expression levels in
basal conditions and in conditions of nutrient deprivation. The fact that
MFN1/2 expression levels remain endogenous is key since most of their
binding partners known so far have been studied under overexpression
conditions. Subsequently, we have performed mass spectrometry to
identify interactors of MFN1 and MFN2 in basal or starvation conditions.
We have observed that RNA-binding proteins are enriched in basal
conditions among MFN1 and MFN2 binding candidates and that they
are absent in starvation conditions. We have validated that FXR1, AGO2,
RAB5C and NDFIP2 interact with MFN1 and MFN2, and that S100AS,
S100A9 and SLC27A2 interact with MFN2. We have found that RAB5C

43¢



1| Summary

IS necessary for mitochondrial morphology maintenance. Our data
have also shown that SLC27A2 is a protein important for the process of

autophagy.

1.2. Introduction

Mitochondria are dynamic organelles that constantly undergo processes
of fusion and division. The adaptive changes in morphology are known
as mitochondrial dynamics and are crucial for their function . The main
players in mitochondrial dynamics belong to the dynamin superfamily
and they can promote either organelle membrane fusion or membrane
fission 2. Mitochondrial division is carried out mainly by DRP1 3 that is
recruited to the outer mitochondrial membrane. Mitochondrial fusion
is performed by the outer mitochondrial membrane proteins MFN1
46 and MFN2 %%7 and the inner mitochondrial membrane protein
OPA1 #1° Mitochondria are able to establish physical interactions with
other membranous components of the cell and some of these contacts
are mediated by MFN1 or MFN2 %12, MFN1 mediates mitochondrial
contacts with ER and the plasma membrane. MFN2 has been shown
to participate in the apposition of mitochondria to ER, lysosomes, lipid
droplets and melanosomes. Although classically known for their role
In mitochondrial fusion, MFN1 and MFN2 are also implicated in many
other cellular processes such as mitochondrial bioenergetics, immune
response, autophagy, cell cycle progression, cellular senescence and

apoptosis 3.

Nutrient availability has an impact on the functions of MFN1 and MFN2.
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Upon nutrient starvation, MFN1 promotes mitochondrial hyperfusion
presumably to protect healthy mitochondria from starvation induced
autophagy . In contrast, under nutrient deprivation, MFN2 has been
proposed to be implicated in autophagy. The lack of MFN2 in conditions
of starvation results in an impairment of autophagosome formation at
ER-mitochondria contact sites ***8, Given the fact that MFN2 localizes at
ER-mitochondria contact sites 9, it is likely that MFN2 is involved in the

recruitment of early autophagy proteins gto these sites.

1.3. Objectives and approach

The goal of this study has been to identify MFN1 and MFN2 novel
binding partners in order to shed light into MFN1 and MFN2
functioning and regulation. Moreover, it is of our particular interest
the identification of those interactors that participate in mitochondrial
contacts with other organelles and those partners that could regulate
the participation of MFN1 in starvation induced mitochondrial
hyperfusion and the ones that could explain the implication of MFN2
in starvation induced autophagosome formation. To achieve these aims,
we first used CRISPR/Cas9 technology to generate two HeLa cell lines
expressing an HA-tag fused to the C-terminal domain of MFN1 and
MFN2. We immunoprecipitated MFN1-HA and MFN2-HA from these
cell lines using beads coupled to anti-HA antibodies in basal conditions
and in starvation. Mass spectrometry was performed to unravel novel
MFN1 and MFN2 binding candidates. We have validated some of these

candidates and performed functional studies.
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1.4. Results

1.4.1. Generation of CRISPR-Cas9 MFN1-HA and MFN2-HA
cell lines

We used CRISPR/Cas9 technology to generate two HelLa cell lines
expressing MFN1 and MFN2 fused to an HA-tag at the C-terminal (Figure

S-1A). These cell lines preserve endogenous levels of expression of MFN1

and MFN2.
A B Autophagic LC3B-Il accumulation
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Figure S-1. CRISPR/Cas9 edited MFN1-HA and MFN2-HA HeLa cell lines.
(A) HA immunoblots of MFN1-HA and MFN2-HA HeLa cell lines. (B) Starvation
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induced LC3 fold change in WT, MFN1-HA and MFN2-HA HeLa cells. * = p-value
< 0.05. (C) Mitochondrial morphology in WT, MFN1-HA and MFN2-HA Hela

cells in basal and starvation conditions. * = p-value < 0.05.

We validated the suitability of these cell lines for our experiments by
assessing mitochondrial morphology (Figure S-1C), and induction of
autophagy (Figure S-1B) and mitochondrial hyperfusion after EBSS

treatment (Figure S-1C).

1.4.2. Optimization of MFNI1-HA and MFN2-HA
Immunoprecipitation

We improved several steps of the HA-immunoprecipitation (IP) protocol
in order to preserve as many interactors as possible during the whole
purification process until mass spectrometry was applied. After testing
several detergents, we observed 1% digitonin works best to preserve the
interaction between MFN1 and MFN2. Thus, we selected 1% digitonin to
lyse the cells. Magnetic beads were chosen over agarose beads because
a lower non-specific background was obtained with those. The quantity
of protein per volume of beads was adjusted to minimize non-specific

binding. We used 25 mg of protein in the lysate per 40 pl of beads.

1.4.3. Identification of MFN1 and MFNZ2 binding partners
by mass spectrometry

We performed three biological replicates of HA-IP of MFN1-HA cells
and MFN2-HA cells in basal conditions and after 1 hour of nutrient
deprivation. We identified the proteins recovered in these IPs by mass

spectrometry and compared the results of all the biological replicates.
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Under basal conditions we have obtained 44 potential binding partners
for MFN1 and 51 for MFN2. In conditions of 1h of starvation we have
identified 6 possible interaction partners for MEN1 and 16 for MFN2.
Already known partners of MFN1and MFN2 were identified: MFN2 ¢ was
detected between the candidates of MFN1, and MFN1 ¢ MARCHF5 %0 and
RHOT2 2! appeared between the potential partners of MFN2. Besides, we
found several proteins that localize to other membranous components
of the cell, proteins that modify other proteins and autophagy related
proteins. Atleast one candidate from each of these groups was selected to
be validated. Interestingly, an enrichment in RNA-binding proteins was

observed under basal conditions and not under starvation conditions.

1.4.4. Validation of novel interaction partners of MFN1 and
MFN2

Among the identified potential partners we found proteins from several
membranous components of the cell: ER, endosomes, Golgi apparatus,
lysosomes and the plasma membrane. These possible interactors could
be involved in the contacts of mitochondria with other organelles.
From these proteins, we focused on RAB5C, which was present among
MEFN1 possible interactors in basal conditions. RAB5C localizes in the
membrane of early endosomes. RAB5C-FLAG was overexpressed and

co-IP revealed that it interacts with MFN1 and MFN2 (Figure S-2A).
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Figure S-2. Validated interactors of MFN1 and MFN2. (A) MFN1, MFN2
and FLAG immunoblots of input and IP fractions of FLAG-IP of RAB5C-FLAG.
RABS5C-FLAG was overexpressed in WT HeLa cells. (B) MFN1, MFN2, FLAG
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and GAPDH immunoblots of input and IP fractions of FLAG-IP of NDFIP2-
FLAG. NDFIP2-FLAG was overexpressed in WT HelLa cells. (C) MFN1, MFN2
and FLAG immunoblots of input and IP fractions of FLAG-IP of S100A8-FLAG.
S100A8-FLAG was overexpressed in WT HeLa cells. (D) MEN1, MFN2 and FLAG
immunoblots of input and IP fractions of FLAG-IP of S100A9-FLAG. S100A9-
FLAG was overexpressed in WT HeLa cells. (E) MFN2 and FLAG immunoblots
of input and IP fractions of FLAG-IP of SLC27A2-FLAG. SLC27A2-FLAG was
overexpressed in WT HeLa cells. (F) AGO2, FXR1 and HA immunoblots of input
and IP fractions of endogenous HA-IP of MFN1-HA and MFN2-HA.

Mass spectrometry data also revealed several proteins involved in
protein posttranslational modifications as potential partners of MFN1
and MFN2. These proteins were involved in protein phosphorylation,
ubiquitination, methylation and hypusination. NDFIP2 was selected to
validate because it partially localizes to the mitochondria ?* and activates
E3 ubiquitin ligases 2. Mass spectrometry data showed significant
enrichment of NDFIP2 among MFN1 potential binding partners under
basal conditions. NDFIP2 was also detected among MFN2 possible
interactors in basal conditions, but not in a significant manner. We
overexpressed NDFIP2-FLAG and observed that it interacts with MFN1
and MFN2 (Figure S-2B).

Autophagy related proteins were identified in basal and starvation
conditions potentially interacting with MFN1 and MFN2. Since we
were interested in characterizing the partners that implicate MFN2 in
starvation induced autophagy, we drew our attention to the autophagy
proteins found in these conditions. Thus, we chose to validate S100A8
and S100A9. These two proteins were significant potential partners of

MFN2 in starvation conditions and were not enriched in any case for
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MEN1 or for MFN2 under basal conditions. SI00A8 and S100A9 have
been identified as autophagy inducers ?*, moreover S100A8 alone
has also been reported to activate autophagy . S100A8-FLAG was
overexpressed and after co-IP we observed that it interacts with MFN2
and not with MFN1 (Figure S-2C). ST00A9-FLAG was overexpressed and
FLAG-IP was performed. We observed that ST00A9 interacts with MFN2
(Figure S-2D). Another protein that could be implicated in autophagy and
is identified among MFN2 binding candidates in starvation conditions
1s SLC27A2. This protein is the mammalian homologue of the yeast fatty
acid transporter Faal that has been recently reported to participate in
the expansion of the phagophore 26. SLC27A2-FLAG was overexpressed
and immunoprecipitated with FLAG-beads. We found that SLC27A2
interacts with MFN2 (Figure S-2E).

Reactome pathway analysis of the proteins identified by mass
spectrometry revealed an unexpected enrichment in proteins implicated
in the metabolism of RNA under basal conditions that was absent under
starvation conditions. AGO2 and FXR1 were picked for validation by co-
IP. We performed endogenous IP of MFN1-HA and MFN2-HA and found
that AGO2 and FXR1 interact with both MFN1 and MFN2 (Figure S-2F).
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1.4.5. Mitochondrial consequences of RAB5C absence

Mitochondrial morphology
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Figure S-3. Mitochondrial consequences of RAB5C ablation. (A)
Quantification of mitochondrial morphology in RAB5C KO cells. * = p value <
0.05. (B) Quantification of mtDNA nucleoids in basal conditions and after 1h of
bafilomycin 200 nM treatment. * = RAB5C KO vs WT p value < 0.05. # = Basal
vs Baf A1l p value < 0.05. (C) Quantification of EEA1 dsDNA co-distribution.
* = RAB5C KO vs WT p value < 0.05. # = Basal vs Baf A1 p value < 0.05. (D)

Representative images of WT and RAB5C KO cells stained with antibodies

¥'52



Summary | 1

against EEA1 and dsDNA in basal conditions and treated with bafilomycin 200

nM for 1 hour. Arrows indicate dsDNA and EEA1 colocalization.

After validating RAB5C interaction with MFN1 and MFN2, we generated
a CRISPR/Cas9 RAB5C KO HeLa cell line. We assessed mitochondrial
morphology and observed increased fragmentation of the mitochondrial
network in RAB5C KO cells (Figure S-3A). Moreover MEN1 and TOM20
proteinlevels, mitochondrial mass,and mtDNA nucleoids were decreased
in KO cells. These results suggested that mitochondrial degradation in
RABS5C KO cells could be more active. PINK1 and PARK2 gene expression
and PINK1 protein expression were upregulated in RAB5C KO cells.
Bafilomycin treatment promoted mtDNA accumulation in KO cells
(Figure S-3B), which confirmed increased mitochondrial degradation in
RAB5C KO cells. LC3-mtDNA co-localization was the same in WT and
RAB5C KO cells under basal conditions and after bafilomycin treatment.
However, mtDNA co-distribution with endosomes was increased in
RAB5C KO cells both in basal conditions and after bafilomycin treatment
(Figure S-3C and D). This result could indicate that mitochondria are

degraded in endosomal compartments in upon RAB5C ablation.

1.4.6. RNA binding proteins and mitochondria

It is known that AGO2, FXR1 and many other proteins that we identified
among the potential interactors are core components of RNA-related
structures 28, AGO2 participates in P-bodies and FXR1 appears in stress
granules After validating that AGO2 and FXR1 interact with MFN1 and
MFN2, we wanted to assess if RNA-related structures to which they

belong establish contacts with mitochondria. We overexpressed the
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P-body protein AGO2 and the stress granule and CLUH-granule protein
G3BP1 fused to GFP. We overexpressed G3BP1 since we had also found
it in our mass spectrometry data. We analyzed by confocal microscopy
the juxtaposition of these structures and mitochondria. Both, AGO2-GFP
positive structures and G3BP1-GFP positive structures were found in

close proximity with the mitochondrial network (Figure S-4).

A B

Figure S-4. Contacts between mitochondria and RNA-related structures.
(A) Representative image of a WT cell overexpressing AGO2-GFP stained with
Mitotracker Deepred 100nM for 30 min. Scale bar = 5 pm. (B) Representative
image of a WT cell overexpressing G3BP1-GFP stained with Mitotracker Deepred
100nM for 30 min. Scale bar = 5 um.

1.4.7. SLC27A2 implications in autophagy

Subsequent to the validation of the interaction of MFN2 with SLC27A2,
we wanted to know if SLC27A2 was implicated in the process of

autophagy and, if so, how it could involve MFN2 in this process.
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Figure S-5. SLC27A2 implications in autophagy. (A) One hour LC3B-
IT starvation autophagic flux in cells treated with siRNAs against MFN2 and
SLC27A2. * = p value < 0.05 (B) Number of autophagosomal structures after 1
hour of starvation treatment with EBSS in cells treated with siRNAs against

MFN2 and SLC27A2. * = p value < 0.05. (C) ATG16L, LC3B, GABARAP and FLAG
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immunoblots of input and IP fractions of FLAG-IP of SLC27A2-FLAG. (D) ATG2A
and FLAG immunoblots of input and IP fractions of FLAG-IP of SLC27A2-FLAG
in cells that were subjected or not to 1 hour of starvation treatment with
EBSS. (E) Representative images of SLC27A2 silenced and control cells in basal
conditions or after 1 hour of starvation treatment with EBSS. Cells stained with
antibodies against MFN2 and LC3B and treated with DAPI. Arrows indicate
MFN2 and LC3B colocalization.

It has been previously shown and we have validated in our model
that, upon 1h of nutrient deprivation, HeLa cells deficient in MFN2
show reduced LC3B-II autophagic flux and decreased autophagosome
formation (Figure S-5A S-5B). We transiently silenced SLC27A2 in HeLa
cells and assessed the autophagic flux of autophagosome markers. We
observed that LC3B-II flux under starvation conditions was decreased in
the silenced cells (Figure S-5A). Moreover, p62 and GABARAP autophagic
fluxes under starvation conditions were completely abrogated after
SLC27A2 silencing. In the control cells we observed that SLC27A2
accumulates when cells are starved and treated with bafilomycin.
Subsequently, autophagosome formation upon nutrient deprivation
in SLC27A2 silenced cells was assessed by confocal microscopy. We
observed less LC3B puncta in silenced cells than in control cells both in

basal and in starvation conditions (Figure S-5B).

Given these observations and taking into account the role of Faal in
phagophore expansion, we wondered whether SLC27A2 could also
be involved in autophagosome formation. Thus, we overexpressed
SLC27A2-FLAG and performed FLAG-IP in order to know if SLC27A2

interacts with proteins related to this process. Co-immunoprecipitation
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revealed that SLC27A2 interacts with ATG2A, ATG16L, LC3B-II and
GABARAP (Figure S-5C and S-5D), which are proteins that contribute to
the expansion of the phagophore. ATG2A incorporates phospholipids
into the phagophore and ATG16L participates in the activation of ATG8
proteins. LC3 and GABARAP belong to the ATG8 family of proteins and
cover the autophagosome membrane when activated. Moreover we
noticed the presence of LC3 interacting regions in SLC27A2, although
we did not functionally characterize them. Since we found that SLC27A2
is an interactor of MFN2, we wanted to know if MFN2 could also interact
with phagophore expansion proteins. Thus, we Immunoprecipitated
endogenous MFN2-HA and observed that ATG2A co-immunoprecipitated
with MFN2-HA.

Next, confocal microscopy was used to determine whether there was
a considerable co-localization of LC3B and GABARAP with SLC27A2.
We found a positive correlation between SLC27A2 signal and

autophagosomal markers signals in basal and starvation conditions.

Eventually, we investigated whether the deficiency of SLC27A2 could
affect the targeting of MFN2 by autophagosomes. Thus we analyzed
the co-distribution of MFN2 and LC3B puncta in basal and starvation
conditions and found that there was less co-distribution when cells

lacked SLC27A2 (Figure S-5E).
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1.5. Discussion

1.5.1. CRISPR/Cas9 edited cellular models preserve
mitochondrial and autophagic features of WT cells

We edited HeLa cells with CRISPR/Cas9 technology to generate MEN1 and
MFN2 HA-tagged cell lines with endogenous expression levels of MFN1
and MFN2. Since MFN1 and MFN2 overexpression results in apoptosis
induction, it is important that expression levels remain endogenous.

Therefore, this approach was chosen instead of overexpression.

1.5.2. MFN1 and MFN2 show decreased interaction
candidates upon starvation and RNA-binding protein
enrichment in basal conditions

After performing mass spectrometry of MFN1-HA and MFN2-HA HA-IP,
we identified proteins from other membranous compartments of the cell
such as the ER, endosomes, Golgi apparatus, lysosomes and the plasma
membrane. We validated the interaction of the endosomal protein
RAB5C with MFN1 and MFN2. This interaction could be important for
maintaining the tethering of endosomes to mitochondria. Moreover,
proteins involved in modification of other proteins that could shed light
into MFN1 and MFN2 regulation were found. NDFIP2 interaction with
MFN1 and MFN2 was validated. This interaction could be responsible of
the regulation by ubiquitination of MFN1 and MFN2. Proteins that have
been implicated in autophagy were detected as well. We demonstrated
that the autophagy related proteins S100A8 and S100A9 interact with
MFEN2. We also showed that SLC27A2 interacts with MFN2.
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More proteins were identified by mass spectrometry under basal
conditions than under starvation conditions. This observation could
be a consequence of a more specialized function of MFN1 and MFN2
in conditions of nutrient deprivation. MFN1 would be more actively
participating in mitochondrial elongation and MFN2 would exert its

role predominantly in autophagy.

RNA-binding proteins were identified more enriched upon basal
conditions and absent in starvation conditions both for MFN1 and MFN2.
A previous study has shown that RNA-binding proteins that belong in
the nuage in mouse sperm cells interact with MFN2 2°. Some of the
RNA-binding proteins that we have identified appear in membraneless
structures composed of RNA and proteins such as P-bodies %, stress
granules #” and CLUH granules *. P-bodies have already been shown
to appear in close proximity to mitochondria 3!. We demonstrated that
MFN1 and MFN2 interact with the RNA-binding proteins FXR1 and
AGO2, which probably mediate the contacts of mitochondria with RNA

related membraneless organelles.

1.5.3. RAB5C is necessary for mitochondrial morphology
maintenance and its ablation results in increased
mitochondrial degradation

RAB5C KO cells have a more fragmented mitochondrial network. The
absence of RABS5C also results in increased mitochondrial degradation
thatdoesnothappen through autophagosomes. Increased co-distribution
of endosomes and mitochondria is observed in RAB5C deficient cells.

This suggests that an endosomal pathway is probably in charge of
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clearing these mitochondria. Given the fact that RAB5C interacts with
MFN1 and MFNZ2, it is likely that this interaction happens at contacts
between mitochondria and endosomes. Those contacts could be crucial

for mitochondrial homeostasis maintenance.

1.5.4. RNA-binding proteins interact with mitochondria

We found that AGO2-GFP positive structures, probably P-bodies, and
G3BP1-GFP positive structures, likely stress granules or CLUH-granules,
establish physical contacts with mitochondria. Taking into account the
interaction of MFN1 and MFN2 with AGO2 and FXR1 that we have shown,
we hypothesize that these interactions happen at the interface between
mitochondria and these structures. Moreover, P-bodies, stress granules
and CLUH granules play a role in the regulation of mRNA translation
303233 We propose that the interactions between mitochondria and
these structures through MFN1 and MFN2 could serve to regulate the
translation of mitochondrial proteins, as previously shown by Pla-Martin
et al. . On the other hand it could be that mitochondria also regulate the
function of these organelles as it has been previously shown by Huang

etal. 3.

1.5.5. SLC27A2 interacts with proteins involved in
phagophore expansion and its deficiency impairs autophagy

SLC27A2 silencing impairs autophagic flux and autophagosome
formation. Besides interacting with MFN2, SLC27A2 interacts with
proteins involved in the expansion of the phagophore such as ATG2A,

LC3B, GABARAP and ATG16L and some LC3 and GABARAP puncta
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co-localize with SLC27A2. These findings are in line with previous
observations in yeast that implicate SLC27A2 yeast homologue, Faal,
in the elongation of the phagophore by participating in the synthesis de
novo of phospholipids to be included in the autophagosome membrane
26, Thus, SLC27A2 could be supplying fatty acids to the elongation
of the phagophore. MFN2 interacts with ATG2A and we believe that
it could belong to the same complex with ATG2A and SLC27A2. We
observe these interactions both under basal and starvation conditions,
meaning that under conditions of starvation there must be a stimuli
that favors the cooperation of these proteins with the autophagosome
formation machinery. Importantly, the absence of SLC27A2 uncouples
autophagosomes from MFN2. Previously published studies have shown
that the absence of MFN2 results in impaired autophagosome formation
at ER-mitochondria contact sites ¢7. Thus, we propose that ER-
mitochondria tethering complexes of MFN2 associated with SLC27A2
and ATG2A serve as a platform to recruit other proteins involved in the
expansion of the phagophore such as GABARAP or LC3 upon induction
of autophagy. Nevertheless, more experiments need to be performed to

confirm this hypothesis.

1.6. Conclusions

1. MFN1 and MFN2 present different interaction networks
depending on nutrient availability of the cell.

2. MFN1 and MFN2 interact with RNA-binding proteins.

3. RABS5C interacts with MFN1 and MFN2 and it is crucial to
maintain mitochondrial morphology.
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4. SLC27A2 interacts with MFN2 and it is necessary for the correct
functioning of autophagy.
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1. ABBREVIATIONS

A

ACN: Acetonitrile

ACSBG1: Acyl-CoA synthetase bubblegum family membe
ACSL: Long-chain acyl-CoA synthetase

acyl-CoA: Acyl coenzyme A

INTRODUCTION

AFAP1: Actin filament-associated protein 1
AFAP1L1: Actin filament-associated protein 1-like 1
AGO2: Protein argonaute-2

Alel: Lysophospholipid acyltransferase

ALPP: Alkaline phosphatase, placental type
ALS: Alsin

AMOTL1: Angiomotin-like protein 1

AMPK: 5-AMP-activated protein kinase catalytic subunit alpha-2
ARP2/3: Actin related proteins 2 and 3

ASC: Activating signal cointegrator 1 complex subunit 2
ATF4: Cyclic AMP-dependent transcription factor ATF-4
ATF6: Cyclic AMP-dependent transcription factor ATF-6 alpha
ATG: Autophagy-related protein

ATG12: Autophagy-related protein 12

ATG14 : Autophagy-related protein 14

ATG16L1: Autophagy-related protein 16L

ATG2: Autophagy-related protein 2

ATG3: Autophagy-related protein 3

ATGS5: Autophagy-related protein 5

ATG7: Autophagy-related protein 7

ATGS8: Autophagy-related protein 8

ATG9Y: Autophagy-related protein 9




ATP: Adenosine triphosphate
AU: Arbitrary units
Ax12: Axial budding pattern protein 2

B

BAD: Bcl2-associated agonist of cell death
Baf A1: Bafilomycin A1l

BAK: Bcl-2 homologous antagonist/killer
BAT: Brown adipose tissue

BAT3: HLA-B-associated transcript 3

BAX: Bcl-2-like protein 4

BCA: Bicinchoninic Acid Assay

BCL2: Apoptosis regulator Bcl-2

BDLP: Bacterial dynamin-like protein
BECN1:Beclin-1

BFDR: Bayesian false discovery rate
BioID: Proximity-dependent biotin identification
BirA: Biotin operon repressor protein
Brij99: 2-[(Z)-octadec-9-enoxy]ethanol
BSA: Bovine serum albumin

BYSL: Bystin

C

Ca*% Calcium

CADH5: Cadherin-5

CALMLS: Calmodulin-like protein 5

Cas9: CRISPR-associated endonuclease Cas9
CASP: Caspase-1

CCNB1: G2/mitotic-specific cyclin-B1

CDK1: Cyclin-dependent kinase 1
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2. INTRODUCTION

2.1. Mitochondria

Mitochondria appeared two billion years ago as the result of the
engulfment of an a-proteobacterium by another prokaryotic cell 34 This
bacterium remained functional inside the host cell with several peculiar
features: being surrounded by two lipid bilayers, harboring its own

genome, and synthesizing proteins with its own ribosomes.

In 1857, Albert Kolliker noticed mitochondria for the first time. He
observed that human striated muscle cells contained granules *. Later
on, in 1888 he isolated these granules from insect muscle cells and
demonstrated that they were surrounded by a membrane 3. In 1898 the
term “mitochondria” was used for the first time by Carl Brenda in his
publicationaboutanimalspermatogenesis®.Inthemid-twentieth century
more key features of mitochondrial biology were discovered. Albert
Claude found that cytochrome oxidase and other enzymes responsible
forthe respiratory chain were isolated inside the mitochondria ¢. Eugene
Kennedy and Albert Lehninger identified mitochondria as the site of
oxidative phosphorylation in eukaryotes *%. Margit and Sylvan Nass
discovered mitochondrial DNA “°. In 1967, Lynn Margulis proposed the
endosymbiotic hypothesis on the origin of mitochondria *. This theory
suggested a prokaryotic origin for mitochondria, given the common
features that had been observed between bacteria and mitochondria

such as protein synthesis, mitochondrial DNA and aerobic metabolism.
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Mitochondria are composed of two lipid bilayers (outer and inner
membranes) that delimit the area of the intermembrane space, and a
matrix, the central region surrounded by the inner membrane. The outer
mitochondrial membrane (OMM) surrounds the whole mitochondrion.
It has a protein-to-phospholipid ratio similar to that of the plasma
membrane. Many of the integral membrane proteins inserted in this
membrane are porins, which form aqueous channels through the lipid
bilayer. The OMM is permeable for molecules that are 5000 Daltons or
less such as metabolites, ions or small proteins. The outer membrane also
contains enzymes, for instance those in charge of mitochondrial lipid
synthesis, and proteins involved in membrane dynamics. Disruption
of the outer membrane permits proteins in the intermembrane space
to leak into the cytosol, leading to cell death. The mitochondrial outer
membrane can associate with other membranous compartments of the

cell.

The area between the outer membrane and the inner membrane is
the intermembrane space. Given the permeability of the OMM to small
molecules, such as ions and sugars, the concentrations of these in the
intermembrane space are the same as in the cytosol. However, large
proteins must have a specific signaling sequence to be transported across
the outer membrane. Hence, the protein composition of this space is
different from the protein composition of the cytosol. Enzymes that use
ATP transported from the matrix to phosphorylate other nucleotides are

present in the IMS.

The inner mitochondrial membrane (IMM) surrounds the central part of
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the mitochondria, the matrix. It contains a high proportion of cardiolipin,
which is responsible of its low permeability. Molecules that enter and
leave the mitochondrial matrix need specific transport proteins in the
IMM. This membrane has a very high protein-to-phospholipid ratio.
The proteins located in this membrane are: proteins related to oxidative
phosphorylation, metabolite and protein transporters, mitochondrial

dynamics proteins and ATP synthases.

The IMM contains several infoldings called cristae, which expand the
surface area of the inner mitochondrial membrane. This expansion
of the IMM surface results in enhanced ability to produce ATP. The
proteins that generate ATP, ATP synthases, are inserted in the cristae.
The number of cristae is variable among cells. Mitochondria from cells
that have a great demand for ATP contain an elevated number of cristae.

Mitochondria within the same cell can have different amounts of cristae.

The matrix is the space enclosed by the IMM. It contains a high
proportion of enzymes for metabolic processes such as pyruvate and
fatty acid oxidation. The matrix is important in the production of
ATP with the aid of the ATP synthases located at the IMM. Besides its
enzymatic content, the matrix harbors mitochondrial ribosomes, tRNA,
and mitochondrial DNA (mtDNA) packaged into nucleoids. Human
mtDNA encodes: 22 tRNA, 2 rRNA, and 13 peptide genes. The 13 proteins
codified in the mtDNA are components of the mitochondrion. The rest of

the mitochondrial proteins are encoded by the nuclear genome.

The functions carried out by mitochondria are numerous and unique

within the cell. Mitochondria have become a signaling hub and a cellular
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fitness center. Mitochondria initiate apoptotic signaling, manage the
bioenergetics of the cell, maintain cellular proteostasis, participate in
inflammatory response, regulate redox homeostasis, determine stem
cell fate, allow cell cycle progression, contribute to autophagosome
formation, produce heat, synthesize hormones, participate in heme

biosynthesis and regulate the dynamics of other organelles.

2.2. Mitochondrial dynamics

The dynamism of mitochondriais crucial for their function. Mitochondria
undergo processes of fusion and division in order to satisfy the needs
of the cell. These adaptive changes in morphology are known as
mitochondrial dynamics. The main players in mitochondrial dynamics
(MEFN1, MFN2, OPA1 and DRP1) belong to the dynamin superfamily, a
family of proteins involved in organelle membrane dynamics (Figure
1) 2 Dynamin superfamily proteins possess a structurally conserved
core composed of a GTPase domain and a helix bundle that confers
oligomerization capacity to these proteins 2. There are dynamin related
proteins that promote organelle membrane fusion and other members
of this family that cooperate for membrane fission. Mitochondrial
division is carried out mainly by DRP1 ® and fusion is performed by
MEFN1 #¢ MFN2 467 and OPA1 #10. Mitochondrial dynamics are regulated
by protein post-translational modifications such as phosphorylation,
ubiquitination or proteolytic cleavage ¢ and by contacts with other

organelles such as the endoplasmic reticulum (ER) or lysosomes #4344,
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Figure 1. Mitochondrial dynamics. For mitochondrial fission to take place,
DRP1 needs to be recruited from the cytosol to the OMM by one of its receptors
in this surface (MFF, FIS1, MiD49 or MiD51) in order to form a ring to which
the ER will bind. The ER constricts the mitochondrion until it is split into two
mitochondria. Short isoforms of OPA1 (sOPA1) help in the process of IMM
fission. If the resulting mitochondrial pieces are damaged they will undergo
mitophagic degradation. If those pieces are healthy they will be able to fuse
with other healthy mitochondria to maximize energy production in the cell.
Fusion of the OMM is achieved by oligomerization of MFN1 and MFN2 and
takes place before IMM fusion. Eventually, OPA1 in the IMM brings together the

inner membranes of the mitochondria that are being fused.

2.2.1. Mitochondrial fission

Mitochondrial division occurs when cytosolic DRP1 is recruited to

mitochondria by its receptors FIS1, MFF, MID49 and MID51 on the OMM
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4547 DRP1 shows a punctate pattern which marks sites of scission 3. ER
tubules surround and constrict mitochondria at these sites *6. Constriction
Is mediated by actin filaments that accumulate between mitochondria
and the ER and that are polymerized at the ER membrane by INF2 #.
INF2-mediated actin polymerization leads to an accumulation of myosin
type II *° an increase in mitochondria-ER contacts, and the subsequent
stimulation of mitochondrial Ca?" uptake before constriction of the
IMM and mitochondrial division . Regions of mitochondrial scission
are sites for mtDNA synthesis where the nascent mtDNA stays in the
daughter mitochondria after fission 2. Mitochondrial fission is coupled
to mitochondrial removal by the protein FUNDC1. FUNDC1 localizes
at mitochondria-ER contact sites where it interacts with DRP1 on the
mitochondrial surface to promote both autophagosome recruitment
and mitochondrial fission 3. After mitochondrial fission, two different
mitochondria are generated: one with increased membrane potential
that likely will undergo mitochondrial fusion and another one with
decreased membrane potential and reduced levels of OPA1, therefore

with less probability of mitochondrial fusion 54,

2.2.2. Mitochondrial fusion

Mitochondrial fusion is mediated by MFN1 ¢ and MFN2 457 on the OMM
and OPA1 1% in the IMM. Mitofusins present in adjacent mitochondria
interact with each other to fuse the OMMs by forming homo-oligomers or
hetero-oligomers. Oligomerization is dependent on GTP hydrolysis and
mediated by a heptad repeat region in the C-terminal region 55%. After

OMM fusion, OPA1 on one mitochondria interacts with a cardiolipin
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rich domain in the IMM of the other mitochondria and IMMs fuse 7. It is
still not clear how many MFN1, MFN2 and OPA1 molecules oligomerize
to carry out this function. Dimeric and tetrameric interaction models
have been proposed 5. One of the short isoforms of OPA1 is associated

with mitochondrial fission rather than fusion ©.

Structural studies have been performed to gain insight into MFN1/2
mediated membrane fusion. For many years, bacterial dynamin-like
proteins (BDLP) have been used as a model to understand the structure
and oligomerization of the proteins from the dynamin superfamily
6263, BDLPs have been shown to form tetramers that bind lipid bilayers
independently of GTP hydrolysis (Figure 2) %. In these tetramers there
is a core composed of two BDLPs bound by their GTPase domains. Each
of these two subunits harbor an N-terminal o-helix that interacts with
the so called “assembly domain” of one of the remaining BDLP subunits
of the complex. This tetramerization had already been reported from in
silico predictions ®. Given these findings, dynamin superfamily proteins

have been suggested to form tetrameric structures.

In 2017, crystal structures of a short version of human MFN1 containing
the GTPase domain and a helical domain were resolved . It was
observed thatbinding to GTP induces conformational changes and favors
GTPase domain dimerization ®. When the GTPase domain dimerization
is disrupted, fusogenic activity of MFN1 is lost ¢. In 2019, a structural
study of a truncated version of MFN2 containing the GTPase domain
was published %. The authors found that MFN2 GTPase domain is able
to dimerize also after GTP hydrolysis %. MFN2 GTPase domain has a
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low GTP hydrolyzation capacity, whereas MFN1 can more efficiently
hydrolyze GTP ¢. Heterodimerization of MFN1 and MFN2 GTPase
domains is GTP dependent . These MFN1 and MFN2 GTPase domain
dimers could be compatible with a tetramer oligomerization model, as
described for BDLPs, although complete forms of MFN1 and MFN2 have

not been crystalized to date.
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Figure 2. BDLP tetramerization model adapted from Liu et al. 2018. BDLP
subunits of the tetramer are named BDLP(1), (2), (3) and (4). Membrane 1 and

membrane 2 are the tethered membranes or membranes to be fused.

Mitochondrial fusion can be regulated through post-translational
modifications of its main effectors. Ubiquitination of both MFN1 and

MFN2 by PARK2 results in increased mitochondrial fission 578, A similar
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effectisachieved upon MFN2 ubiquitination by HUWE1 5. MARCHFS5 can
also ubiquitinate MFN1 and MFN2 although its impact in mitochondrial
dynamics regulation is still under debate. Overexpressed MARCHF5
interacts with MFN1 and has been shown to induce mitochondrial
fragmentation 7°. However, a different study showed that MARCHF5
overexpression leads to mitochondrial elongation and that MARCHF5
interacts with MFN2 7*. MARCHF5 ubiquitination of MFN2 was proposed
to promote MFN2 oligomerization and ER-mitochondria contacts
formation 72 Inhibition of mitochondrial fusion is also achieved by PKC
or JNK dependent phosphorylation of MFN1 7 and MFN2 respectively
69. Moreover, acetylation of MFN1 reduces mitochondrial fusion 7. This
effect is reversed by HDAC6, which deacetylates MFN1 7. OPA1 activity
Is mainly regulated through proteolytic cleavage. YME1L cleavage of
OPA1 is necessary for mitochondrial fusion 7>. OMA1 cleavage of OPA1
inhibits mitochondrial fusion 76. Protein interactions can also regulate
mitochondrial fusion. FIS1 interacts with MFN1, MFN2 and OPA1 in

order to inhibit their fusogenic activity 7.

2.3. Additional cellular functions of the mitofusins

Besides their role in mitochondrial dynamics, MFN1 and MFN2 take part
in several other cellular processes namely: mitochondrial bioenergetics,
mitochondrial transport, interorganelle communication, inflammatory
signaling, autophagy or mitophagy, apoptosis, cellular senescence, cell
cycle progression, cellular differentiation, and ER-stress (Figure 3 and

Figure 4).
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Functions of MFN1 and MFN2
Mitochondrial fusion Organelle contacts Mitochondrial

quality control
QD=

PARK2 PINK1
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Mitochondrial transport Cellular bioenergetics Immune response

KINESIN "

Cell juntions

Apoptosis

BAX '“ BAK

Cellular differentiation

Figure 3. Functions of MFN1 and MFN2. MFN1 and MFN2 are involved
in mitochondrial fusion; contacts with mitochondria and other organelles;
mitochondrial quality control through interaction with PARK2 and PINKI;

mitochondrial transport through microtubules by attaching mitochondria to
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kinesins; cellular bioenergetics; immune response by interacting with NLRP3
and MAVS; cellular junctions; cell cycle progression which needs different
mitochondrial morphologies; apoptosis in which they bind BAX and BAK;

cellular senescence; and cellular differentiation.

Functions of MFN2
Autophagy ER stress

S

PERK

Figure 4. Functions of MFN2 in which MFN1 does not participate. MFN2 is
involved in autophagy and ER-stress inhibition. MFN1 is not involved in these

processes.

2.3.1. Interorganelle communication

Mitochondria are social organelles. They maintain active contacts
with other membranous compartments of the cell. Mitochondria
communicate with the endoplasmic reticulum (ER), lipid droplets (LDs),
Golgi apparatus, endosomes, lysosomes, melanosomes and peroxisomes
by establishing physical contacts !*. Fluorescent labeling of organelles
in vivo has revealed cellular regions where three or more organelles
physically interact ®. MFN1 and MFN2 are key in several organelle

apposition sites (Figure 5).
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Figure 5. Contacts of mitochondria with other organelles that involve

MFN1 and MFN2.

Mitochondria-ER contacts are established by several proteins in the OMM
that interact with proteins located in the ER surface. MFN2 is localized
both in the mitochondria and in the ER, and is able to homo-oligomerize
and to hetero-oligomerize with MFN1 to tether both organelles 7%,
Although several studies performed in our laboratory and by other
research groups have confirmed the role of MFN2 as a tether of ER
and mitochondria '8! there are other studies that argue that MFN2
is an organelle spacer, rather than a tether 8%. MFN2 tethering role
is regulated by the ER protein TCHP “%. TCHP prevents mitochondria-

ER tethering and favors mitochondrial elongation when it is bound to
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MEFN2 .

Mitochondria-ER contact sites harbor several functions that are
perturbed when their architecture is disrupted. Particularly, the ablation
of MFN2 results in the suppression of autophagosome formation
1617 which is explained more into detail in the following sections of
this thesis. Moreover, the absence of MFN2 in mouse livers disrupts
phospholipid trafficking between ER and mitochondria by impeding
phosphatidylserine (PS) transference from the ER membrane to the
OMM 2. Mfn2 depletion also affects calcium homeostasis ##. MFN2
interacts with the unfolded protein response (UPR) protein PERK which
localizes in the ER and represses its activity . MFN2 loss-of-function
in MEF cells dysregulates the three branches of the UPR by enhancing
the PERK-eiF2a-ATF4-CHOP pathway *. The implication of MFN2 in ER

stress and UPR is further explained in the next epigraph.

Mitochondria and LDs are in active communication in highly metabolic
tissues such as BAT skeletal muscle and heart ®-°!. The contacts
between mitochondria and LD functionally support triacylglyceride
synthesis °2 and they are sustained by the interaction between MFN2
and PLIN1 #. Mice that lack Mfn2 specifically in brown adipose tissue
show impaired thermogenic function #. Nevertheless, Mfn1 deficiency
in brown adipose tissue does not have the same effect . Interestingly,
perturbing mitochondrial dynamics by modifying the expression of
Mjn1 in MEF cells affects the size of LDs *. Mfnl ablation results in

greater accumulation of fatty acids in LDs *.

The interface between mitochondria and lysosomes could play a role in
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autophagy. It is known that MFN2 interacts with RAB7 in mouse hearts
% This interaction increases upon autophagy induction by starvation
and has been proposed to be involved in autophagosome-lysosome
fusion °*. Melanosomes, which are lysosome-related organelles that
store pigments, also interact with mitochondria ®. These contact sites
are associated with the process of melanogenesis . MFN2 has been
found at these areas of juxtaposition and its knockdown reduces these
interorganelle connections *. However, the melanosomal component of

these junctions remains unknown.

Mitochondria-plasma membrane contacts are poorly studied in
mammalian cells. Nevertheless, it has been shown that mitochondria
can be tethered to the plasma membrane by the binding of MFN1 to
plasma membrane-associated PKC isoform-¢ and NUMB in human
MCF12A epithelial cells %. Fused mitochondria are anchored to the
plasma membrane during cellular division and mitochondria are
differentially distributed among daughter cells. This allows a stem cell
and a differentiated cell to arise from the same cellular division. The stem
cell keeps the fused mitochondria that were anchored to the membrane
and the differentiated cell keeps the fragmented ones *. Lack of MFN1

results in symmetric cell division and impaired differentiation °.

2.3.2. ER-stress and unfolded protein response

Stress conditions such as nutrient deprivation, hypoxia, loss of Ca*
homeostasis, and free fatty acids disturb protein folding efficiency at

the ER 97192 The accumulation of large amounts of these misfolded
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proteins activates the Unfolded Protein Response (UPR) in order to
restore protein homeostasis or to induce apoptosis %104 The UPR
has three main branches, PERK, ATF6 and IREla, named after their
signal transducers in the ER !%. These branches are interconnected
downstream of ER transducers stimulation !®. PERK activation induces
elF2a phosphorylation . Phosphorylated elF2a inhibits global protein
translation and activates ATF4, which translocates to the nucleus to
induce the expression of survival genes . Prolonged UPR activation
induces apoptosis through the activation of CHOP by ATF4 '%. UPR
mission is to restore cellular homeostasis by correcting protein folding
and recovering damaged ER environment '%. As long as protein folding
efficiencyis notresolved UPRis activated '%. ER stress results in increased
mitochondria coupling to ER which increases ATP production, oxygen
consumption and mitochondrial Ca?* uptake . Chronic UPR signaling
initiates a signaling cascade in mitochondria-ER contact sites that
eventually leads to apoptosis 1%. MFN2 interacts with PERK and inhibits
its transducing activity . The ablation of Mfn2 results in increased ER-
stress signaling '#11° although it reduces ER-stress associated apoptosis
8 Nevertheless, ablation of Mfn1 does not generate a similar ER-stress

phenotype ' and this is probably due to MFN2 tethering properties.

2.3.3. Macroautophagy

In order to preserve cellular homeostasis, damaged or unnecessary
components of the cell must be degraded or recycled. This process is
achieved by autophagy, that will be discussed in the following section. In

brief, autophagosomes engulf damaged or needless cellular components
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and can originate from mitochondria-ER contact sites 7. At the ER side
of this contact sites, proteins related to autophagosome formation start
to accumulate and form a structure known as the isolation membrane.
This structure protrudes from the ER and finally closes around the
cellular components to be eliminated, forming a vesicle named the
autophagosome ''*. The absence of MFN2 at mitochondria-ER contact
sites results in impaired autophagosome formation ', nevertheless
the role or mechanism of action of MFN2 in this process has not been
described yet. It has not been studied whether MFN1 ablation disturbs
autophagosome formation. However, it has been demonstrated that
under autophagy induction conditions, MFN1 is a key player on
mitochondrial hyperfusion to protect mitochondria from autophagic

degradation 4.

2.3.4. Mitochondrial quality control

Damaged mitochondria are removed by mitochondrial selective
autophagy or mitophagy 2. Defective clearance of impaired
mitochondria results in inflammatory signaling and tissue damage 113114,
Fragmentation of the mitochondrial network facilitates mitophagic
removal and in this context occurs independently of DRP1 5. PINK1
and PARK2 target damaged mitochondria for degradation 6119, PINK1
phosphorylates MFN2, which is recognized by PARK2 for ubiquitination
8, PARK2 ubiquitinates MFN1 and MFN2 for proteasomal degradation
and inhibition of mitochondrial fusion at the early stage of mitophagy
120122 Although rapidly degraded upon mitophagy induction, Mfni and

Mjfn2 simultaneous ablation provokes decreased mitophagy, resulting in
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the accumulation of damaged mitochondria '23. Hence, MFN1 and MFN2

are probably needed during early mitophagic signaling.

2.3.5. Mitochondrial transport

Different energetic needs within the cell are satisfied by mitochondria
that migrate to the cellular regions where they are necessary. How
mitochondria move along the cell has been studied mainly on neuronal
models. Mitochondria are transported through the microtubule network
by kinesin-1 which is recruited by the adaptor proteins MILTON1
and MILTON2 *2*, MILTON1 and MILTON2 form a complex with the
mitochondrial proteins MIRO1 and MIRO2 21124, Both, MFN1 and MFN2
interact with MIRO and MILTON proteins 2. Depletion of Mfn2 in
mammalian and fly models results in deficient mitochondrial transport
such as Miro2 silencing 125126, Deficient mitochondrial migration can

be corrected by overexpression of Mfnl and Mfn2 #1125,

2.3.6. Mitochondrial bioenergetics

Mitochondria are hubs for respiration and metabolite oxidation.
The simultaneous ablation of Mfnl and Mfn2 results in decreased
mitochondrial respiration, accompanied by an increase in mitochondrial
mass and respiratory complex II activity #”. When Mfn2 is ablated alone
in cellular models a decrease is observed in mitochondrial membrane
potential, cellular oxygen consumption, mitochondrial proton leak,
and mitochondrial co-enzyme Q level, as well as decreased oxidation
of glucose, pyruvate, and fatty acids #7128129, As a compensatory effect

of Mfn2 depletion, glucose uptake by the cell is increased, glycogen
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synthesis is decreased and anaerobic glycolysis is enhanced to generate
ATP 128 Although metabolic adaptations occur, mitochondrial mass
remains unchanged 7?6, Another consequence of MFN2 loss is the
repression of the expression of some of the complexes involved in
oxidative phosphorylation (OXPHOS), namely complexes I, I, IIl and V
128, These complexes are upregulated upon overexpression of MFN2 1%,
The mechanism by which MFN2 regulates the expression of OXPHOS
complexes subunits and therefore the OXPHOS process has not been
deciphered yet. Studies on metabolic effects of MFN1 ablation alone

have not been performed to date.

2.3.7. Innate immune response

Mitochondria are hubs for innate immune signaling °. One of
the pathways that is activated against RNA viruses and involves
mitochondria is the RIG-I-like receptor pathway . RIG-I detects
invading viral RNA and, through the OMM protein MAVS ¥, initiates
a downstream cascade to activate the transcription factors NF-kB and
IRF3 131, MFN1 and MFN2 interact with MAVS ¥, MFN1 is necessary for
the activation of the downstream cascade of RIG-I '3 nevertheless MFN2
plays the opposite role and inhibits mitochondrial antiviral signaling
13 MAVS degradation, a step in RIG-I-like signaling cascade, promotes

mitochondrial elongation, likely by release of MFN1 13,

Inadditionto RIG-I-likereceptorsignaling pathway, mitochondria operate
as a platform for the activation of the NLRP3 inflammasome 6137, The

NLRP3 inflammasome is a complex formed by the oligomerization of
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NLRP3, CASP1, NEK7 and ASC, whose formation leads to the activation
of the pro-inflammatory cytokines IL-18 and IL-18 for secretion and in
last term leads to cell death '*. Activation of the NLRP3 inflammasome
occurs in response to a variety of threatens that cause cellular stress such
as infectious agents, endogenous signals or environmental irritating
compounds . Upon mitochondrial exacerbated production of reactive
oxygen species (ROS), the NLRP3 inflammasome is activated **’. Both
MFN1 and MFNZ2 interact with NLRP3 **°. The absence of MFN2 impairs
NLRP3 signaling '*. MFN2 is necessary for NLRP3 inflammasome
components association *°. MAVS interacts with the NLRP3 and
promotes the NLRP3 inflammasome-mediated IL-1B secretion 9.
MFN2 enhances NLRP3 and MAVS interaction '*. Full activation of
NLRP3 inflammasome needs a fused mitochondrial network and intact

mitochondrial membrane potential *°.

Moreover, a role of MFN2 in the adaptation of mitochondrial respiration
and ROS production has been described in macrophages 4. Mfn2
deficient macrophages show lack of ROS production . This leads to
impaired ERK and p38 signaling, which reduces pro-inflammatory
cytokines and nitric oxide production . Moreover, the absence
of MFN2 in macrophages causes defective antigen processing .
Nonetheless, none of these phenotypes are observed upon Mfn1 ablation
in macrophages . Therefore, these effects are not a consequence of

reduced mitochondrial fusion.
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2.3.8. Cellular junctions

Mitofusins have been found to participate in different types of cellular
junctions. The role of MFN2 at the plasma membrane has been studied
in endothelial cells, where it stabilizes adherens junctions and blocks
inflammatory signaling in response to TNFa stimuli. Overexpressed
MEFN2 interacts with the adherens junction proteins VE-cadherin and
B-catenin and co-localizes with VE-cadherin in the plasma membrane of
human lung endothelial cells independently of TOM20 2. Inflammatory
stimulation with TNFq, which dissociates adherens junctions, promotes
MFN?2 interaction with B-catenin, but not with VE-cadherin 42, MFN2
suppresses the transcriptional activity of p-catenin *2. Silencing of Mfn2
in endothelial cells results in increased plasma membrane permeability
that is rescued upon Mfn2 overexpression #2. Conversely, specific Mfn2
deletion in lung endothelium of mice also leads to increased lung

permeability 42,

Targeted deletion of Mfn1 in mouse oocytes results in disruption of
adherens and gap junctions between oocytes and granulosa cells and
results in defective oocyte maturation and female infertility 3. Oocytes
from Mjfn1 KO mice display downregulated adherens junction related
genes and proteins, such as E-cadherin and N-cadherin 43, Gap junctions
are also affected by the lack of Mfnl: expression of the gap junction
related genes Cx37 and Cx43 is significantly decreased in Mfni ablated
oocytes and granulosa cells 3. Mfn1 KO mice secondary follicles show
defective contact between oocyte and granulosa cells and decreased gap

junctions .
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2.3.9. Cell cycle progression

During the cell cycle, there are phases characterized by different
energy demands or which require different organelle architectures.
Mitochondria change their morphology as an adaptation to the different
cell cycle stages: during G1 mitochondria elongate and mitochondrial
fission machinery is inhibited; during S phase and G2 phase,
mitochondria are fragmented upon activation of DRP1 and inactivation
of MFN1; and during M phase fragmented mitochondria segregate into
the two daughter cells **%. During G2/M phases MFN1 interacts with
CDK1/CCNB1 complex 5 and it is more ubiquitinated by MARCHF5 45,
ERK activation through RAS-RAF1 signaling cascade is mandatory for G1
to S phase transition 6. MFN2 blocks cellular proliferation by inhibiting
de RAS-RAF1-ERK signaling pathway **7. MFN2 interacts with RAS and

RAF1 and impedes phosphorylation and activation of RAF1 and ERK 7.

2.3.10. Apoptosis

During programmed cell death mitofusins participate in the needed
mitochondrial morphology changes and in apoptotic signaling. During
apoptotic signaling mitochondria become fragmented. Mitochondrial
fusion machinery needs to be inhibited in these circumstances 48149,
MFNT1 is phosphorylated by ERK to inhibit mitochondrial fusion **°. This
phosphorylation favors mitochondrial permeabilization and apoptosis
150, MFNZ2 is phosphorylated by JNK in response to stress which results
in MFN2 proteasomal degradation, mitochondrial fragmentation and

apoptosis . Although MFN2 is degraded during apoptosis induction,
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MFN2 deficient cells show impaired activation of apoptosis during ER

stress 18.

Regarding apoptotic signaling, at the early stages of programmed cell
death BCL2-family proteins BAX and BAK oligomerize at the OMM for
their activation 51152, BAX translocates from the cytosol to the OMM,
where BAK locates constitutively. Although not yet demonstrated, it is
believed that cytochrome c exits mitochondria from the pores formed
by these oligomers %3, After cytochrome c release, an apoptotic protease

cascade is initiated '%*. BAX and BAK interact with MFN1, MFN2 and

DRP1 %5156, BAX translocates to specific sites on the mitochondrial
surface that subsequently become mitochondrial fission sites *°. BAX
has been suggested to play a dual role: promotes mitochondrial fusion
via its interaction with MFN2 7 and promotes apoptosis when it
dissociates from MFN2 and associates with MFN1 ¢, Bak or Bax ablation
inhibits mitochondrial fragmentation in response to apoptotic stimulus
and reduces cytochrome c release from mitochondria and apoptosis
156, Simultaneous depletion of Bax and Bak results in total blockage of
cytochrome c release and apoptosis *¢. Cytosolic BAX is not able to target
fragmented mitochondria from Mfnil knockout cells, which suggests

that BAX needs a minimum size of mitochondria in order to adapt its

conformation and attach to the OMM 158,

2.3.11. Cellular senescence

During senescence cells stop dividing, however they remain

metabolically active °. Elongation of the mitochondrial network is
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associated with cellular senescence %161 Since proliferation arrest
during senescence is accompanied by a decrease in mitochondrial
biogenesis 2, it has been suggested that this elongation could suppose
an adaptation to reduced mitochondrial biogenesis . On the other
hand, exacerbated mitochondrial elongation can induce premature
senescence ', MARCHFS5 has been suggested to regulate senescence
through mitochondrial dynamics. Reduced MARCHFS5 levels increase
MFN1 expression and result in mitochondrial elongation and induction
of cellular senescence 7°. Moreover, during senescence, the levels of
FIS1, which binds and inhibits MFN1 and MFN2 fusogenic activity 7/,

are reduced and as a consequence mitochondria elongate **°.

2.3.12. Cellular differentiation

Mitofusins play a role in several processes of embryonic and adult
stem cell differentiation, namely gamete differentiation, stemness
maintenance, cardiac differentiation, osteoclastogenesis, and lymphoid

potential maintenance.

Female and male gamete generation require the action of mitofusins.
In mouse oocytes, MFN2 is required for meiotic maturation . MFN2
associates spatially with microtubules and the meiotic spindle during
maturation of mouse oocytes %%, MFN2 deficiency results in arrested
meiosis and spindle defects %3 Spermatogonial differentiation requires
MFN1 and MFN2 4. If Mfn1 and Mfn2 are depleted in the germline cells
of male mice, spermatogenesis is arrested 4. GASZ, a protein that is

necessary for spermatogenesis and essential for male fertility, interacts
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with MFN1 and MFN2 and promotes mitochondrial fusion . In the fly
testis the depletion of MFN1/2 homologous protein Marf results in the

loss of germ stem cells €.

Mitofusins also take part in the exit of pluripotency. Mitochondrial
elongation promoted by MTCH2 drives the exit from naive pluripotency
17 In Mtch2 deficient embryonic stem cells, mitochondria fail to
elongate and maintain higher levels of naive pluripotency markers .
Moreover, the overexpression of Mfn2 in Mtch2 ablated cells results
in pluripotency leave . When Mfn1 or Mfn2 are depleted in somatic
cells, these enter into a pluripotent state 8. This reprogramming occurs

through activation of RAS-RAF1 pathway 6.

Distribution of mitochondria among the daughter cells after a stem cell
dividesis crucial for differentiation and preservation of stemness. During
stem cell differentiation, MFN1 is essential for asymmetric cell division
in epithelial to mesenchymal transition °. MFN1 interacts with PKC in
the plasma membrane and tethers mitochondria to the cortical part of
the cell . Depletion of Mfn1 causes equal distribution of mitochondria

in epithelial cells and symmetric cell division .

Heart development needs MEN1 and MFN2. Mice embryos defective
in Mfnl and Mfn2 show defects in heart formation . Depletion of
Mjfn2 in embryonic stem cells leads to impaired differentiation into
cardiomyocytes . These cells show increased calcium entry in the
cell and calcineurin activity '%. Moreover, aberrant localization of
mitochondria is observed: higher proportion of mitochondria localize

close to the plasma membrane in Mfn2 deficient embryonic stem cells
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169, The authors of the study propose that defective heart development is

due to compromised mitochondrial fusion.

Differentiation of osteoclasts is also dependent on the presence of
MFN2. On the one hand, during osteoclast differentiation from bone
marrow derived macrophages, MFN2 is necessary to positively regulate
the NFAT1 axis '7°. Lack of MFN2 decreases osteoclastogenesis 17°. On
the other hand, MFN2 is necessary to maintain hematopoietic stem cell
lymphoid potential through NFAT1 axis inhibition . Mfn2 depletion

decreases hematopoietic stem cell differentiation potential 7.

2.4. Autophagosome formation

Autophagy is the process by which intracellular components are
degraded into molecules that the cell can re-utilize. There are several
stimuli that provoke autophagosome emergence such as nutrient
starvation, stress, organelle damage, immune response or microbial
infection. During autophagosome formation, a membrane structure
known as ‘phagophore’ or ‘isolation membrane’ starts arising in the
cytoplasm from the ER, elongates, is closed and is cleaved. The first
stages of autophagosome formation that are described in this section

are illustrated in Figure 6.
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Figure 6. First stages of autophagy.

2.4.1. Autophagy initiation

The signals that induce non-selective autophagy are transmitted through
different pathways that generally converge on mTORC1 and inhibit its
activity 2. When mTORC1 is active it phosphorylates ULK1 complex
subunits to block autophagosome biogenesis 7. Low glucose levels
can induce autophagy by inhibiting mTORC1 and by activating AMPK
which directly activates ULK1 by phosphorylation '73. For selective
autophagy initiation, autophagy targets are the source of the signals that
induce autophagosome formation 4. Autophagy receptors facilitate the

assembly of ULK1 complexes on these targets.

2.4.2. Autophagosome nucleation

Autophagosome formation occurs at the ER membrane, mostly in
sites of interaction between ER and mitochondria 6. After autophagy

induction, ULK complexes are recruited to these ER regions, which are

¥ 92



Introduction | 2

enriched in phosphatidylinositol synthase (PIS), and form a scaffold to
recruit other ATG proteins 175176, Next, ATG9 vesicles are attracted to the
autophagosome formation sites *"717%, It is still not known whether these
vesicles are derived from the trans-Golgi network or from the plasma
membrane. In yeast it has been described that Atg9 vesicles serve as a
seed to form the autophagosome precursor '”°. However, this fact has

not been proved in mammalian cells.

Next, PI3K complex I is directed to the autophagosome formation sites
180 PI3K complex I and PtdIns3P binding proteins are necessary for
the formation of the autophagosome precursor '#18., Then, ATG16L1
complex coupled to WIPI2b is recruited to the autophagosome formation
sites by WIPI2b binding to PtdIns3P 2. ATG16L complex interacts with
ATG3 to favor the lipidation of Atg8-family proteins #3184, Lipidated Atg8-
proteins play different roles during autophagosome formation that will

be discussed in the next epigraph.

The ATG2-WIPI complex localizes to PtdIns3 positive autophagosome
precursor membranes 5. ATG2 interacts with ATG9 for the correct
formation of autophagosomes 8. The ATG2-WIPI complex serves as
a tether of the isolation membrane to the ER and promotes its growth

from the ER *#7,

2.4.3. Phagophore expansion

Atg8-family proteins are localized in the whole surface of the isolation
membrane. These proteins interact with each other and tether

membranes together when conjugated to phosphatidylethanolamine
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(PE) 88 There are two subfamilies of Atg8-family proteins in mammals,
the LC3 isoforms and GABARAP like proteins. These proteins play
different roles in the process of autophagosome biogenesis. It has been
proposed that LC3 isoforms are involved in membrane expansion,
whereas GABARAPs act later, during membrane closure . Atg8-family
proteins recruit other proteins for the expansion of the phagophore. The

recruited proteins harbor an LC3-interacting region (LIR) *°.

There are several models and hypotheses on how autophagosome
membranes and lipids originate. The contact sites between ER and
mitochondria have been proposed as sources of autophagosome
membranes 6. Moreover, it has also been suggested that lipids can be
directly transferred from specific subdomains in the ER (omegasomes)
to the isolation membrane *°'. Another source of membranes would be

COP-II vesicles 192,

Mitochondria-ER contacts are key sites in autophagosome formation. It
has been demonstrated that mitochondria supply lipids to the expansion
of the phagophore '7. More specifically, ER synthesized PS is transferred
to mitochondria where it is converted into PE, which has been shown
to be transferred to the phagophore. Moreover, autophagy protein
complexes occur at the interface between mitochondria and the ER .
The ablation of MFN2 or PACS2, which are involved in the tethering of

mitochondria to the ER, results in impaired autophagosome formation

16,17

Several studies point towards direct lipid transfer from the ER to the

autophagosome precursor membrane. Lipid transfer would occur at
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the region of tethering between the ER and the autophagosome, the
omegasome. This transport may involve ATG2 as it has the ability to
transfer lipids between membranes enhanced by WIPI proteins 819
and the capacity to tether ER membranes to isolation membranes in

cooperation with WIPI proteins %4

COP-II vesicles originate in the ER and they transport lipids and proteins
to the Golgi apparatus. In yeast, mutant strains in the coatomer proteins
of COP-II vesicles sec12, sec16, sec23, and sec24 are not able to form
autophagosomes . Another study showed that COP-II vesicles are
able to transfer Axl2, an ER transmembrane protein, to the isolation
membrane 2, All these data suggest that COP-II vesicles are a source for
autophagosome membrane expansion, but it is still unclear if they are
a major source of proteins and lipids or they just load specific proteins

and lipids into the autophagosomes.

Recently, the yeast acyl-CoA synthetase Faal has been revealed to
participate in fatty acid incorporation in autophagosome membranes at
contact sites with the ER %6. This has opened the door to speculate on the
participation of de novo lipid synthesis in autophagosome biogenesis.
Absence of Faal in yeast can be recovered by human ACSL4v1 protein
expression 2. Double null mutants of faal and faa4 are recovered by the
expression of the human proteins ACSBG1, ACSL1/3/4/5/6, or SLC27A2/4,
although their role in phagophore expansion in mammals has not been
investigated yet . From those proteins, ACSL3 has been suggested to

play a role in ER-phagy 7.
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2.4.4. Phagophore closure and cleavage

During its expansion, the phagophore acquires a spherical shape. At the
end of the expansion, a small pore remains, which will close to finish
autophagosome formation and its separation from the ER. The ESCRT
complex machinery, which mediates membrane fission events, has
been pointed as the main actor in autophagosome closure. The ESCRT-

[II complex proteins CHMP2A and VPS4 are essential in this process 1%,
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3. OBJECTIVES

Given the gaps underlying MFN1 and MFN2 molecular mechanisms in
basal conditions and in conditions of nutrient deprivation, the objectives

of this thesis are:

1. To identify MFN1 and MFN2 interaction partners in basal
conditions. The mechanisms behind MFN1 and MFN?2 functions,
such as regulation of mitochondrial bioenergetics, interorganelle
contacts or innate immune response, are poorly understood.
Therefore, the identification of new binding partners will shed

light into how MFN1 and MFN2 operate in these processes.

2. Toidentify MFN1 partnersthat contribute to amino acid starvation
induced mitochondrial hyperfusion. The lack of MFN1 impedes
mitochondrial elongation to protect mitochondria from being
degraded during starvation-induced autophagy. The detection
of the proteins that interact with MFN1 when amino acids are
depleted from the medium will clarify how MFN1 is activated for

mitochondrial hyperfusion.

3. To identify MFN2 partners in amino acid starvation induced
autophagy and to elucidate the role of MFN2 in autophagosome
biogenesis. The absence of MFN2 prevents autophagosome
formation at mitochondria-ER contact sites. Thus, MFN2 must
have a function in autophagosome biogenesis. To elucidate this
function it is crucial to know which proteins interact with MFN2

during starvation-induced autophagy.
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In this study, endogenous MFN1 and MFN2 have bDbeen
Immunoprecipitated under basal and amino acid starvation conditions
and mass spectrometry has been performed to elucidate which proteins
interact with the mitofusins and clarify which are the mechanisms

behind their functions.
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4. RESULTS

4.1. Generation of endogenous expressing MFN1-HA
and MFN2-HA CRISPR/Cas9 cellular models

Protein overexpression may result in aberrant protein localization
inside the cell, compensation of cellular changes by upregulation or
downregulation of other proteins, organelle clumping, or erroneous
protein complex formation. Particularly, MFN1 overexpression affects
mitochondrial function and motility **° and overexpression of MFN2
results in mitochondrial clustering around the nucleus and cell death
200, Therefore, to study MFN1 and MFN2 functions it is desirable to keep

their expression at endogenous levels.

4.1.1. Design of a CRISPR/Cas9 strategy to tag endogenous
MEN1 and MFN2

The prokaryotic adaptive immune system CRISPR/Cas is capable of
facilitating RNA-guided site-specific DNA cleavage 2°. This system has
been modified and adapted in such a way that Cas9 nucleases can be
directed by short RNAstoinduce precise cleavage at endogenous genomic
loci in several cell types, including mouse cells 202204, These short RNAS
are known as guide RNAs (gRNAs) and they are complementary to a
20 nucleotide sequence in the DNA that is contiguous to a protospacer
adjacent motif (PAM) (Figure 7A). The PAM sequence consists of three
nucleotides and contains two guanines in the 3’ end. The cleavage

induced by Cas9 in the DNA is a double-strand break (DSB) that localizes
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3 nucleotides upstream of the PAM sequence. The induced DSB can then
be repaired by non-homologous end joining (NHE]) if there is not any
template DNA sequence or by homologous recombination (HR) if there
is a template DNA sequence that can recombine with the cleaved DNA
molecule % as it is shown in Figure 7B. A single-stranded oligonucleotide
that contains regions of homology shorter than 100bp can be used as a

template sequence to generate insertions in the genome 206207,

A B
DNA D,SBPAM
IR .
1]
A
NHy \I‘-IDR

‘ l HR

Figure 7. CRISPR/Cas9 approach. (A) Scheme of Cas9 induction of DSB. Cas9 is
guided through the genome with a gRNA until it reaches its target site to induce
a double strand break 3 nt upstream of the PAM sequence. (B) Illustration of
DSB possible reparations after Cas9 cut. NHE] results in indels and HDR results

in nt insertion by HR.

CRISPR/Cas9 technology was used to insert an HA tag in the genome
sequences of MFN1 and MFN2 for subsequent molecular biology studies
(Figure 8). The application of a CRISPR/Cas9 strategy to tag MFN1 and
MFN2 enabled the maintenance of endogenous expression levels of

these proteins.
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A
USSP GTPase |
MFN1-HA/MFN2-HA | [SJIZE0
B

HA peptide sequence:  YPYDVPDYA

Figure 8. C-terminal HA-tagged MFN1 and MFN2. (A) Schematic
representation of MFN1 and MFN2 GTPase and transmembrane (TM) domains

before and after and HA-tag insertion. (B) Sequence of HA-tag.

By using CRISPR/Cas9 technology, two different HeLa cell lines were
generated, one cell line expressing MFN1-HA and another cell line
expressing MFN2-HA. HA-tag was selected among other tags typically
used for immunoprecipitation due to its short length, the existence of
good antibodies for its detection, and the existence of reliable beads
coupled to antibodies for its optimal immunoprecipitation. The GTPase
domain of MFN1 and MFN2 is situated near the N-terminal region. Thus,
the CRISPR/Cas9 strategy was designed to target the C-terminal region
for the insertion of the HA-tag, so that there was no interference with
the folding or functionality of this region. Moreover C-terminal insertion
of the HA-tag does not affect the transmembrane domain (TM) of MFN1
or MFN2.

For each gene, MFN1 and MFNZ2, in order to achieve CRISPR/Cas9
mediated HA-tag insertion, the tools used were a plasmid and a single
stranded oligodeoxynucleotide (ssODN) of 110 nt (Figure 9). The plasmid
(pSpCas9(BB)-2A-GFP (PX458)) encoded the sequences of the Cas9
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nuclease and the gRNA. The ssODN was composed of the sequence of
the HA-tag flanked by two sequences of 40 nt homologous to the area
around the stop codon of MFN1 or MFN2.

pSpCas9(BB)-2A-GFP (PX458) ssODN
Cas9-GFP HA-tag

5 T |3

gRNA 5’ Homology 3’ Homology

Figure 9. CRISPR/Cas9 strategy elements. CRISPR/Cas9 edited HeLa cells
were transfected with a plasmid containing the gRNA sequence and the Cas9
sequence fused to GFP and with an ssODN containing an HA-sequence flanked

by two regions of homology.

For gRNA identification, a sequence of 100 nt around the stop codon of
either MFN1 or MFN2 was analyzed with the CRISPR MIT tool to identify
PAMs and score their corresponding gRNAs in terms of specificity for
MFN1 or MFN2 in the human genome. The gRNAs returned by the
CRISPR MIT tool with the less predicted off-target effects were selected
and are displayed in Figure 10. To integrate an HA tag by homologous
recombination, the long ssSODN was designed for each gene as depicted
in Figure 10. The 5’ end of the ssODN consisted of the 40 nt upstream of
the stop codon of each gene, then the nucleotide sequence of the HA tag
and on the 3’ end 40 nt downstream of the stop codon. The way in which

this system works is as follows: Cas9 is guided across the genome by the
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gRNA to the area around Mfn1 or Mfn2 stop codon; Cas9 induces a DSB
in the DNA that can be repaired by HR or NHE]; the ssODN containing
the sequence of the HA-tag serves as a template for DSB reparation by

HR; as a result HA-tag is integrated in the genome.

Legend:

gRNA

PAM

STOP codon
Cleavage site a
HA-tag

MFN1 coding sequence 3’ end

AATTTTACTAAGCAGTTTCTACCTTCAAGCAATGAAGAATCCTTAACAATAGA
GATTGACTTTGGTGACCATGATAGGAGGAAAC 3

ssODN sequence containing HA and MFN1 homology regions

5,
AATTTTACTAAGCAGTTTCTACCTTCAAGCAATGAAGAATCCTTACCCATACG
ATGTTCCAGATTACGCTTAACAATAGAGATTGCTTTGGTGACCATGATAGGA

GGAAAC ,,

MFN2 coding sequence 3’ end

5,
AGCTCAACATGTTCACACACCAGTACCTGCAGCCCAGCAGATAGTGGGCA
CCTGAGGCGGAGTCTGCGTGGAGAGGGGCGG 3
TG

ssODN sequence containing HA and MFN2 homology regions

AGCTCAACATGTTCACACACCAGTACCTGCAGCCCAGCAGATACCCATACG
ATGTTCCAGATTACGCTTAGTGGGCACCTGAGGCGGAGTCTGCGTGGAGA
GGGGCGGTG 3

Figure 10. CRISPR/Cas9 strategy to generate MFN1-HA and MFN2-HA
cell lines. MFN1 and MFN2 genomic sequences and designed ssODNs for HA
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insertion are shown.

4.1.2. The designed CRISPR/Cas9 system efficiently drives
Cas9 to its target sites in MEN1 and MFN2 and integrates
the HA-tag sequenceb

As a first approach to know whether HA-tag could be integrated in
the desired sites of the genome, HeLa cells were transfected using the
designed CRISPR/Cas9 tools for MFN1 and for MFN2. Genomic DNA
was isolated from these cells (Figure 11A) and two rounds of PCR were
performed. In the first PCR round, a region of about 300 bp around
the stop codon was amplified (Figure 11B). In the second round of
PCR, a fragment of 200 bp was amplified using the FW primer from
the previous reaction and a RV primer mapping the HA-tag sequence
(Figure 11C). DNA from cells that were transfected with the plasmid,
but not with the ssODN, was used as a negative control. PCR products
were detected at the expected size (200 bp) for the cells transfected with
the Cas9 plasmid and the ssODN, and no product was detected in the
negative controls, meaning successful integration of HA-sequence in the

genome (Figure 110).
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Figure 11. Assessment by PCR of HA-integration in MFN1 and MFN2. (A)

Legend of DNA sequences. (B) PCR of the regions around the stop codon of MFN1
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and MFN2 performed in genomic DNA of untransfected cells, cells transfected
with the gRNA-pSpCas9 plasmid and cells transfected with the plasmid and
ssODN. (C) PCR performed in the PCR products from B of untransfected cells
and cells transfected with the gRNA-pSpCas9 plasmid and the ssODN using a

primer that maps in the HA-insert.

4.1.3. Obtention of MFN1-HA and MFN2-HA HeLa clones
after single cell sorting

Next, knowing that the designed CRISPR/Cas9 system effectively delivers
the sequence of the HA-tag to the loci of interest, monoclonal HeLa cell
lines with HA-tagged MFN1 and MFN2 were generated. HeLa cells were
transfected with pSpCas9(BB)-2A-GFP (PX458) plasmid containing either
the gRNA of MFN1 or the gRNA of MFN2 and the ssODN for each gene
and subsequently selected based on GFP expression by fluorescence
activated cell sorting (FACS) (Figure 12A). GFP positive cells were seeded
individually and expanded until the number of cells of each clone was
enough for protein extraction. Each clone was analyzed for the presence
of HA by western blot (Figure 12B). The size expected for the HA band
was 83 kDa for MFN1 and 87 kDa for MFN2. Among the 96 cells that
were individually seeded for each gene, over 20 clones were able to
grow. From these, two clones were positive for MFN1 and one clone was

HA-positive for MFN2 as shown in Figure 12B.
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Untransfected MFN1 pSpCas9 + ssODN MFN2 pSpCas9 + ssODN
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Figure 12. Generation of MFN1-HA and MFN2-HA clones. (A) Flow cytometry
separation of GFP positive cells in untransfected cells and cells transfected
with gRNA-pSpCas9 plasmid and ssODN to target MFN1 or MFN2. The graphs
show the selected viable and non-aggregated cells, among which blue dots GFP
free cells and green dots contained in the P3 sections represent GFP expressing
cells. The cells in the P3 section were isolated and seeded in a 96 well plate. The
X axis displays green fluorescence measurement in arbitrary units. The Y axis
shows blue fluorescence measurement in arbitrary units. (B) HA-immunoblots

of expanded GFP positive clones.

4.1.4. HA-immunoprecipitation retrieves all the HA-tagged
protein from the lysate and reveals heterozygous insertion
of the HA-tag

After obtaining HA-positive clones, the next step was to know whether it
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was possible to immunoprecipitate endogenously expressed HA-tagged
MFN1 and MFN2 and if the integration of the HA-tag sequence had been

homozygous or heterozygous.

A
HeLa MFN1-HA #1 HeLa MFN2-HA #12
HA-IP HA-IP
S e N
Wt R RN 5$ N4
IF

- - :

e MFN1 - - MFN2
B
— HA-IP of MFN1-HA « HA-IP of MFN2-HA
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Figure 13. Validation of HA-tagging of MFN1 and MFN2. (A) HA, MFN1
and MFN2 western blots of input, supernatant (SN) and eluate (IP) fractions
of HA-immunoprecipitation of MFN1-HA clone 1 and MFN2-HA clone 12. (B)
Quantification of MFN1 and MFN2 that are not tagged.

Thus, HA-IP was performed in total cell lysates of the MFN1-HA and
MFN2-HA HeLa cell lines using beads coupled to antibodies against
HA (Figure 13A). The different fractions collected during the IP (input,

supernatant and eluate) were analyzed by western blot using HA
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antibodies. All the HA-tagged protein present in the input was absent
in the supernatant fraction and appeared in the eluate fraction. Thus,
all the HA-tagged protein in the lysate had been successfully bound to
the beads and therefore immunoprecipitated. When using antibodies
against MFN1 or MFN2, there was still a small fraction of MFN1 and
MFN2 remaining in the supernatant, meaning that the HA-tag insertion
had been heterozygous. HA-tagged MFN1 represented 50% of the whole
amount of MFN1 in HeLa cells, whereas HA-tagged MFN2 was around
80% of the total quantity of MFN2 (Figure 13B). Since this fact would not
affect considerably the subsequent experiments, we decided to continue

using these cell lines throughout the next phases of the project.

4.2. Validation of the MFN1-HA and MFN2-HA Hela
cell lines

Asthe objective of this study is to identify functional partners of MFN1 and
MFN2 in basal conditions and in conditions of induced autophagy and
induced mitochondrial elongation by nutrient deprivation, we needed
to verify that the insertion of an HA-tag does not affect the functioning
of MFN1 and MFN2 under these conditions. Thus, mitochondrial
morphology, mitochondrial protein expression, autophagy induction

and starvation induced mitochondrial elongation were assessed.

4.2.1. C-terminal HA-tag insertion preserves mitochondrial
fusogenic activity of MFN1 and MFN2

Mitochondrial morphology of MFN1-HA and MFN2-HA cell lines was
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assessed by confocal microscopy. Cells were fixed and stained with
an antibody against TOM20. Cells were classified in three categories
according to the predominant morphology of their mitochondria:
elongated, short or oval. The three categories were equally represented

in MFN1-HA and MFN2-HA cells compared to WT HeLa cells (Figure 14).

Protein expression of mitochondrial proteins was examined by
western blot in total protein lysates of MFN1-HA and MFN2-HA cell
lines. Mitochondrial fusion machinery proteins levels were assessed
to verify the correct functioning of the mitochondrial fusion process.
The expression of porin (VDAC1) was also analyzed as a marker for
mitochondrial mass. The levels of MFN1, MFN2, OPA1 and VDAC1
remained the same as in the WT in both MFN1-HA (Figure 15) and
MEFN2-HA (Figure 16). These results together with the mitochondrial
morphology analysis indicate that the insertion of an HA-tag does not

affect the fusogenic properties of MFN1 and MFN2.
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Figure 14. Mitochondrial morphology evaluation in MFN1-HA and MFN2-
HA cells. (A) Representative images of fixed WT, MFN1-HA and MFN2-HA
cells stained with an antibody against TOM20 and DAPI. Scale bar: 5 ym. (B)
Quantification of mitochondrial morphology in WT, MFN1-HA and MFN2-

HA HeLa cells. Percentages of each category of cells (elongated, short, oval)
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per experiment are represented in the bar graph. Three experiments were
performed and >120 cells were counted per cell line per experiment. Data
passed Saphiro-Wilk normality test. Results of MFN1-HA and MFN2-HA were

compared with the results of the WT using T-test.
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Figure 15. Assessment of mitochondrial protein levels of MFN1-HA
clone 1. Western blots of MFN1, MFN2, OPA1 and VDAC1 from total protein
homogenates of WT cells and MFN1-HA cells and quantifications of protein
levels. N=3. Saphiro-Wilk test was performed and protein expression levels
were found to follow a Gaussian distribution. Levels of expression of the
mentioned proteins in WT and MFN1-HA cells were compared using paired

T-test.
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Figure 16. Assessment of mitochondrial protein levels of MFN2-HA
clone 12. Western blots of MFN1, MFN2, OPA1 and VDAC1 from total protein
homogenates of WT cells and MFN2-HA cells and quantifications of protein
levels. N=3. Saphiro-Wilk test was performed and protein expression levels
were found to follow a Gaussian distribution. Levels of expression of the
mentioned proteins in WT and MFN2-HA cells were compared using paired

T-test.

4.2.3. C-terminal HA-tagging of MFN1 and MFNZ2 results
in normal induction of autophagy and mitochondrial
elongation upon starvation treatment

Before studying how nutrient deprivation affects the functioning of
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MFN1 and MFN2 in mitochondrial elongation or autophagy, it was
necessary to evaluate these processes in the CRISPR/Cas9 generated cell
lines. Previous studies have used EBSS treatment (5 mM KCl, 26 mM
NaHCO,, 117 mM NaCl, 1mM NaH,PO,-H,0, 5 mM D-Glucose) to generate
an environment of serum and nutrient deprivation and promote

autophagosome formation !¢ and mitochondrial hyperfusion 4.

In order to know whether autophagy occurred in the correct way upon
starvation stimulus in the HA-tagged cell lines, cells were treated with
EBSS medium or EBSS and Bafilomycin A1 (Baf A1) for different time
durations: 0, 0.5, 1, 1.5 and 2 h. By treating the cells with EBSS, the
formation of autophagosomes is induced. Baf A1 blocks autophagosome
fusion with lysosomes and lysosomal degradation. Therefore, by
adding Baf A1l to EBSS medium, the formation of autophagosomes is
promoted and their degradation is blocked. To quantify autophagosome
accumulation, protein levels of the autophagosomal marker LC3B-II
were measured and compared in WT cells and HA-tagged cells (Figure
17A). The fold change of LC3B-II upon addition of Baf A1 to EBSS medium
was calculated for every timepoint (Figure 17B) in order to quantify
the magnitude of autophagosome accumulation. After 1h of starvation
treatment we observed that LC3B-II started to accumulate in all the cell
lines and this accumulation was enhanced in later timepoints. The rise
in the accumulation of LC3B-II started to be statistically significant after
1 h of treatment in all the cell lines. There was a 2-fold increase in LC3B-
II protein accumulation in WT, MFN1-HA and MFN2-HA cells after 1 h
of EBSS treatment combined with Baf A1l (Figure 17B and 17C). Thus,
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HA-insertion does not affect autophagosome formation upon starvation

treatment.
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Figure 17. Assessment of starvation autophagic flux of LC3B-II in WT,
MFN1-HA and MFN2-HA cells. (A) Immunoblots of LC3B-II after starvation or
starvation and Bafilomycin A1l treatments for the indicated durations in WT,
MFN1-HA and MFN2-HA cells. (B) Fold change in LC3B-II accumulation after
starvation treatments of different durationsin WT, MFN1-HA and MFN2-HA cells
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normalized to Oh of treatment. N=6. (C) Fold change in LC3B-II accumulation
after 1 hour of starvation treatment normalized to Oh of treatment. N=6. Data
passed normality Saphiro-Wilk test. MFN1-HA and MFN2-HA results were

compared with WT results using unpaired T-test. * represents p-values < 0.05.

It is also known that mitochondria elongate during starvation in a
MFN1 and OPA1 dependent manner . To evaluate whether nutrient
deprivation could promote mitochondrial elongation in the CRISPR/
Cas9 generated cell lines, mitochondrial morphology after 1 h of EBSS
treatment was assessed. Cells were treated with EBSS for 1 h and then
fixed for fluorescent labeling with antibodies against TOM20 in order
to visualize mitochondria (Figure 18A). In the three cell lines analyzed,
mitochondria became more elongated to the same extent after 1 h of
EBSS treatment (Figure 18B). Hence, HA-tag insertion did not have any

detrimental effects for starvation induced mitochondrial elongation.
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Figure 18. Mitochondrial elongation under starvation conditions in WT,
MFN1-HA and MFN2-HA cells. Representative images of cells treated with
DMEM or EBSS starvation medium for 1h that were fixed and stained with an
antibody against TOM20 and with DAPI. Scale bar: 5 um. Percentages of each
category of cells (elongated, short, oval) per experiment are represented in the

bar graphs. Three experiments were performed and >120 cells were counted
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per cell line per experiment. Data passed Saphiro-Wilk normality test. Results
of starvation conditions were compared with the results of basal conditions

using T-test. * represents p-values < 0.05.

4.3. Selection of the conditions of interest for finding
MFN1-HA and MFN2-HA partners

The goal of this study was to identify novel interactors of MFN1 and MFN2
and to better characterize the participation of MFN2 in autophagosome
formation and the role of MFN1 in mitochondrial elongation conditions
of restricted nutrient availability. Since 1 h of EBSS treatment boosts
autophagosome formation (Figure 17) and induces mitochondrial
elongation (Figure 18), we chose this condition to identify MFN1 and
MFN2 binding partners contributing to mitochondrial elongation and
autophagy. In summary, we chose to work under basal conditions and

in conditions of 1 h of treatment with EBSS.

4.4. Optimization of immunoprecipitation protocol

The next step was to optimize the protocol to immunoprecipitate MFN1-
HA and MFN2-HA. Previously used protocols were taken into account
and modified to find the best IP settings. Since MFN1 and MFN2 have
a high degree of similarity, are both present in the OMM and are
transmembrane proteins, we assumed that an optimal IP protocol would
be the same for both proteins. Therefore, the optimization process was

performed only with MFN2-HA cells.
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4.4.1. 1% Digitonin efficiently solubilizes MFN2-HA and
preserves MFN1-MFNZ interaction

MFN1 and MFN2 are transmembrane proteins which probably will
participate in membrane protein complexes. This fact is critical for
choosing the right detergent to solubilize MFN1 and MFN2 in such a
way that their interactions are preserved. For this reason, the suitability
of four mild detergents for immunoprecipitation of MFN1 and MFN2
was assessed. Triton X-100, Brij99, CHAPS and digitonin were tested for
MFN2 solubilization and MFN1-MFN2 interaction preservation. Triton
X-100 is widely used for protein IP and has been preferentially used
to study MFN2 protein interactions #2143, Brij99 is used to preserve
hydrophobic interactions between proteins 208209 CHAPS is a mild
detergent that has been used to solubilize OMM proteins 2!°. Digitonin is
preferentially used to co-immunoprecipitate mitochondrial membrane
complexes 211212 After literature reviewing, the concentration used for
cell lysis and protein binding to the beads was 1% for all the detergents

and it was decreased to 0.1% for the washing steps.

After Dounce homogenization in lysis buffer containing 1% Triton
X-100, Brij99, CHAPS and digitonin and 30 minutes of incubation
of the HeLa cells at 4°C, we were able to solubilize MFN2. Moreover,
HA-immunoprecipitation was performed successfully with all these
detergents (Figure 19). Nevertheless, the interaction between MFN1
and MFN2 was better preserved when using CHAPS, and even better
with digitonin (Figure 19). The interaction was lost when lysis buffer

was prepared with Triton X-100 or Brij99 (Figure 19). Several studies
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have shown that CHAPS is not fully efficient for protein complex
solubilization and that digitonin should be preferentially chosen over
CHAPS #3214 Therefore, digitonin was selected for endogenous HA-
Immunoprecipitation of MFN1-HA and MFN2-HA.

HA-IP

N %
X " X207 20
e (N

Triton X-‘IOOM e
Brijg9 | ‘ P

CHAPS -‘ --
Digitonin s q p— L 4
HA MFN1

Figure 19. HA-IP performed with 1% Triton X-100, Brij99, CHAPS or
Digitonin in lysis buffer. HA immunoblots of input, supernatant (SN) and
eluate (IP) fractions are shown. MFN1 immunoblots of input, SN, washing
steps 1, 2 and 3, and IP are displayed. MFN2-HA HeLa cells were mechanically
disrupted in lysis buffer with a Dounce homogenizer and incubated at 4°C for
30 minutes. Lysis buffer contained 1% Triton X-100, Brij99, CHAPS or Digitonin.
Beads were washed 5 times with wash buffer containing 0.1% of the detergent

used for lysis.

4.4.2. Magnetic beads improve the specificity of the HA-IP

In order to minimize non-specific binding of proteins to the HA-beads
that would interfere with the detection of true interactors, non-specific

binding was compared in agarose beads and dynabeads (magnetic
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beads). MFN2-HA IP was performed in parallel in agarose beads and
in dynabeads. Digitonin was used to lyse the cells and in the washing
steps as described in the previous section. Eluates were run on a
polyacrylamide gel and subjected to silver staining to examine the total

protein content and analyzed by western blot.
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Figure 20. HA-IP performed with agarose beads and magnetic beads. (A)
Silver staining of IP fractions of two experiments of HA-IP of MFN2-HA cells
where agarose beads or magnetic beads were used. (B) MFEN2, MFN1 and ACTIN
immunoblots of IP fractions obtained from HA-IP of MFN2-HA cells performed

with agarose beads and magnetic beads.

Higher content of background was observed in agarose beads compared
to dynabeads (Figure 20A). Moreover, immunoblots of IP fractions
revealed higher yield of MFN1 after HA-IP of MFN2-HA when using
magnetic beads and lower non-specific binding of actin (Figure 20B).
Altogether, these results indicated that magnetic beads improved the
specificity of the HA-IP. Hence, we decided to use HA-dynabeads for
immunoprecipitation of MFN1-HA and MFN2-HA.
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4.4.3. Maximum binding of endogenous MFN2-HA to HA-
beads is achieved with 6.25 mg of protein per 10 ul of beads

In order to maximize the binding of MFN1-HA and MFN2-HA to the
beads, different ratios of protein to beads were examined. Five different
quantities of protein extracted from MFN2-HA cells (5 mg, 6.25 mg, 7.5
mg, 8.75 mg and 10 mg) were immunoprecipitated with 10 ul of HA-
dynabeads (Figure 21). The binding capacity of these beads is around
300 pmol per pl of beads. Therefore, 10 ul of HA-dynabeads could bind

to 3 nmol of HA-protein.

HA-IP
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Figure 21. Assessment of MFN2-HA binding to magnetic beads at different
protein concentrations. HA-IP of MFN2-HA cells using different protein
amounts (5, 6.25, 7.5, 8.75 and 10 mg) per 10 pyl of beads. MFN2 western blots

of input, supernatant (SN) and eluate (IP) fractions are shown.

Binding capacity of the beads with MFN2-HA was saturated when 6.25
mg of protein were added to 10 pl of beads and higher quantities of

protein did not yield a bigger amount of MFN2. Therefore, we chose the
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ratio of 6.25 mg of protein to 10 pl of beads to perform the HA-IP for the
MS analysis. For MS detection of novel binding candidates of MFN1 and
MFNZ2, the amount of protein and beads used for IP were escalated to
a level that was sufficient for protein identification by MS. Twenty five
mg of protein and 40 pl of beads were used for HA-IP. These 40 ul of HA-
dynabeads could bind to 12 nmol of HA-protein.

4.4.4. Immunoprecipitated MFN2-HA in basal and in
starvation conditions is detectable by Coomassie staining

Next, to assess the enrichment of MFN2-HA in the HA-beads eluate,
HA-IP of MFN2-HA was performed in basal and starvation conditions.
The optimized protocol was applied to pull down MFN2-HA. The eluate
was ran on a polyacrylamide gel which was stained with InstantBlue
Coomassie. MFN2 was detectable in the both IP experiments, the one
performed in basal conditions and the one done under starvation
conditions (Figure 22). Bands corresponding to potential interactors
that did not appear in the WT control were observed. More bands were
appreciated in basal conditions than in starvation, which could mean
that MFN2 interacts with more proteins in basal conditions than after

EBSS treatment.
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Figure 22. Coomassie staining of HA-IP in basal and starvation conditions.

IP fractions of HA-IP performed in MFN2-HA cells in basal and starvation

conditions and WT cells as a negative control. Arrows indicate MFN2-HA band.

4.5. HA-IP coupled to MS identifies potential binding
partners of MFN1-HA and MFN2-HA in basal and

starvation conditions

4.5.1. Endogenous HA-IP of MFN1-HA and MFNZ2-HA
provides insight into the composition of MFN1-MFNZ2
complexes

We performed endogenous HA-IP in WT, MFN1-HA and MFN2-HA HelLa
cells under basal and under starvation conditions (Figure 23). HA-IP
performed in WT cells was used as a negative control in subsequent
mass spectrometry analysis to determine which proteins were bound
In a non-specific manner to the beads after MFN1-HA and MFN2-HA
Immunoprecipitation. Three biological replicates of this HA-IP were
performed. We observed that after MFN2-HA IP a considerable amount of

MFN1 was co-immunoprecipitated, however when pulling down MFN1-
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HA, the quantity of MFN2 that was recovered was lower. Moreover,
when MFN1 was immunoprecipitated after one hour of starvation more
MFN2 was observed in the eluate in basal conditions than in starvation
conditions. However, when MFN2 was immunoprecipitated, more
MFN1 was observed in the eluate under starvation conditions than in a

basal state.
HA-IP

Cell line WT MFN1-HA  MFN2-HA WT MFN1-HA  MFN2-HA

S S S S S S
L e g K g L g K

BASAL STARVATION

Figure 23. HA-IP of WT, MFN1-HA cells and MFN2-HA cells in basal
and starvation conditions. HA, MFN1 and MFN2 immunoblots of input,
supernatant (SN) and eluate (IP) fractions of HA-IP of WT, MFN1-HA and
MFN2-HA cells in basal conditions and after 1 hour of EBSS treatment. Input =
0.5%, SN = 0.5%, IP = 5%. N=3.

In order to assess more precisely the amount of MFN1 and MFN2 that
is present in MFN1-MFN2 complexes, we quantified the proportion of
total MEN1 that interacted with MFN2 and the proportion of total MFN2
that interacted with MFN1 (Figure 24).
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Figure 24. Proportions of MFN1 or MFN2 that interact with MFN2 or
MEN1 respectively. (A) Quantity of MFN2 present in MFN1-HA IP and MFN1
present in MFN2-HA IP. N=3. (B) Quantity of MFN2 that interacts with all the
MFN1 present in the cell (with and without HA-tag) and quantity of MFN1 that
interacts with all the MFN2 in the cell (with and without HA-tag).

First, the amount of MFN1 that immunoprecipitated with MFN2-HA
and the quantity of MFN2 that immunoprecipitated with MFN1-HA
were calculated. MFN1 and MFN2 signal was quantified in HA-IP
immunoblots of each replicate. Next, the signal was normalized by the
western blot load. Input signals quantified corresponded to 0.5% of total
lysate used and IP signals represented 5% of the eluate. IP normalized

values were divided by input normalized values to obtain how much of
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MFN?2 interacted with MEN1 and how much of MFN1 interacted with
MEFN2. These calculations retrieved the proportion of MFN1 or MFN2
that were present in MFEN2-HA or MFN1-HA IPs. These proportions are
shown in Figure 24A. Subsequently, knowing that HA-tagged MFN1
represents 50% of the whole amount of MFN1 in HeLa cells and MFN2-
HA represents 80% of the total MFN2, we extrapolated the percentage
of the total MFN1 or MFN2 in the cell that interacts with MFN2 or MFN1

respectively (Figure 24B).

Under basal conditions, 10% of total MFN2 interacts with MFN1, and
under starvation conditions this percentage drops down to 6%. Besides,
in basal conditions, 15% of total MFN1 interacts with MFN2 and
under starvation conditions this percentage is increased to 22%. These
differences that we observed were not statistically significant, although
the trends observed were in line with the preliminary assumptions that
we had made: 1) From the total pool of MFN2, more MFN2 interacts
with MFN1 under basal conditions than under starvation conditions; 2)
From the total MFN1 in the cell, more MFN1 interacts with MEN2 under

starvation conditions than under basal conditions.

Subsequently, we estimated the total amount in terms of moles of MFN1
and MFN2 that form MFN1-MFN2 complexes in the samples that we had
Immunoprecipitated under basal and starvation conditions. The cellular
lysates used for HA-IP contained 22.5 mg of total protein. We assumed

that all the MFN1-MFN2 complexes had the same composition.

Knowing that the maximum amount of HA-protein recovered by one

ul of beads was 300 pmol, we calculated that the HA-protein bound by

135 '€



4 | Results

40 ul of beads was 12 nmol. Next, we calculated the amount in nmol
recovered of MFN2 after MFN1-HA IP and of MFN1 after MFN2-HA
IP. Since we observed under basal conditions that the same amount of
HA-MFN1 and HA-MFN2 was recovered, we considered that MFN1-HA
[P had yielded 12 nmol of MFN1 and that MFN2-HA IP had yielded 12
nmol of MFN2. However, under starvation conditions, HA-immunoblot
revealed a higher amount of MFN2 immunoprecipitated after MFN2-
HA IP than MFN1 immunoprecipitated after MFN1-HA IP. Therefore
we considered that MFN2-HA IP had yielded 12 nmol of MFN2 and
we estimated the nmol of MFN1 in MFN1-HA IP taking into account
the signal of the HA-antibody compared to MFN2-HA IP. The average
estimated amount of immunoprecipitated MFN1-HA under starvation
conditions was 4.5 nmol. We obtained the absolute quantities of MFN1

and MFNZ2 that form complexes in 22.5 mg of a cell lysate (Figure 25).

In basal conditions, 0.27 nmol of MFN1 interact with 0.15 nmol of MFN2
in a cellular lysate containing 22.5 mg of total protein. Depriving the
cells from amino acids supposes a decrease in the amount of MFN1-
MFN2 complexes since 0.15 nmol of MFN1 interact with 0.06 nmol
MFNZ2 in a cellular lysate containing 22.5 mg of total protein. Although
these changes were not statistically significant, the trends that we could
observe were coherent with the appreciation that we had previously
made: MFN1-MFN2 heterooligomers are composed of more MFN1
subunits than MFN2 subunits.
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Figure 25. Absolute amount of MFN1 and MFN2 in MFN1-MFN2 complexes
in 22.5 mg of total protein. MFN1 and MFN2 nmol that participate in MFN1-
MFN2 complexes under basal and starvation conditions in a cellular lysate that

contains 22.5 mg of total protein.

4.5.2. Mass spectrometry of HA-IP of MFN1-HA and MFN2-
HA reveals different interactome landscapes in basal and
starvation conditions

The eluates from the three biological replicates of endogenous HA-IP
of MFN1-HA and MFN2-HA in basal and starvation conditions were
processed for subsequent MS analysis. Briefly, samples were digested
with trypsin and injected in an Orbitrap mass spectrometer for peptide
detection. The peptides identified from MFN1-HA and MFN2-HA samples
were compared with the peptides from WT samples to identify those

peptides that were significantly enriched.
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Figure 26. Results of mass spectrometry of MFN1-HA and MFN2-HA HA-IP
in basal and starvation conditions. Dot plot diagrams of mass spectrometry
results after applying SAINT express algorithm. Bait proteins are shown in red.
Known interactors of MFN1 and MFN2 found enriched after SAINT express
analysis are shown in green or in blue respectively. Binding candidates showing

BFDR equal or lower than 0.05 are displayed in black. Proteins with BFDR
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higher than 0.05 appear in grey. Dotted lines inside the diagram represent the
thresholds of -log BFDR and log FC to consider a protein as a high confidence

interactor.

Fold changes (FC) and Bayesian false discovery rates (BFDR) in the
number of unique peptides identified for each protein were calculated
in MFN1-HA and MFN2-HA samples taking WT samples as a negative
control. Thresholds applied to consider any of the identified proteins
as a potential binding partner were a BFDR lower or equal to 0.05 and
a FC higher or equal to 3. In order to plot the identified proteins, the
logarithms of the FC and BFDR were calculated, and each protein was
assigned an X value (log FC) and a Y value (-log BFDR). These values
were plotted in the graphs that are shown in Figure 26. We present all
the high confidence interactors discovered together with the number
of unique peptides identified, FC and BFDR in Table 1. Already known
binding partners of MFN1 and MFN2 that were identified are shown in
the plots in green for MEN1 or in blue for MFN2. MFN2 ¢ was detected
with statistical significance among the candidates of MFN1, and MFN1
6 MARCHF5 % and RHOT?2 ?! appeared significantly enriched among the
potential partners of MFN2.

Table 1. High confidence interactors of MFN1 and MFN2 under basal
and starvation conditions. Bait value is MFN1-B for the interactors of MFN1
under basal conditions, MFN1-S for MFN1 partners under starvation conditions,
MFN2-B for the binding candidates of MFN2 under basal conditions and MFN2-S
for MFN2 interactors under starvation conditions. PreyGene refers to the prey
proteins identified by MS. Spec is the number of unique peptides for each prey

per replicate. AvgSpec is the average of unique peptides in the three replicates.

Ctrl is the number of unique peptides identified in the negative control. FC
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(Fold change) is the enrichment of the prey compared to the negative control.

BFDR is the Bayesian false discovery rate.

Bait PreyGene Spec AvgSpec Ctrl FC BFDR
MFN1-B MFN1-HA 48163|42 51 0|0|0 510 0
MFN1-B MFN2 6/9]|5 6.67 0lo|o 66.67 0
MFN1-B PSPC1 71410 3.67 0]oJo 36.67 0
MFN1-B ZNF185 8|6|3 5.67 0|1]0 17 0
MFN1-B AMOTL1 1|8|4 433 0/0]1 13 0
MFN1-B ITPR2 10]7]1 6 0]1]1 9 0
MFN1-B NDFIP2 0]8]9 5.67 0]1]1 8.5 0
MFN1-B FMR1 9|8|1 6 1|11 6 0
MFN1-B UPF1 27|14|0 13.67 3|31 5.86 0
MFN1-B NONO 945811 54.33 6]23|2 5.26 0
MFN1-B FXR2 14|11]1 8.67 2|21 5.2 0
MFN1-B DHX30 18]12|1 10.33 3|21 5.17 0
MFN1-B NUFIP2 15|19]2 12 2|41 5.14 0
MFN1-B FUS 15]|29|14 19.33 3|4]5 4.83 0
MFN1-B G3BP2 16|17]2 11.67 2|42 4.38 0
MFN1-B SFPQ 83|76|22 60.33 5|28]12 4.02 0
MFN1-B G3BP1 48]25(6 26.33 7|5/10 3.59 0
MFN1-B RSF1 1|2|5 2.67 0lo|0 26.67 0.01
MFN1-B DOHH 2|42 2.67 olo|o 26.67 0.01
MFN1-B FAM98A 4]2]0 2 0loJo 20 0.01
MFN1-B AFAP1 5|2|3 3.33 0|1]0 10 0.01
MFN1-B MYO1F 1|3|5 3 1/0|0 9 0.01
MFN1-B AFAP1L1 0]3]6 3 0]o|1 9 0.01
MFN1-B CGN 12128 10.67 1/4|0 6.4 0.01
MFN1-B FXR1 19|10(|7 12 3]4]1 45 0.01
MFN1-B LRRFIP2 4|8|8 6.67 1|2]2 4 0.01
MFN1-B BYSL 2|2|2 2 olojo 20 0.02
MFN1-B TMEM9 2(2|2 2 o0lo|o 20 0.02
MFN1-B RAPH1 2|1]2 1.67 0lo|o 16.67 0.02
MFN1-B RPL31 2]2|0 1.33 (e1[e][0] 13.33 0.02
MFN1-B KLHL13 21210 1.33 ojojo 13.33 0.02
MFN1-B PUF60 2]2]0 1.33 0]o|o 13.33 0.02
MFN1-B RAB5C 0]2]2 1.33 0lo|o 13.33 0.02
MFN1-B RBM18 0]2]2 1.33 0|0|0 13.33 0.02
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MFN1-B SIPA1L1 6/2|8 5.33 210]0 8 0.02
MFN1-B UBP1 113]3 2.33 0|1]0 7 0.02
MFN1-B  SLC25A24 11714 4 0|11 6 0.03
MFN1-B RPS15 317|5 5 1]1]1 5 0.03
MFN1-B ALPP 11716 11.33 1]1]5 4.86 0.03
MFN1-B ELAVL1 5141 3.33 0|11 5 0.04
MFN1-B Luc7L2 5|8]2 5 1]2]1 3.75 0.04
MFN1-B POTEF 316|5 4.67 022 35 0.04
MFN1-B AGO2 5120 2.33 0|1l0 7 0.05
MFN1-B RTRAF 5120 2.33 110]0 7 0.05
MFN1-S  MFN1-HA  44|56|55 51.67 000 516.67 0
MFN1-S MFN2 11]0|5 5.33 0l0J0 53.33 0
MFN1-S  SLC25A10 0]4|5 3 0l0J0 30 0
MFN1-S PHB 0|98 5.67 0lol1 17 0
MFN1-S RPS5 2714137 35 11]7]5 4.57 0
MFN1-S RAB2A 3|1]4 2.67 0lol1 8 0.04
MFN2-B MFN2-HA  73|152|104  109.67 0l0J0 1096.67 0
MFN2-B MFN1 12]12|16 13.33 000 133.33 0
MFN2-B DHX36 15120 9 0l0J0 90 0
MFN2-B NCBP1 8|30 3.67 0l0J0 36.67 0
MFN2-B PUM1 7130 3.33 0l0J0 33.33 0
MFN2-B FAM98A 61410 3.33 0l0J0 33.33 0
MFN2-B USP10 15160 7 1]0]0 21 0
MFN2-B  MARCHF5 5716 6 0]0|1 18 0
MFN2-B DHX30 42|42|0 28 3021 14 0
MFN2-B  FAM120A 22|14|0 12 2|1]0 12 0
MFN2-B UPF1 43|39|0 27.33 3131 11.71 0
MFN2-B AGO2 6|50 3.67 0|1/0 11 0
MFN2-B ELAVL1 11|91 7 0|11 10.5 0
MFN2-B MOV10 43|36|5 28 4122 10.5 0
MFN2-B HNRNPUL1  43|13]2 19.33 311]2 9.67 0
MFN2-B FMR1 161120 9.33 1]1]1 9.33 0
MFN2-B FXR2 26|14|4 14.67 2021 8.8 0
MFN2-B  HNRNPA3 716|3 5.33 110]1 8 0
MFN2-B NONO 136/93|10 79.67 6232 7.71 0
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MFN2-B RPS5 3216613 37 41516 7.4 0
MFN2-B NUFIP2 19]30]|1 16.67 214|1 7.14 0
MFN2-B LARP1 332010 17.67 512]1 6.63 0
MFN2-B FXR1 2815|7 16.67 3141 6.25 0
MFN2-B MYL6 6]25/10 13.67 21114 5.86 0
MFN2-B RPA1 20|25|7 17.33 2026 5.2 0
MFN2-B  CAPRIN1 62393 34.67 16]4]2 4.73 0
MFN2-B  HNRNPH1 12]15|6 11 114]2 4.71 0
MFN2-B DDX1 22|30]1 17.67 7|1|5 4.08 0
MFN2-B DHX9 67|55]12 4467  14]10|10 3.94 0
MFN2-B G3BP2 14]14|1 9.67 214]2 3.62 0
MFN2-B IGF2BP3 20|14|4 12.67 41414 3.17 0
MFN2-B PABPCA 20|17|1 12.67 314|5 3.17 0
MFN2-B G3BP1 452210 22.33 7|5]10 3.05 0
MFN2-B BYSL 302]1 2 0]0]0 20 0.01
MFN2-B TMEM9 210|3 1.67 0/0]0 16.67 0.01
MFN2-B PURA 7130 3.33 1]0]0 10 0.01
MFN2-B SRRT 530 2.67 0/0]1 8 0.01
MFN2-B RTRAF 5|30 2.67 110]0 8 0.01
MFN2-B  CORO2A 18]12]28 19.33 5|4]9 3.22 0.01
MFN2-B CPSF6 313]0 2 110]0 6 0.02
MFN2-B TFCP2 0]2213 11.67 0|7]0 5 0.03
MFN2-B SNX33 8|2326 19 0]11|3 4.07 0.03
MFN2-B EMD 2]10|11 7.67 0]4]2 3.83 0.03
MFN2-B HNRNPF 11]177 11.67 41412 35 0.03
MFN2-B DDX17 13]12|3 9.33 530 3.5 0.03
MFN2-B my 411|5 3.33 110]1 5 0.04
MFN2-B ILF2 16]12]10 12.67 41116 3.45 0.04
MFN2-B UBP1 0|14|2 5.33 o|1l0 16 0.05
MFN2-B  SLC25A10 210|5 2.33 0]0|1 7 0.05
MFN2-B NSDHL 60|8 4.67 0]0(3 4.67 0.05
MFN2-B MYH14 5|5]2 4 110]2 4 0.05
MFN2-S  MFN2-HA  107|135|332  191.33 o0jojo 1913.33 0
MFN2-S MFN1 2111989 43 ojojo 430 0
MFN2-S  MARCHF5 41114 6.33 0jojo 63.33 0
MFN2-S S100A8 121016 6 o0jojo 60 0
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MFN2-S DSC1 4105 3 0l0J0 30 0
MFN2-S S100A9 18]1]6 8.33 ol1l0 25 0
MFN2-S UBP1 0|5/17 7.33 0loJ1 22 0
MFN2-S SLC27A2 714|2 4.33 001 13 0
MFN2-S FAF2 12]2|8 7.33 210(2 5.5 0
MFN2-S SCCPDH 104|14 9.33 312|2 4 0
MFN2-S DDX20 019|3 4 001 12 0.01
MFN2-S S100A7 11]0]2 4.33 0|0]0 43.33 0.02
MFN2-S PIP 211|8 3.67 0]0/0 36.67 0.03
MFN2-S RHOT2 2]11|8 3.67 0/0]0 36.67 0.03
MFN2-S LAMC1 2141 2.33 0]0/0 23.33 0.04
MFN2-S CALMLS 41217 7.67 0111 11.5 0.05

A total number of 44 binding candidates were identified for MFN1 in

basal conditions. For MFN1 under starvation conditions 6 potential

interactors were found. MFN2 possible partners in basal conditions

detected were 51. In conditions of nutrient deprivation, 16 binding

candidates were identified. Interestingly, the number of high confidence

candidates found after one hour of starvation treatment is considerably

smaller than the amount of candidates in basal conditions. We next

wondered whether there were common interactors between MFN1 and

MFN2 or between basal and starvation conditions. The results of this

analysis are plotted in Figure 27.
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Figure 27. Venn diagrams comparing the potential binding candidates
identified by mass spectrometry after HA-IP of MFN1-HA and MFN2-HA
under basal and starvation conditions. Basal diagram shows the results
found for MFN1 under basal conditions (MFN1-B) compared to MFN2 in the
same conditions (MFN2-B). Starvation figure displays the proteins identified
under starvation conditions for MFN1 (MFN1-S) and MFN2 (MFN2-S). MFN1
chart includes the binding candidates of MFN1 under basal (MFN1-B) and
starvation conditions (MFN1-S). MFN2 graph contains the comparison of MFN2

results under basal (MFN2-B) and starvation conditions (MFN2-S).

We found that under basal conditions, MFN1 and MFN2 shared 18
binding candidates, namely: MFN1, MFN2, FMR1, UPF1, NONO, FXR2,
DHX30, NUFIP2, G3BP2, G3BP1, FXR1, FAM98A, UBP1, BYSL, TMEM9,
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ELAVL1, AGO2, RTRAF. Under starvation conditions, the only proteins
found in common among the interactors of MFN1 and MFN2 were
MFN1 and MFN2. The common interactors of MFN1 during basal and
starvation conditions were as well MFN1 and MFN2. In the case of
MFN2, basal and starvation conditions shared the following potential

partners: MFN1, MFN2, MARCHFS5 and UBP1.

We next analyzed the common proteins between all the experimental
groups (MFN1 basal, MFN1 starvation, MFN2 basal and MFN2 starvation).

These results are plotted in Figure 28.

Figure 28. Venn diagram of all the mass spectrometry results of MFN1-
HA and MFN2-HA HA-IP in basal and starvation conditions. Overlaps of
MFN1 and MFN2 significant binding candidates in basal (MFN1-B, MFN2-B)
and starvation (MFN1-S, MFN2-S) conditions are shown in a Venn diagram.
Numbers between parentheses represent the total numbers of high confidence
interactors. Numbers within the chart show the amount of significant candidates

that overlap or not between the different categories.

Besides what we had already observed, we noticed 1 interactor shared
between MFN1 in basal conditions and MFN2 both in basal and
starvation conditions (UBP1) and 2 possible interactors shared between

MFNT1 in starvation conditions and MFN2 in basal conditions (SLC25A10
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and RPS5).

4.5.3. Mitochondrial proteins are identified among MS
detected proteins

Mitochondrial proteins were detected as potential interactors of MFN1
and MFN2 under basal and starvation conditions. This finding is
coherent with the fact that MFN1 and MFN2 are outer mitochondrial
membrane proteins. Mitochondrial preys that we detected and that had
been already notified as interactors of MEN1 or MFN2 are MFN2 for
MFN1 and MFN1, MARCHFS5, RHOT2 for MFN2. Proteins that have been
found in mitochondria and identified by mass spectrometry in this study
are shown in the dot plot of Figure 29. Dot color represents the absolute
abundance in peptides of each prey protein in each experiment, the
size of the dots represents the relative abundance of the preys across
all the experiments, and the color of the edge of each dot stands for
the BFDR. We observed that under basal conditions MFN1 and MFN2
both interact with DHX30. The only mitochondrial interactor of MFN1
In basal conditions maintained under starvation conditions is MFN2.
The interactions of MFN2 with MARCHF5 and MFN1 occur in basal and
starvation conditions. Interestingly, from the 6 MFN1 potential binding
candidates found statistically significant under starvation conditions, 4

are mitochondrial.
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Figure 29. Mitochondrial proteins found by mass spectrometry analysis
of MFN1-HA and MFN2-HA HA-IP in basal and starvation conditions. Dot
plot generated with ProHits visualization tool of all the significant mitochondrial
proteins. Dot color intensity refers to the average number of unique peptides
of a protein found in the 3 biological replicates of the experiment. Dot size
represents the relative abundance of each interactor across all the HA-IPs. Line

color stands for the statistical significance with which each protein was found.

4.5.4. Mass spectrometry reveals possible interactions
between MFN1 and MFNZ2 and proteins from other
membranous compartments of the cell

The possible interactors of MFN1 and MFN2 under basal and starvation
conditions were classified into the membranous compartment of the cell
in which they localize. We identified proteins from the ER, endosomes,

and the plasma membrane, as it is shown in Figure 30.
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Figure 30. Proteins of membranous compartments of the cell found by
mass spectrometry analysis of MFN1-HA and MFN2-HA HA-IP in basal and
starvation conditions. Dot plots generated with ProHits visualization tool of
all the significant proteins localized in endoplasmic reticulum, endosome and
plasma membrane. Dot color intensity refers to the average number of unique
peptides of a protein found in the 3 biological replicates of the experiment. Dot
size represents the relative abundance of each interactor across all the HA-IPs.
Line color stands for the statistical significance with which each protein was

found.

Among ER proteins identified, most of them were binding candidates
of MFN2 and they were increased in starvation. Under basal conditions

MEFN2 potential interactors were MARCHF5 and NSDHL. Starvation
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preserved the interaction between MFN2 and MARCHF5 and favored
the interactions with other ER proteins: FAF2, LAMC1 and SLC27A2.
We appreciated that MFN1 interacted with ITPR2 and MFN2 in basal
conditions and in starvation conditions its potential partners were

MFN2 and RAB2A.

We observed that MFN1 interacted with proteins present in the
endosomal membrane under basal conditions (NDFIP2, RAB5C and
TMEM?9), but no endosomal partners were found under starvation
conditions. Endosomal binding candidates of MFN2 were different
in basal and starvation conditions: TMEM9 and USP10 were found
under basal conditions and S100A7, S100A8 and S100A9 under basal

conditions.

Proteins that localize in the plasma membrane were notably enriched
among MFN1 basal candidates (AFAP1L1, ALPP, AMOTL1, CGN, RAPH1,
SIPA1L1 and ZNF185). However, these were lost under starvation
conditions. MFN2 plasma membrane potential interactors were
FAM120A under basal conditions and DSC1 under conditions of nutrient

deprivation.

4.5.5. Proteins that participate in post-translational
modifications potentially interact with MFN1 and MFN2

Proteins that are involved in post-translational modification of other
proteins were identified among binding candidates of MFN1 and MFN2
mostly under basal conditions and their abundance and statistical

significance among the experimental groups are plotted in Figure 31.
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Proteins found were related to dephosphorylation (ALPP), hypusination
(DOHH), ubiquitination (KLHL13, MARCHF5, AMOTL1, NDFIP2) and
deubiquitination (USP10).
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Figure 31. Protein modifiers found by mass spectrometry analysis of
MFN1-HA and MFN2-HA HA-IP in basal and starvation conditions. Dot
plot generated with ProHits visualization tool of all the significant protein
modifiers. Dot color intensity refers to the average number of unique peptides
of a protein found in the 3 biological replicates of the experiment. Dot size
represents the relative abundance of each interactor across all the HA-IPs. Line

color stands for the statistical significance with which each protein was found.

We observed that MFN1 under basal conditions interacted with 5
proteins involved in post-translational modification (ALPP, AMOTL1,
DOHH, KLHL13 and NDFIP2). Under starvation conditions, no protein
modifiers were observed among MFN1 potential interactors. MFN2
under basal conditions interacted with the ubiquitin ligase MARCHF5
and the de-ubiquitinase USP10. Under starvation conditions, MFN2
interacted with MARCHFS5, but no other protein modifiers were found

among its possible binding partners.
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4.5.6. Autophagy related proteins are enriched in basal and
Starvation conditions

Literature research was performed to determine if the possible
interactors of MFN1 and MFN2 in basal and starvation conditions
were related to autophagy or not. Homologues of proteins that had
been related to autophagy in yeast were also considered. The identified
autophagy related proteins are plotted together with their enrichment
and statistical reliability in Figure 32. In absolute numbers, more
autophagy related proteins were identified for MFN2 than for MFNT1.
MFN1 was found to interact with the mitophagy proteins RAB5C in basal
conditions and PHB when amino acids were removed from the medium.
Moreover under starvation conditions RAB2A was also found to interact
with MFN1. Under basal and starvation conditions MFN2 interacted with
MARCHFS5, which has been described to regulate mitophagy. Regarding
macroautophagy, MFN2 potential binding partners in basal conditions
were JMY and USP10. Moreover, under starvation conditions the
possible interactors of MFN2 related to macroautophagy were S100A8,
S100A9 and SLC27A2.
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Figure 32. Autophagy related candidates found by mass spectrometry
analysis of MFN1-HA and MFN2-HA HA-IP in basal and starvation
conditions. Dot plot generated with ProHits visualization tool of all the
significant proteins involved in autophagy. Dot color intensity refers to the
average number of unique peptides of a protein found in the 3 biological
replicates of the experiment. Dot size represents the relative abundance of each
interactor across all the HA-IPs. Line color stands for the statistical significance

with which each protein was found.

4.5.7. RNA-binding proteins are highly enriched among
basal binding candidates

In order to have a global vision of the differences between the
interactomes of MFN1 and MFN2 under basal and starvation conditions,
Reactome Pathway Analysis was performed. Interestingly we discovered
that the pathways with more enrichment under basal conditions, both
for MEN1 and MFN2 binding candidates, were those related to RNA
metabolism (Figure 33). This enrichment was not observed under

starvation conditions.
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Figure 33. Reactome pathway analysis detects enrichment of RNA
metabolism proteins among basal interactors. Plots obtained with
Reactome pathway analysis tool applied to mass spectrometry results. Each
branch of these charts represents a pathway of RNA metabolism. Proteins
considered for the analysis had a BFDR lower or equal to 0.1. Only the proteins

related with the metabolism of RNA are shown.

More specifically, MFN1 binding candidates related to RNA metabolism
were implicated in mRNA splicing (PUF60, FUS, ELAVL1), nonsense-
mediated decay (RPL31, RPS15, UPF1), regulation of mRNA stability
(ELAVL1), RNA processing (RPL31, RPS15, BYSL) and tRNA processing
(RTRAF). MEN2 binding candidates that played a role in RNA metabolism
were involved in processing of capped pre-mRNA (NCBP1, CPSF6,
HNRNPH1, DHX9, HNRNPUL1, SRRT, HNRNPF CPSF6, HNRNPA3,
ELAVL1), tRNA processing (DDX1, RTRAF), nonsense-mediated decay
(NCBP1, RPS5, UPF1), RNA binding by insulin-like growth factor-2
mRNA binding proteins (IGF2BP3), RNA processing (RPS5, BYSL), mRNA
capping (RTRAF) and metabolism of non-coding RNA (NCBP1).

Besides this analysis, we performed bibliographic search and identified
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all the potential interactors of MFN1 and MFN2 that were RNA-binding
proteins. These proteins are plotted in Figure 34. As observed when
Reactome Pathway Analysis was applied, MFN1 and MFN2 interact with
RNA-binding proteins under basal conditions and not under starvation
conditions. Furthermore, more RNA-binding proteins seemed to interact

with MFN2 than with MFN1.

Subsequently, we wondered whether RNA membraneless structures
were represented among the proteins identified by mass spectrometry.
We compared our results with the RNA granule database contained in
http://rnagranuledb.lunenfeld.ca/. We observed that under basal conditions
the proteomes of MEN1 and MFN2 were enriched in proteins that
constitute processing bodies (P-bodies) and stress granules (Table 2 and

Table 3).
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Figure 34. RNA related candidates found by mass spectrometry analysis

of MFN1-HA and MFN2-HA HA-IP in basal and starvation conditions. (B)

Dot plot generated with ProHits visualization tool of all the significant RNA-

binding proteins. Dot color intensity refers to the average number of unique

peptides of a protein found in the 3 biological replicates of the experiment.

Dot size represents the relative abundance of each interactor across all the

HA-IPs. Line color stands for the statistical significance with which each

protein was found.
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Table 2. MFN1 binding candidates localized in P-bodies and stress

granules.

MFN1 binding ) Stress
candidates P-bodies granules
AGO2 X X

DHX30
ELAVL1 X

FAM98A
FMR1
FXR1
FXR2

G3BP1

G3BP2
NUFIP2

PUF60 X
SIPA1L1

UPF1 X

x

X[ X[ X[ X| X[ X| X[ X| X| X| X| X
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Table 3. MFN2 binding candidates localized in P-bodies and stress

granules.

MFN2 binding ) Stress
candidates P-bodies granules
AGO2 X X
CALMLS
CAPRIN1
CPSF6
DDX1
DHX30
DHX9
DSC1
ELAVLA1
FAM120A
FAM98A
FMR1
FXR1
FXR2
G3BP1
G3BP2
HNRNPA3
HNRNPULA1
IGF2BP3 X
ILF2 X
LARP1
MOV10 X X
NCBP1 X
NUFIP2
PABPC4
PIP X
PUM1 X
PURA
RTRAF
SRRT
UPF1 X
USP10

X[ x| X| X[ X

X[ X| X| X| X

X| X| X[ X| X| X| X| X| X| X| X

x

x

x

x| X| X| X[ X| X
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4.6. Validation of some MFN1 and MFN2 binding

candidates

From the list of potential binding partners of MFN1 and MFN2, some of
them related to organelle contacts, post-translational modifications and

autophagy were validated by IP.

4.6.1. NDFIP2 interacts with MFN1 and MFNZ2

From the proteins that participate in the modification of other proteins,
NDFIP2 was considered as an interesting candidate to validate because
it partially localizes with endosomes 2* and it activates E3 ubiquitin
ligases like NEDD4, NEDD4L, SMURF2, WWP1 and WWP2 through
physical interaction 2. Moreover, NDFIP2 participates in multivesicular
bodies trafficking 26, Mass spectrometry data showed significant
enrichment of NDFIP2 among MFN1 potential binding partners under
basal conditions (Figure 35A). NDFIP2 was also detected among MFN2
possible interactors in basal conditions, but not in a significant manner.
To validate whether NDFIP2 interacts with MFN1 and MFN2, NDFIP2-
FLAG was overexpressed in HelLa cells and FLAG-IP was performed.
Both MFN1 and MFN2 co-immunoprecipitated with NDFIP2 (Figure
35B). These results were obtained under basal conditions. FLAG-IP was

not performed under starvation conditions.
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Figure 35. NDFIP2 interacts with MFN1 and MFN2. (A) Dot plot generated
with ProHits visualization tool of NDFIP2 results. Dot color intensity refers to
the average number of unique peptides of a protein found in the 3 biological
replicates of the experiment. Dot size represents the relative abundance of each
interactor across all the HA-IPs. Line color stands for the statistical significance
with which each protein was found. (B) FLAG-IP of overexpressed NDFIP2-
FLAG in HeLa cells. FLAG, MFN1 and MFN2 immunoblots of input and eluate

(IP) fractions are shown. N=2.

4.6.2. RAB5C interacts with MFN1 and MFN2

Regarding the contacts of mitochondria with other organelles, RAB5C
was selected for validation, since it had been previously identified in the
interface between mitochondria and endosomes 2" and it plays a role in
mitochondrial removal by autophagy !. RAB5C appeared significantly
enriched for MFN1 in basal conditions and enriched but not significantly
for MEN2 both in basal and starvation conditions (Figure 36A). RAB5C-

FLAG was overexpressed in HeLa cells and immunoprecipitated using
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beads coupled to antibodies against FLAG-tag (Figure 36B). Western
blot was performed to detect MFN1 and MFN2 in the eluate. MFN1 and
MFN2 were both found to co-immunoprecipitate with RAB5C. These

results were obtained under basal conditions.
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Figure 36. RAB5C interacts with MFN1 and MFN2. (A) Dot plot generated
with ProHits visualization tool of RAB5C results. Dot color intensity refers to
the average number of unique peptides of a protein found in the 3 biological
replicates of the experiment. Dot size represents the relative abundance of each
interactor across all the HA-IPs. Line color stands for the statistical significance
with which each protein was found. (B) FLAG-IP of overexpressed RAB5C-FLAG
in HeLa cells. FLAG, MFN1 and MFN2 immunoblots of input and eluate (IP)

fractions are shown. N=6.

4.6.3. SI00A8 and S100A9 interact with MFN2

Since one of the aims of this study was to shed light into the role of MFN2
in starvation-induced autophagy, S100A8 and S100A9 were selected

among potential partners of MFN2 in starvation based on previously
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reported data that relate ST00A8 and S100A9 with autophagy activation
24219220 These proteins form a complex called calprotectin that is
important during inflammatory signaling ?*'. SI00A8 and S100A9 were
significantly enriched only for MFN2 in starvation conditions (Figure

37A).
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Figure 37. S100A8 and S100A9 interact with MFN2. (A) Dot plot generated
with ProHits visualization tool of S100A8 and S100A9 results. Dot color
intensity refers to the average number of unique peptides of a protein found
in the 3 biological replicates of the experiment. Dot size represents the relative
abundance of each interactor across all the HA-IPs. Line color stands for the
statistical significance with which each protein was found. (B) FLAG-IP of

overexpressed S100A8-FLAG. FLAG, MFN1 and MFN2 immunoblots of input
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and eluate (IP) fractions are shown. N=4. (C) FLAG-IP of overexpressed S100A9-
FLAG. FLAG and MFN2 immunoblots of input and eluate (IP) fractions are

shown. N=1.

S100A8-FLAG was overexpressed in HeLa cells and immunoprecipitated
with FLAG-beads. MFN2 was found to co-immunoprecipitate with
S100A8, but MFN1 did not co-immunoprecipitate with S100A8 (Figure
37B). Then, S100A9-FLAG was overexpressed in HeLa cells and
Immunoprecipitated with beads coupled to antibodies against FLAG.
MEFN2 co-immunoprecipitated with S100A9 (Figure 37C). We did not
assess whether MFN1 interacts or not with S100A9. These results were
obtained under basal conditions. SI0O0A8 and S100A9 overexpression is
probably enhancing MFN2 interaction with these proteins under basal

conditions.

4.6.4. MFNZ2 interaction with RAB5C and S100A8 is affected
by nutrient availability

Since we found by mass spectrometry that the interactions of MFN1
and MFN2 are different in basal and starvation conditions, we assessed
whether the interaction of MFN2 with RAB5C and S100A8 was
affected by nutrient deprivation. RAB5C-FLAG and S100A8-FLAG were
overexpressed and then cells were treated or not treated with EBSS
medium for 1 hour. FLAG-IP was performed and MFN2 presence in the
eluate was analyzed (Figure 38). We found that MFN2 interacted more
with RAB5C in basal conditions, which is in line with MS data from Figure
36A, although RAB5C was not a significant binding candidate of MFNZ2.

Moreover, the interaction between MFN2 and S100A8 was enhanced by
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EBSS treatment, as we had observed in our MS data (Figure 37A).
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Figure 38. RAB5C and S100A8 interact with MFN2 differently in the
presence or absence of amino acids. FLAG-IP of overexpressed RAB5C-
FLAG and S100A8-FLAG under basal and starvation conditions achieved by
1 hour of EBSS treatment. FLAG and MFN2 immunoblots of input and eluate
(IP) fractions are shown. The values of MFN2 antibody signal were quantified
for the IP fractions. Data between the discontinuous gray lines should not be

considered. N=1.

The fact that we observe interaction between MFN2 and S100A8
under basal conditions could be an artefact of ST00A8 overexpression.
Moreover, FLAG immunoblots revealed that overexpressed RAB5C is
more abundant under basal conditions than under starvation conditions.
Contrarily, overexpressed S100A8 is more abundant under starvation
conditions than under basal conditions. These differences in the protein
levels of RAB5C-FLAG and S100A8-FLAG induced by the absence of
amino acids in the medium could explain the changes observed in the
interactions. We did not assess how MFN1 interactions are affected by
changes in nutrient availability and neither if these changes occur as

reflected by MS data.
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4.6.5. SLC27A2 interacts with MFN2

Another protein that could play a role in autophagy and could be
key to the understanding of the function of MFN2 in autophagy is
SLC27A2. Recently, a study published in yeast revealed that Faal, a
yeast homologue of SLC27A2 1%, is necessary for fatty acid supply to de
novo phospholipid synthesis during phagophore expansion . SLC27A2
potentially interacted with MFN2 and not with MFN1, and was enriched

upon starvation treatment and not in basal conditions (Figure 39A).
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Figure 39. SLC27A2 interacts with MFN2 under starvation conditions.
(A) Dot plot generated with ProHits visualization tool of SLC27A2 results. Dot
color intensity refers to the average number of unique peptides of a protein
found in the 3 biological replicates of the experiment. Dot size represents the
relative abundance of each interactor across all the HA-IPs. Line color stands
for the statistical significance with which each protein was found. (B) FLAG-
IP of overexpressed SLC27A2-FLAG in HeLa cells under starvation conditions.
FLAG, MFN1 and MFN2 immunoblots of input and eluate (IP) fractions are

shown. N=6.
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SLC27A2-FLAG was overexpressed in HeLa cells and FLAG-IP was
carried out after one hour of EBSS treatment. MFN2 was observed to
immunoprecipitate with SLC27A2 (Figure 39B). We did not assess
whether MFN1 interacts with SLC27A2.

We also analyzed whether there were differences in the interaction
between MFN2 and SLC27A2 when cells were grown for 1 hour in the
absence of amino acids and serum. SLC27A2-FLAG was overexpressed
and then cells were treated or not with EBSS medium for 1 hour. FLAG-
[P was performed and the presence of MFN2 in the eluate was analyzed
(Figure 40). We observed that MFN2 was able to interact with SLC27A2
under basal and starvation conditions. The signal of MFN2 in the eluate
fraction was similar in basal and starvation conditions. Nevertheless,
the levels of SLC27A2-FLAG were decreased upon nutrient deprivation.
This could implicate increased interaction of MFN2 and SLC27A2-FLAG

under starvation conditions.
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EBSS - - + - -+

MFN2 signal value 0.0 1.0 1.0
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Figure 40. MFN2 interacts with overexpressed SLC27A2 under basal and

starvation conditions. FLAG-IP of overexpressed SLC27A2-FLAG under basal
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and starvation conditions achieved by 1 hour of EBSS treatment. FLAG and
MFN2 immunoblots of input and eluate (IP) fractions are shown. The values of
MFN2 antibody signal were quantified for the IP fractions and FLAG signal was

quantified in the input fraction. N=2.

4.6.6. AGO2 and FXR1 interact with MFN1 and MFN2

As mass spectrometry data showed that RNA-binding proteins were
an important part of the potential interactors of MFN1 and MFNZ2,
two of these proteins, AGO2 and FXR1 (Figure 41A), were chosen for
validation by co-immunoprecipitation. AGOZ2 is a protein that is present
in P-bodies, which are membraneless structures composed of RNA and
proteins. P-bodies can appear juxtaposed to mitochondria 3. When
mitochondrial function is impaired, AGO2 fails to localize in P-bodies
31, FXR1 is part of stress granules ¥/, which are cytosolic membraneless
structures integrated by RNA and proteins. From cells endogenously
expressing MFN1-HA and MFN2-HA, MEN1 and MFN2 were respectively
Immunoprecipitated using HA-beads. AGO2 and FXR1 were detected
with specific antibodies. We observed that endogenous AGO2 and FXR1
co-immunoprecipitated with MFN1 and MFN2 (Figure 41B). We did not

perform these experiments under starvation conditions.
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Figure 41. AGO2 and FXR1 interact with MFN1 and MFN2. (A) Dot plot
generated with ProHits visualization tool of AGO2 and FXR1 results. Dot color
intensity refers to the average number of unique peptides of a protein found
in the 3 biological replicates of the experiment. Dot size represents the relative
abundance of each interactor across all the HA-IPs. Line color stands for the
statistical significance with which each protein was found. (B) HA-IP of MFN1-
HA and MFN2-HA cells. HA, AGO2 and FXR1 immunoblots of input and eluate

(IP) fractions and Ponceau staining of input fractions are shown. N=1.

4.7. Further functional validation of some novel
interactors of MFN1 and MFN2

4.7.1. Mitochondrial effects of RAB5C ablation

4.7.1.1. RAB5C is necessary for MFN1 protein expression and
mitochondrial morphology maintenance

By using a commercially available CRISPR/Cas9 system, RAB5C was
depleted from HeLa cells (Figure 42A). In this cellular model, the levels
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of expression of MFN1 and MFN2 were assessed (Figure 42B). A 50%
decrease of MFN1 was observed in RAB5C KO cells. Nevertheless, the
levels of MFN2 in RAB5C KO cells were not significantly changed.
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Figure 42. RAB5C KO cells show decreased MFN1 levels as WT cells.
(A) Western blot of RAB5C in WT HeLa cells and in RAB5C KO HeLa cells. (B)
Representative western blot and quantification of MFN1 and MFN2 protein
levels in RAB5C KO cells and WT cells. N=6. MFN1 data passed Saphiro-Wilk
normality test and data were compared using T-student paired test. MFN2 data
did not pass Saphiro-Wilk normality test and Wilcoxon test was applied to

determine statistical significant differences. * represents p-values < 0.05.

To know whether the changes observed occurred at the protein level or
were a consequence of differential gene expression, gene expression of
MFN1 and MFN2 was analyzed (Figure 43). No significant differences
between RAB5C KO cells and WT cells were detected.
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Figure 43. RAB5C KO cells have equal MFN1 and MFN2 gene expression as
WT cells. Relative mRNA levels of MFN1 and MFN2 in WT and RAB5C KO cells.
MFN1 data passed Saphiro-Wilk normality test and data were compared using
T-student paired test. MFN2 data did not pass Saphiro-Wilk normality test and

Wilcoxon test was applied to determine statistical significant differences.

Given the drop in MFN1 protein levels, the next step was to analyze
mitochondrial morphology. By staining mitochondria with the specific
probe Mitotracker green, we observed a more fragmented mitochondrial
network in RAB5C KO cells than in WT cells (Figure 44A). RAB5C KO cells
were fixed and stained with an antibody against TOM20. Mitochondrial
morphology was assessed by classifying the cells in three categories
according to the predominant morphology of their mitochondria:
elongated, short or oval. RAB5C ablated cells showed a decreased amount
of cells with elongated mitochondria and an increase in the quantity of

cells with predominantly oval mitochondria (Figure 44B).
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Figure 44. RAB5C KO cells show have more fragmented mitochondria
than WT cells. (A) Representative images of live WT and RAB5C KO cells.
Mitochondria were labeled during 30 minutes with 100 uM MitoTracker
Green. Red arrows indicate fragmented mitochondria. Scale bar = Sum. (B)
Quantification of mitochondrial morphology in fixed cells stained with an
antibody against TOM20. Scale bar: 5 uym. Percentages of each category of cells
(elongated, short, oval) per experiment are represented in the bar chart. Three
experiments were performed and >120 cells were counted per cell line per
experiment. Data passed Saphiro-Wilk normality test. Results of RAB5C KO cells
were compared with the results of WT cells using unpaired T-test. * represents

p-values < 0.05.
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4.7.1.2. RAB5C KO cells have less mitochondrial mass and
mtDNA nucleoids

To further assess the mitochondrial phenotype of RAB5C KO cells,
TOM?20 levels, mitochondrial mass and mtDNA nucleoids number were
measured. We found that the levels of TOM20 were decreased by a 50%
in RAB5C KO cells compared to WT cells.

TOM20

WT RAB5C KO

- —— W e s e | TOM20

Ponceau

Relative protein levels

Figure 45. TOM20 protein levels are decreased in RAB5C KO. TOM20
western blot of total protein homogenates from WT and RAB5C KO cells and
protein levels quantification. N=6. Data passed Saphiro-Wilk normality test

and paired T-test was applied to compare WT and RAB5C KO results.

Mitochondrial mass was determined in living WT and RAB5C KO cells
after labeling mitochondria with Mitotracker green and using flow
cytometry to measure fluorescence. RAB5C KO cells showed a slight

decrease (5%) of mitochondrial mass (Figure 46).
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Figure 46. Mitochondrial mass is decreased in RAB5C KO cells. Detected
fluorescence after 30 minutes treatment with 100 pyM MitoTracker Green
staining of mitochondria and FACS analysis. N=6. Data passed normality

Saphiro-Wilk test and T-test was performed.

The number of mtDNA nucleoids was determined in fixed cells after
staining cellular double stranded DNA with a specific antibody and
counting 3D objects stained with this antibody outside the nucleus.
Mitochondrial DNA nucleoids were decreased by a 65% in RAB5C KO
cells compared to WT cells (Figure 47).

WT RAB5C KO mtDNA nucleoids

mtDNA

400
300
200

Number of nucleoids

Figure 47. RAB5C KO cells have less mtDNA nucleoids than WT cells.
Representative images of mtDNA nucleoids in WT and RAB5C KO cells and
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quantification. WT N=24 cells and RAB5C KO N=17 cells. Data did not pass
Saphiro-Wilk test and Mann-Whitney analysis was performed to compare the

data. * represents p-values < 0.05.

4.7.1.3. Bafilomycin treatment results in accumulation of
mtDNA nucleoids

Next, we wondered whether the changes observed in mitochondrial
mass and mtDNA nucleoids were due to a process of mitochondrial
degradation that was increased in RAB5C KO cells. To confirm whether
mitochondrial degradation was more active in RAB5C KO cells, mtDNA
nucleoids were measured after 1 hour of Baf Al treatment (Figure 48).
In WT cells, no significant changes were observed after bafilomycin
treatment. Nevertheless, in RAB5C KO cells the number of nucleoids was

increased after the treatment.

WT RAB5C KO
Basal Baf A1 Basal Baf A1
mtDNA

mtDNA nucleoids

400 1 wT
RAB5C KO

Nucleoids per cell
=)
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%
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Figure 48. RAB5CKO cells accumulate mtDNA nucleoids upon bafilomycin
treatment. Representative images of mtDNA nucleoids staining in WT and
RAB5C KO HeLa cells in basal and after 1 hour of treatment with 200 nM
bafilomycin (Baf A1) and quantification of the number of nucleoids. Scale bar:
5 pm. WT basal N=22 cells, WT Baf A1 N=20 cells, RAB5C KO basal N=17 cells,
RAB5C KO Baf A1 N=22 cells. Outlier test was performed and outliers were
removed. Data did not pass Saphiro-Wilk normality test and Mann-Whitney
test was used to compare WT and RAB5C KO data. * and # represent p-values <

0.05. * is used for WT vs. RAB5C KO. # is used for basal vs. Baf A1l.

4.7.1.4. Genes implicated in mitochondrial clearance are
upregulated in RAB5C KO cells

AfterobservingthatmtDNAnucleoidswereaccumulatedwithbafilomycin
treatment in RAB5C KO cells, we wondered whether mitochondria could
be undergoing a process of mitophagy. The expression of the mitophagy
related genes PINKI and PARK2 was analyzed (Figure 49A) as well as
PINK1 protein levels (Figure 49B). PINK1 and PARK2 were upregulated
In RAB5C KO cells. PINK1 protein levels were also increased in these

cells.
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Figure 49. RAB5C KO cells have increased levels of mitophagy genes. (A)
qPCR assessment of PINK1 and PARK2 expression levels in WT and RAB5C KO
cells. N=6. Data passed Saphiro-Wilk normality test and paired T-test was used
to compare WT and RAB5C KO results. (B) PINK1 immunoblot of total protein
homogenates of WT and RAB5C KO cells and quantification of protein levels.
N=6. Data passed Saphiro-Wilk normality test and paired T-test was used to

compare WT and RAB5C KO results. * represents p-values < 0.05.

4.7.1.5. Bafilomycin treatment increases co-distribution of
mtDNA and endosomes in RAB5C KO cells

To further determine through which cellular compartment mitochondria
of RAB5C KO cells were eliminated, co-localization of mtDNA with

autophagosomes was analyzed (Figure 50 and Figure 51).
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WT RAB5C KO
Basal Baf A1 Basal Baf A1

Figure 50. LC3B and dsDNA co-distribute equally in RAB5C KO and WT
cells (I). Representative images of WT and RAB5C KO cells in basal conditions
and treated with 200 nM bafilomycin (Baf A1) for 1 hour. Cells were fixed after

treatment and stained with antibodies against dsDNA and LC3B.

Pearson’s coefficient was used to determine the differences between WT
cells and RAB5C KO cells in co-distribution levels of mtDNA and LC3
(Figure 51). The co-distribution of mtDNA and autophagosomes was the
same in RAB5C KO cells as in WT cells both under basal and bafilomycin

treatment conditions.
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Figure 51. LC3B and dsDNA co-distribute equally in RAB5C KO and WT
cells (II). Quantification of LC3B and dsDNA co-distribution in WT and RAB5C
KO cells. Pearson’s coefficient was calculated for each image of a single cell. WT
basal N=21 cells, WT Baf A1 N=20 cells, RAB5C KO basal N=21 cells, RAB5C KO
Baf A1 N=20 cells. Outlier test was performed and outliers were removed. Data
passed Saphiro-Wilk normality test and unpaired T-test was used to compare

results. # represents p-values < 0.05. # is used for basal vs. Baf Al.

Sincenochangesin LC3 and mtDNA co-distribution were detected neither
in basal conditions nor after bafilomycin treatment between RAB5C
KO cells and WT cells, we considered the possibility of mitochondrial
degradation through a different compartment. Thus, the co-localization
of mtDNA with early endosomes was analyzed (Figure 52 and Figure 53).
Pearson’s coefficient of mtDNA-EEA1 co-distribution was obtained in
WT and RAB5C KO cells in basal and bafilomycin treatment conditions.
We observed increased co-distribution of EEA1 with mtDNA in RAB5C
KO cells both in basal conditions and after bafilomycin treatment. This
could indicate that mitochondrial degradation associated to the lack of

RABS5C occurs through endosomes.
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Figure 52. EEA1 and dsDNA co-distribute more in RAB5C KO than in WT
cells (I). Representative images of WT and RAB5C KO cells in basal conditions
and treated with 200 nM bafilomycin (Baf A1) for 1 hour. Cells were fixed after

treatment and stained with antibodies against dsDNA and EEA1.
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Figure 53. EEA1 and dsDNA co-distribute more in RAB5C KO than in WT
cells (II). Quantification of EEA1 and dsDNA co-distribution in WT and RAB5C
KO cells. Pearson’s coefficient was calculated for each image of a single cell. WT
basal N=19 cells, WT Baf A1 N=20 cells, RAB5C KO basal N=20 cells, RAB5C KO
Baf A1 N=21 cells. Outlier test was performed and outliers were removed. Data
passed Saphiro-Wilk normality test and unpaired T-test was used to compare

results. * and # represent p-values < 0.05. * is used for WT vs. RAB5C KO. # is
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used for basal vs. Baf A1l.

4.7.2. Mitochondria locate in close proximity to AGOZ2
positive and G3BP1 positive structures

After validating the interaction of MFN1 and MFN2 with FXR1 and
AGO2, we wondered whether it could be possible that this is part of an
interaction between mitochondria and RNA related structures. AGO2 is
frequently associated with processing bodies (P-bodies) and FXR1 often
appears in stress granules. In order to determine if mitochondria are in
close proximity with RNA-related structures, AGO2-GFP or G3BP1-GFP
were overexpressed and mitochondria were labeled with Mitotracker
Deep Red. G3BP1 is a protein that is found in stress granules ” and CLUH
granules * and that we identified in the mass spectrometry analysis

(Figure 34).

AGO2-GFP

Figure 54. Mitochondria interact with AGO2 containing structures.
Representative images of mitochondria and AGO2-GFP. AGO2-GFP was
overexpressed. Mitochondria were stained for 30 minutes with 100 nM

MitoTracker deep red. Scale bar = 5 pm.

Some of the AGO2-GFP bodies, presumably P-bodies, appeared in close
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proximity with mitochondria (Figure 54). Moreover, a part of the G3BP1-

GFP positive structures were juxtaposed to mitochondria (Figure 55).

Figure 55. Mitochondria interact with G3BP1 containing structures.
Representative images of mitochondria and G3BP1-GFP. G3BPI-GFP was
overexpressed. Mitochondria were stained for 30 minutes with 100 nM

MitoTracker deep red. Scale bar = 5 pm.
4.7.3 Consequences of SLC27A2 deficiency in autophagy

4.7.3.1. Deficiency of SLC27A2 or MFN2 decreases LC3B
autophagic flux in starvation and autophagosome formation
SLC27A21isamembrane fatty acid transporter and an acyl-CoA synthetase
of very long chain and long chain fatty acids. It is localized in the ER,
the plasma membrane and peroxisomes. SLC27A2 is a mammalian
homologue of the yeast fatty acid transporter Faal '°¢ that activates fatty
acids for phospholipid synthesis to be incorporated in the phagophore
26, We wondered whether the lack of SLC27A2 would have an impact on
amino acid starvation induced autophagic flux similar to that of MFN2
deficiency. We transiently silenced MFN2 and SLC27A2 (Figure 56A) and
treated the silenced cells for 1 hour with starvation medium or with

starvation medium and Bafilomycin (Figure 56B). The levels of LC3B-II
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were assessed and the starvation autophagic flux was determined.
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Figure 56. Silencing of MFN2 and SLC27A2 impairs LC3B-II autophagic
flux. (A) Immunoblots of siRNA mediated silencing of MFN2 and SLC27A2. (B)
LC3B-II immunoblot in basal conditions, after 1 hour of starvation treatment
and after 1 hour of starvation treatment and 200 nM bafilomycin (Baf A1) of cells
in which MFN2 or SLC27A2 were silenced. (C) LC3B-II starvation autophagic
flux of siCtrl, siMFN2 and siSLC27A2 (siSLC) treated cells. siCtrl N=8, siMFN2
N=3, siSLC27A2 N=7. Outlier test was performed and outliers were removed.
Data passed Saphiro-Wilk test and T-test was performed to compare results. *

represents p-values < 0.05.

LC3B-II starvation autophagic flux was decreased in the absence of
MFN2 and SLC27A2. MFNZ2 silencing had a bigger impact in autophagic
flux impairment than SLC27A2 silencing.

Next, the capacity of MFN2 and SLC27A2 deficient cells to form

181°¢



4 | Results

autophagosomes during nutrient deprivation was analyzed. Cells were
starved for 1 hour, then fixed and stained with an antibody against

LC3B (Figure 57).

siCtrl siMFN2 siSLC27A2

Basal

Starvation

Figure 57. Decreased starvation induced autophagosome formation in
MFN2 and SLC27A2 silenced cells (I). Representative images of LC3B staining
in siCtrl, siMFN2 and siSLC27A2 treated cells in basal conditions and starved

for 1 hour with EBSS. N250 cells per experimental condition.

Confocal microscopy revealed that the deficiency of MFN2 and SLC27A2
results in impaired autophagosome formation although cells are still
able to respond to starvation stimulus to form autophagosomes (Figure

58).
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Figure 58. Decreased starvation induced autophagosome formation in
MFN2 and SLC27A2 silenced cells (II). Quantification of the number of LC3B
puncta in basal and starvation conditions. Data did not pass normality test and
Mann-Whitney was used to compare the results. * and # represent p-values
< 0.05. * is used for siCtrl vs. siMFN2 or siSLC27A2. # is used for basal vs.

starvation.

4.7.3.2. SLC27A2 is degraded by autophagy during starvation

Knowing that SLC27A2 could contribute to autophagosome formation,
nextstep wasto determine whether SLC27A2 wasremoved by autophagy.
HeLacellswere subjected toautophagy induction by starvation treatment
in combination or not with blockage of autophagosome degradation
with bafilomycin (Figure 59). We observed that, upon starvation in
combination with bafilomycin treatment, SLC27A2 was accumulated.
Moreover, although not statistically significant, we observed a trend

towards a decrease of SLC27A2 upon nutrient deprivation.
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Figure 59. SLC27A2 is degraded with starvation induced autophagy. (A)
SLC27A2 immunoblot of cells untreated, treated with bafilomycin (Baf A1),
with 1 hour of starvation (EBSS) and with 1 hour of starvation and EBSS. (B)
Quantification of SLC27A2 protein levels in these conditions. N=5. Data were
subjected to Saphiro-Wilk test to assess normality and compared to basal control
using T-test or Wilcoxon test depending on their normality. Basal and Basal +
Baf A1 were compared with Wilcoxon test. Basal and Starvation + Baf A1 were
compared using T-test. Starvation and Starvation + Baf A1 were compared with

T-test. * represents p-values < 0.05.

4.7.3.3. SLC27A2 deficiency modifies the autophagic fluxes of
LC3B-II, P62 and GABARAP in basal and starvation conditions

After observing that SLC27A2 deficiency impairs starvation LC3B-
II autophagic flux, basal LC3B-II flux of SLC27A2 silenced cells was

analyzed (Figure 60).
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Figure 60. Silencing of SLC27A2 impairs starvation autophagic flux of
LC3B-II more than basal autophagic flux. (A) LC3B western blot of siCtrl
and siSLC27A2 treated cells in basal conditions and starved for 1 hour with and
without bafilomycin (Baf A1). (B) Quantification of LC3B-II basal and starvation
autophagic fluxes. Basal flux N=3, starvation flux N=7. Normality of the data
was determined with Saphiro-Wilk test and T-test was used to compare siCtrl
and siSLC27A2 autophagic fluxes. * and # represent p-values < 0.05. * is used

for siCtrl vs. siSLC27A2. # is used for basal vs. starvation.

While starvation autophagic flux of LC3B-II was decreased in silenced
cells, we observed a trend towards an increase in basal autophagic flux
of LC3B-II in silenced cells, although this difference was not statistically

significant.
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To further determine how autophagy was influenced by the absence
of SLC27A2, autophagic fluxes of GABARAP and P62 were analyzed
(Figure 61). We observed that basal and starvation autophagic fluxes
were abrogated upon SLC27A2 ablation, nevertheless the number of

experiments was not sufficient to perform any statistical test.
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Figure 61. Silencing of SLC27A2 impairs basal and starvation autophagic
fluxes of P62 and GABARAP. P62 and GABARAP immunoblots of siCtrl and
siSLC27A2 treated cells in basal conditions and starved for 1 hour with and

without bafilomycin (Baf A1). N=2.

Since SLC27A2 is localized in the ER, its absence could result in ER
damage and degradation by ER-phagy independent of p62 and GABARAP
under basal conditions. Nevertheless, we have not further investigated

this hypothesis.

4.7.3.4. SLC27A2 interacts with proteins involved in the
expansion of the phagophore

Subsequently, taking into account that Faal plays a role in phagophore
expansion, we assessed if SLC27A2 could interact with autophagy related
proteins and more specifically with proteins involved in the initial steps

of autophagy (Figure 62A).

¥ 186



Initiation

Preautophagosomal
structure

ATG14 BECN1

* CQ.

ULK1 complex

PI3K-IIl complex |

Nucleation

GABARAP

LC3 M

Phagophore
*

Expansion

ATGS8 proteins lipidation
ATG8-I proteins

v O

ATG16L

>

ATG8-lipidation complex %
PE

Results | 4

B 30% IP Input
SLC27A2-FLAG -+ -+

ULKA1

BECN1

ATG14

ATG16L

LC3B-I

LC3B-II

GABARAP-|

GABARAP-II

FLAG

C

30% IP Input
SLC27A2-FLAG - + + . + o+
EBSS - - + - -+
ATG2A H-g
e | -

ATG8-Il proteins
Lc3 cABARAP (%)

D

Figure 62. SLC27A2 interacts with proteins involved in the expansion

of the phagophore. (A) Schematic view of early stages of autophagosome

formation. (B) FLAG-IP of overexpressed SLC27A2-FLAG in HeLa cells. ULKI,
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BECN1, ATG14, ATG16L1, LC3B, GABARAP and FLAG immunoblots of eluate (IP)
and input fractions are shown. N=1. (C) FLAG-IP of overexpressed SLC27A2-
FLAG in HeLa cells. ATG2A and FLAG immunoblots of eluate (IP) and input

fractions are shown. N=4.

SLC27A2-FLAG was overexpressed in HeLa cells, cells were starved for
one hour and immunoprecipitation using beads coupled to an antibody
against FLAG was performed. In the eluate, we searched for the
presence of ULK1, BECN1 and ATG14, which are related to autophagy
Initiation, and for ATG16L1, LC3B and GABARAP, which participate in
the elongation of the phagophore (Figure 62B). SLC27A2 interacted with
proteins necessary during phagophore expansion (ATG16L1, LC3B and
GABARAP) and not with the selected proteins from previous stages of
autophagy. Interestingly, SLC27A2 interacted with the lipidated forms of
LC3B and GABARAP and not with the non-lipidated versions. Moreover,
since one of the proteins that transfer phospholipids into the forming
autophagosome membrane is ATG2A, we explored whether SLC27A2
was able to interact with ATG2A under basal and starvation conditions
(Figure 620). In both cases, SLC27A2-FLAG co-immunoprecipitated with
ATG2A, which could mean that this interaction does not depend on the

nutrient availability of the cell.

4.7.3.5. LC3 and GABARAP puncta colocalize with SLC27A2

To further validate the interaction of SLC27A2 with LC3 and GABARAP, the
co-distribution of these markers with SLC27A2 was analyzed. SLC27A2-
FLAG was overexpressed and cells were fixed and immunostained with

antibodies against FLAG and LC3 or GABARAP. Cells were visualized by
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confocal microscopy (Figure 63A and B) and Mander’s coefficients of
LC3 or GABARAP puncta were calculated for each cell. We observed that
around 40% of the LC3 (Figure 63C) and GABARAP (Figure 63D) puncta
co-localized with SLC27A2-FLAG under basal conditions.
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Figure 63. Some LC3 puncta and some GABARAP puncta co-localize with
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SLC27A2-FLAG. (A) Representative images of a cell overexpressing FLAG-
SLC27A2 stained with FLAG and LC3B antibodies. A threshold of 2000 AU
was applied to LC3B signal to only show LC3B puncta. Scale bar: 5 ym. (B)
Representative images of a cell overexpressing FLAG-SLC27A2 stained with
FLAG and GABARAP antibodies. A threshold of 4000 AU was applied to LC3B
signal to only show GABARAP puncta. Scale bar: 5 um. (C) Quantification of
LC3B co-distribution with SLC27A2-FLAG. N=23 cells. (D) Quantification of
GABARAP co-distribution with SLC27A2-FLAG. N=29 cells.

Moreover, Pearson’s correlation coefficients were calculated to determine
to which extent the signals of FLAG and LC3B or GABARAP co-distribute
(Figure 64). A correlation of around 0.8 out of 1 was observed for L.C3
and GABARAP with FLAG, which indicates a good co-distribution of

these signals.

Autophagosomes-SLC27A2

0.9

Pearson's coeficient (AU)

Autophagosomal marker

Figure 64. Autophagosomal markers’ signals correlate with SLC27A2-
FLAG signal. Pearson’s coefficient of LC3B co-distribution with SLC27A2-FLAG
and GABARAP co-distribution with SLC27A2-FLAG. LC3B N=23 cells, GABARAP
N=29 cells.
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4.7.3.6. SLC27A2 contains evolutionarily conserved LIR
domains

Given the possibility of a direct interaction of SLC27A2 with LC3 and
GABARAP, we assessed whether SLC27A2 contains any domain of
interaction with those proteins. It is known that ATG8-family proteins
bind to domains of four amino acids that begin with tryptophan,
phenylalanine or tyrosine and end with leucine, valine or isoleucine.
These domains are known as LIR motifs. SLC27A2 amino acid sequence
was analyzed in order to find potential LIRs (Figure 65). We observed
that SLC27A2 contains 14 potential LIR domains. Interestingly, we

noticed the presence of a region with 3 consecutive LIR motifs.

MLSAIYTVLAGLLFLPLLVNLCCPYFFQDIGYFLKVAAVGRRVRSY 46
GKRRPARTILRAFLEKARQTPHKPFLLFRDETLTYAQVDRRSNQVA 92
RALHDHLGLRQGDCVALLMGNE PAYVWLWLGLVKLGCAMACLNYNT 138
RAKSLLHCFQCCGAKVLLVSPELQAAVEEILPSLKKDDVSIYYVSR 184
TSNTDGIDSFLDKVDEVSTEPIPESWRSEVTFSTPALYIYTSGTTG 230
LPKAAMITHORIWYGTGLTFVSGLKADDVIYITLPFYHSAALLIGI 276
HGCIVAGATLALRTKFSASQFWDDCRKYNVTVIQYIGELLRYLCNS 322
POKPNDRDHKVRLALGNGLRGDVWRQFVKRFGDICIYEFYAATEGN 368
TGFMNYARKVGAVGRVNYTLQKKT ITYDLIKYDVEKDEPVRDENGYC 414
VRVPKGEVGLILVCKITQLTPFNGYAGAKAQTEKKKLRDVFKKGDLY 460
FNSGDLLMVDHENFIYFHDRVGDTFRWKGENVATTEVADTVGLVDE 506
VQEVNVYGVHVPDHEGRIGMAS IKMKENHEFDGKKLFQHIADYLPS 552
YARPRFLRIQDTIEITGTFKHRKMTLVEEGFNPAVIKDALYFLDDT 598
AKMYVPMTEDIYNAISAKTLKL 620

Figure 65. Human SLC27A2 contains 14 LIR motifs. Amino acid sequence
of human SLC27A2. LIR domains are displayed in green. The region with 3

consecutive LIR motifs is highlighted with a red rectangle.

In order to assess if any of these potential LIR motifs could be more

relevant for the interaction of SLC27A2 with ATG8-family proteins,
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we hypothesized that it should be evolutionarily conserved. We used
ClustalW 222to align the human sequence of SLC27A2 with those of several
species including Drosophila melanogaster, Danio rerio, Gallus gallus,
Xenopus laevis, Gorilla gorilla, Mus musculus, Rattus norvegicus (Figure
66). We observed that almost all the LIR domains are evolutionarily
conserved among these species. To assess how important these domains
are for the interaction of SLC27A2 with ATGS8 proteins, it would be
necessary to perform site directed mutagenesis followed by co-IP of the

SLC27A2 mutants with LC3 and GABARAP.
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Droscophila PSAPHDRNHQVRMVFGNGLRPQIWPQFVERFGIRKVGEFYGATEGNANIMNNDS TVGAIG 476
Danio PERENDRQHSVRLALGNGIRAETWREFLRAFGDVRVCECYGATEGNIGFFNYTGKIGSIG 376
Gallus PRRANDREHGVRLAIGNGLRATVWKEF LQRFGPIFISEFYGATEGNAGF INYTGKIGAVG 381
Xenopus PKSDDDASHNVRMAIGNGLRTOVWSEF LRAFGEVRIYEFYASTEGNVAFVNY TNIVGSVG 382
Homo PQKPNDROHKVRLALGNGLRGOVWROFVERFGDICIYEFYAATEGNIGFMNYARKVGAVG 382
Gorilla PQEPNDRDHKVRLALGNGLRGDVWRQFVKRFGDICIYEFYAATEGNIGFMNY ARKVGAVG 382
Mus PQEPNDRDHKVEKALGNGLRGIVWREF IKRFGDIHVYEFYASTEGNIGFVNYPREIGAVG 382
Rattus PQKPNDRDHRVKIﬁLGNGLRGDVhREFIKFFGDIHIYEFYASTEGNIGFMNYPRKIGAVG 382
.* * ‘f " .'-H‘H-l = * :ﬂh‘: EEE : * :N.:Hsa"l :‘=l= :i!::’-l
Drosophila FISRILPOIYHISITKADPHTGEPLRNSQGLCERCEADEPGYFVGKIVRGNPCREFLGYV 536
Danio RVSAIHKMLFHYAF K FDPEKEEPVRGSDGLCYVEAAPGETGLLVAKIHKLAPFEGYAKN- 435
Gallus RVNWFLKAFAYFELKYNYEEDEPVRNEHGFCIRVRPGETGLLVIKITKSTPFHGYAGD- 448
Xenopus RVSKFDEVLHYYDF K YDIEKDEPVRDAKGFCIKACKGOPGLLLCKISSMSPFEGYAGD- 441
Homo RVNY LQKKIITYDLIKYDVEKDEPVRDENGYCVRVPKGEVGLLVCKITQLTPFNGYAGA- 441
Gorilla RVNY LQKKIITYDLIKYDVEKDEPVRDENGYCIRVPKGEVGLLVCKITQLTPFNGYAGA- 441
Mus RANY LOREVARYELIKYDVEKDEPVRDANGYCIKVPKGEVGLLVCKITQLTPFIGYAGG- 441
Rattus RENY LQKKVVHHE LI YDVEKDEPVRDANGY CIKVPKGEVGLLICKITELTPFFGYAGG- 441
- »a® . ¥R = = x Faa.a. BE * -
Drosophila DQKASSKKNVVHDVFSKGDMAFISGDLLVADERGYLYFEDRTGDTF RWKGENVSTSEVEAQ 596
Danio -STQTEKKRLROVFQRGDMYFNTGDLI LADRQGFLYFQDRIGDTF RWKGENVATTEVSET 494
Gallus -SQKTEKKILRDVFVEGDAF FNSGDL LMMDQEKFLYFQDRVGDTF RWKGENVATTEVEAT 499
Xenopus -KHKTERKILRDVFREGDVYFNSGDLLTVDQQONF IYFHDRVGDTF RWKGENVATTEVADI 588
Homo -KAQTEKKKLRDVFKEGDLYFNSGDLLMVDHENF IYFHDRVGDTF RWKGENVATTEVADT 588
Gorilla -KAQTEKKKLRDVFKEGDLYFNSGDL LMVDHENF IYFHDRVGDTF RWKGENVATTEVADT 588
Mus -KTQTEKKKLRDVFKKGDIYFNSGDL LMIDRENFVYFHDRVGDTF RWKGENVATTEVADI 568
Rattus —KTQTEKRKLRDVFKKGDVYFNSGDLLHIDRENFIYFHDRVGDTFRMKGENVATTEVADI 588
sk aakEE L EE R LkEEL  F L kk, kR EEEEEEkEkEdk,E.EE
Drosophila LSMLAGYEDVIVYGVSIPNTEGRAGMAATY -DPTREVNVSQUGVELRKSLPNYARP 655
Danio LLMLDCI EAANVYGVTWVPGHEGRVGMAALQL TDGMEFDGSAAYEHMKNLLPAYARPRF IR 554
Gallus LAMVDFIQEVNVYGVPVPGCEGKCGMAAVRLKPGQSFDGESLYYTFTROTLPIYAAPRFVR 559
Xenopus LGVWNFIQEVNVYGQVAVPNHEGRIGMAALILYDEDVFDGRKLYYSHVRDFLPNYARP 568
Homo VGLVDFVQEVNVY GVHVPDHEGRIGMAS IKMKENHEFDGKKYFQHIRDYLPSYARPR 568
Gorilla VGLVDFVQEVNVYGVHVPDHEGRIGMASIKMK ENHEFDGKKYFQHIRDYLPSYARPR 568
Mus VGLVDFVEEVNVYGVPVPGHEGRIGMAS LKIKENYEFNGKKYFOHIREYLPSYARPR) 568
Rattus VGLVDFVEEVNVYGVPVPGHEGRIG“HSIKHKENYEFNGKKLFQHISEYLPSYSRPR 568
*EkE Lk Rk, kkE, .: L kE K, E.E.E
Droscphila FLREIDLTGTFKLRKVELQQQGFNPEIIDDELFYAQ-PDGVYAPLTPSWYERIWRNELRF 714
Danio IREELRLTGTFKQVKVQLVQEGFDPNSTRDRLF IMEENQQTFVPLTEEIFSAITAGRTRL 614
Gallus IPNVLEITGTFKQCKGNLVKEGFDPNIITDPLFFROEKKKSYVPMNPNIYANI] DGSLNL 619
Xenopus IPNSMDITGTFKQRKVGLAKEGFDPAIISDPLYFLDERERKYVPMTOTIYEDIKMKRIKL 628
Homo IPDTIEITGTFKHRKMTLVEEGFNPAVIKDALYFLDDTAKMYVPMTEDIYNAIRAKTLKL 628
Gorilla IPDTIEITGTFKHREKMTLVEEGFNPAVIKDALYFLDDTAKMYVPMTEDIYNAIRAKTLKL 628
Mus IRDTIEITGTFKHRKVTLMEEGFNPTVIKDTLYFMDDAEKTFVPMTENIYNAILDKTLKL 628
Rattus IRDTIEITGTFKHRKVTLMEEGFNPSVIKDTLYFMODTEKTYVPMTEDIYNATI[IDKTLKL 628

o EEE R = * «okk.E = =, . o . E3

Figure 66. SLC27A2 LIR motifs are evolutionarily conserved. Clustalw
alignment of SLC27A2 sequences of different species (Drosophila melanogaster,
Danio rerio, Gallus gallus, Xenopus laevis, Homo sapiens, Gorilla gorilla, Mus
musculus, Rattus norvegicus). LIR domains are shown inside black rectangles.
Amino acids are represented in different colors depending on their sidechains:

red stands for small and hydrophobic sidechains (A, V, F, P, M, I, L, W, Y), blue
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represents acidic side chains (D, E), purple is used for basic sidechains (R, K),
and green includes hydroxyl, sulfhydryl and amine sidechains and glycine (S,

T,Y, H,C N, G, Q).

4.7.3.7. Absence of SLC27A2 impairs MFN2 targeting by
autophagosomes

MFN2 is necessary at ER-mitochondria contact sites for autophagosome
formation. Thus, we hypothesized that LC3 could be able to target
cellular domains enriched in MFN2. Since we observed that SLC27A2 can
interact with ATG8-family proteins, we analyzed whether the ablation
of SLC27A2 could have an impact on LC3-MFN2 co-distribution (Figure
67). Cells were treated with a siRNA specific for SLC27A2, subjected
to 1 hour of starvation, fixed and stained with antibodies against LC3
and MFN2. Confocal microscopy was performed to determine whether
LC3 was able to reach MFN2 rich domains under basal and starvation
conditions and whether the absence of SLC27A2 had an impact on LC3-
MFN2 co-distribution. We observed that in basal conditions 30% of
LC3 puncta co-distributed with MFN2 signal in control cells. We also
noticed that the quantity of LC3 puncta that co-distributed with MFN2 in
those cells increased to a 55% under starvation conditions. Both, under
basal and starvation conditions, co-distribution of MFN2 signal and LC3
puncta was diminished in the absence of SLC27A2: 20% of LC3 puncta
co-distributed with MFN2 in basal conditions and 30% after 1 hour of

starvation.
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A

BASAL STARVATION
siCtrl siSLC27A2 siCtrl siSLC27A2

LC3-MFN2
100 #

Mander's coefficient (%)

Figure 67. Silencing of SLC27A2 results in impaired co-distribution of
LC3B and MFN2. (A) Representative images of cells treated with control or
SLC27A2 specific siRNAs in basal or starvation conditions (1h EBSS) and stained
with antibodies against MFN2 and LC3B and with Hoesch. Scale bar: 5 um.
(B) Quantification of LC3B co-distribution with MFN2. siCtrl basal N=44 cells,
siSLC27A2 basal N=59 cells, siCtrl starvation N=37 cells, siSLC27A2 N=45 cells.

Data passed Saphiro-Wilk normality test and were compared using unpaired
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T-test. * and # represent p-values < 0.05. * is used for siCtrl vs. sSiSLC27A2. # is

used for basal vs. starvation.

4.7.3.8. MFN2 interacts with SLC27A2 and ATG2A in basal
and starvation conditions

According to our mass spectrometry data, MFN2 and SLC27A2 interact
under starvation conditions. We wanted to know whether MFN2
interacts with SLC27A2 under basal conditions and if MFN2 also
interacts with ATG2A. MFN2-HA HelLa cells were used for endogenous
[P of MFN2 with HA-beads (Figure 68).

80% IP 0.5% Input

WT  MFN2-HA WT  MFN2-HA
EBSS - -  + - T«

\"‘ — —\ SLC27A2

) \»—_-_,_\ ATG2A
o ==

Figure 68. MFN2-HA co-immunoprecipitates with SLC27A2 and ATG2A in

basal and starvation conditions. SLC27A2, ATG2A and HA immunoblots of
HA-IP of WT and MFN2-HA cells in basal conditions and upon 1 hour of EBSS
treatment. Eluate (IP) and input fractions are shown. Black arrows indicate the

bands corresponding to ATG2A. N=1.

We observed that MFN2 also interacts with SLC27A2 under basal
conditions. Nevertheless, to compare the interaction of MFN2 with
SLC27A2 under basal and starvation conditions and determine how
this interaction is influenced by nutrient availability we need more
experimental replicates. Moreover, we noticed that MFN2 was capable

to interact with ATG2 under basal and starvation conditions.
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5. DISCUSSION

5.1. Endogenous IP coupled to MS is a physiological
approach to identify MFN1 and MFN2 interactors

Most of the interactors of MFN1 and MFN2 have been described under
overexpressionconditions(Table4).Itisknownthat MFN2 overexpression
results in abnormal mitochondrial distribution in clumps around the
nucleus and induces cell death 2 The overexpression of MFN1 can
also cause aberrant mitochondrial distribution and morphology 19922,
Here, we edited HeLa cells with CRISPR/Cas9 technology with the aim
of generating MFN1 and MFN2 HA-tagged cell lines with endogenous
expression levels of MFN1 and MFN2. By applying this strategy, we
avoided artifacts of protein overexpression such as protein aggregation,
toxicity, mislocalization or organelle clumping. C-terminal tagging
of MFN1 and MFN2 was selected over N-terminal tagging in order to
prevent any interference between the HA-tag and the GTPase domain. By
targeting the HA-tag insertion to the C-terminal domain we also labeled
all the possible splicing variants of MFN1 and MFN2. We decided to use
HA-tag because it is a short tag (9 amino acids) and there are highly

specific antibodies for its detection and immunoprecipitation.

After transfecting the cells with the pSpCas9-gRNA plasmid and the
ssODN, around 10% of the cells expressed high amounts of GFP and
those were expanded until monoclonal cell lines were generated. From
these clones around 1 out of 10 had integrated the HA-tag sequence in

the genome. The estimated efficiency of our CRISPR/Cas9 system is 1%.

201°¢



5 | Discussion

Although yielding a relatively small number of HA-positive clones, the
main advantage of this strategy is that tedious cloning steps are avoided
by using a commercially available ssODN and that it is a cost-effective
approach. Moreover, selecting the cells that express GFP is more efficient
than puromycin selection, which can lead to non-specific puromycin

resistance or even to Cas9 integration in the genome.

Heterozygous cell lines expressing MFN1-HA or MFN2-HA atendogenous
levels were obtained. We tagged 50% of the expressed MFN1 protein
and 80% of the expressed MFN2 protein. We do not know how many
alleles of MFN1 and MFN2 are present in HeLa cells nor which of them
are preferentially expressed. Nevertheless, 50% HA-tagged MFN1 and
80% HA-tagged MFN2 were sufficient to perform HA-IP coupled to MS

analysis to identify novel interactors.

We validated that the introduction of an HA-tag in MFN1 and MFN2
did not affect MFN1 nor MFN2 expression, the expression of other
mitochondrial proteins nor mitochondrial morphology. Moreover,
these cells presented normal functioning autophagy and normal
mitochondrial hyperfusion. In all, these results demonstrated that
CRISPR/Cas9 mediated insertion of a short tag is a clean, effective and
simple strategy to develop a cellular model to perform biochemical

analyses under our experimental conditions.

Most of the known interactors of MFN1 and MFN2 have been discovered
under conditions of overexpression (Table 4). As we have previously
mentioned, overexpression of MFN1 and MFN2 leads to aberrant

mitochondrial morphology and distribution and in the case of MFN2
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can eventually result in cell death 199200223, Therefore, it is not possible
to ensure that the interactors described in conditions of MFN1 and
MEFN2 overexpression are occurring in the cell under physiological
conditions. We have also noticed that many of the interactors of MFN1
and MFN2 described to date have been characterized after solubilizing
the cells with Triton X-100 or NP-40. Those detergents, although being
non-ionic can be too harsh to preserve protein-protein interactions. As
revealed by our data, 1% Triton X-100 and 1% NP-40 are not able to
preserve the interaction between MFN1 and MFN2 to the same extent
as 1% CHAPS and 1% Digitonin. Moreover, in one of the first trials of
HA-IP followed by MS that we performed, we used 1% Triton X-100
and we could not observe any of the already known partners of MFN1
or MFN2 (data not shown). Digitonin has been widely used to study
mitochondrial complexes 211212224 gnd has already been applied to
reveal binding partners of MFN1 and MFN2 (Table 4). The interaction
of overexpressed MIB (VAT1 orthologue in Drosophila melanogaster)
with MFN1 and MFN2 was discovered after solubilizing HeL.a cells with
1% Digitonin 2. Moreover, in the study that described the interaction
between overexpressed SLC25A46 and MFN1/2, the cells were lysed
with 1 or 1.5% digitonin. Taking all these data into account, we chose
1% digitonin to solubilize the cells.

Table 4. MFN1 and MFN2 known interactors. Binding partners of MFN1
and MFN2 discovered by Co-IP. Experimental conditions in which Co-IP was
performed have been included: overexpression or endogenous expression of

MFN1 and MFN2 (O: Overexpression; E: Endogenous expression), detergent

contained in lysis buffer and cell type in which Co-IP was performed. High
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throughput screenings using BioID were excluded from this search.

Interactol’ MFN1 | MFN2 Expression Lysis buffer Cell or tissue
BAD ¢ X X (o} 2% CHAPS Hela
BAK 156 X X EO CHAPS Hela
BAT3 227 X X (o} 0.5% Triton X-100 Hela
BAX 226 X X (0] 2% CHAPS Hela
CADHS5 42 X (0] 1% Triton X-100 HLMVEC
CCNB1 X E 0.1% NP-40 Hela
CTNNB1 42 X (0] 1% Triton X-100 HLMVEC
DRP1 2% (6] 1% Triton X-100 BHK-21
elF5A 29 X E - Mouse VSMC
ERK 50 X (6] 6mM CHAPS MEF
GASZ 1 X (o} 1% Triton X-100 HEK293T
GP78 2%° X X (0] 1% Triton X-100 COsS-7
G-p2 ¢ X EO 1.5% DDM Hela
HDACS6 2 X X E 0.5% NP-40 MEF
HUWEL1 X (6] 0,6% Triton X-100 U20S
INK2 ¢ X (o] 0,6% Triton X-100 U20s
MARCHFS5 72 X EO 0,5% NP-40 HEK293T
MARCHF5 233 X (6] - Hela
MARCHF5 7* X (o} 1% NP-40 COS-7, Hela
MAVS 134 X EO 1% NP-40 HEK293T
MFN1 6 X (6] 1% Triton X-100 MEF
MFN1 8 X (o} 1% NP-40 MEF
MFN2 82 X (0] 1% NP-40 MEF
o T a
MGRN1 2 X E 0'1A11:'L°;I0100’ Hela
MIB (VAT1) 2% X X (0] 1% Digitonin Drosophila
MILTON1 2 X X (0] 1% Triton X-100 rat SEEZ:SJ;OM
MILTON2 2 X X (6] 1% Triton X-100 rat I;i:gzr?:l;rl"ons
MIRO2 # X X (6] 1% Triton X-100 rat Ssgzngi]-;‘ons
MIRO1 # X X (o} 1% Triton X-100 rat S:gzr?:l;r;ons
MNS1 ** X E 1% NP-40 snerm:{clcc)):esr?ic cells
MUL1 %3¢ X (6] RIPA S2
NLRP3 13 X X E 1% Triton X-100 BMM
NME3 237 X X (o} - HEK293T
NUMB % X EO NP-40 MCF12A
OPA1 %8 X X E 0,8% Triton X-100 Hela and 143B
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PARK2 3° EO 1% NP-40 SH-SY5Y
PERK 18 E 1% Triton X-100 MEF
PINK1 23 X EO 1% NP-40 SH-SY5Y
BIIPKC 73 E 0.1% Triton X-100 Rat heart isolated
mitochondria
PKC-T % EO NP-40 MCF12A
Mouse BAT,
89 0, _ ’
PLIN1 X E 1% NP-40 mouse brown adipocyte
PRKAA1 240 X 0 - Hela
1% NP-40, 0.01% SDS, 0.05%
241 ] 'y
PS2 X 0 Na-DOC MEF
RAB7A % X E - Mouse cardiomyocyte:
RAF1 2 X EO - MEF
RAS 242 X (6} 1% CHAPS MEF
RAS 23 X EO - MEF
RICTOR 24 X EO 0.5% NP-40 MCF-7, A549
RIN1 244 X EO 1% NP-40 COS-7, Hela, MEECs
SIRTL 25 X £O 1% NP-40 Normoxnc'\:EEatocytes
SLC25A38 24 X E - HEK293T
SLC25A46 2 X E 1-1.5% digitonin HEK293T
SMAD2 244 X EO 1% NP-40 COS-7, Hela, MEECs
STOML2 28 X E 0.5% digitonin Hela
o Tri _
TCHP X EO % g”ltf "S)ésloo' Hela
0
0, _
TDP-43 2% X E 0 150/0 ’\l\llla)\ ‘ll)OOIC Human cortex tissue
4 Na-
1% NP-40, 0.1% Na-DOC
250 ’ ’
TIP60 0 0.1% SDS HEK293T
USP30 2t X 0 1% NP-40 MEF
VCP 2 0 0,5% NP-40 Hela

After applying MS to HA-IP, we could observe that already known

interactors of MFN1 and MFN2 had been identified by mass spectrometry

and reached statistical significance. We found MFN2 in the mass

spectrometry of MFN1-HA IP and MFN1, MARCHFS5 and MIRO2 (RHOT2)

in the mass spectrometry of the IP of MFN2-HA.

Currently, the most commonly used method to identify protein-protein

interactions is proximity biotinylation 2. This method implies the
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overexpression of the protein of interest fused to a biotinylation subunit
of 35 kDa. Besides, this technique involves cell treatment with biotin with
aduration from 10 minutes to 18 hours 232%#, This technique is applied for
finding both stable and transient protein-protein interactions. Recently,
a study of the protein composition in the different mitochondrial
compartments using BioID technology has been published 2%. Proteins
from the OMM, IMS, IMM and mitochondrial matrix were fused to the
BirA biotinylating subunit and stable cell lines overexpressing these
proteins were generated for further streptavidin pull-down coupled
to MS analysis. One of the proteins analyzed was MFN2, which was
overexpressed fused to a BirA subunit at its N-terminal region. The
potential interactors of MFN2 obtained by this method were enriched
In subunits of the proteasome, which could indicate that BirA-MFN2
fusion protein is not fully functional and is degraded in the proteasome.
Moreover, MFN1 was not identified by MS. N-terminal localization of
BirA subunit in MFN2 could be impeding its interaction with some of its
binding partners, such as MFN1. As it is shown in Figure 69 and Figure
70, only three proteins (RHOT2, MARCHF5 and GEMIN4) identified
In our study were significantly enriched in the results obtained by
Antonicka et al. Part of these differences could be explained by the fact
that BioID technology is more powerful than classical IP in identifying
transient interactions. Other differences observed in the proteomes of
MFN2 in both studies could be the consequence of artifacts of stable
overexpression of MFN2 or impaired mitochondrial function due to the
presence of an excess of MEN2 in the screening performed by Antonicka

et al. Hence, we conclude that proximity biotinylation techniques are
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BiolD

not the best approach to study the stable complexes formed by MFN1
MFN2-B

or MFN2.
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Figure 69. High confidence MFN2 interactors found in our study and
their abundance in the screening performed by Antonicka et al. 2%.
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Figure 70. High confidence interactors found by Antonicka et al.

and their abundance in our screening. Antonicka et al. binding partners
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in red.

5.2. MFN1 and MFN2 interactomes are dependent on
the nutrient availability of the cell

Mitochondrial architecture is related to the balance between the energy
demands of the cell and the energy that is supplied to the cell. When
the cells are exposed to an oversupply of nutrients, their mitochondria
divide 2%, whereas mitochondria in cells that are deprived from
nutrients undergo a hyperfusion process #’. Under fasting conditions,
mitochondria elongate in order to increase cristae number and ATPase
activity 2*’. Moreover, mitochondrial tubulation protects mitochondria
from being degraded through mitophagy 4?7, Thus, the interactome
landscape of mitochondrial dynamics proteins could be also influenced
by metabolic changes. Mass spectrometry revealed 44 binding candidates
for MFN1 in basal conditions, 6 potential interactors for MFN1 after
starvation treatment, 51 possible partners of MFN2 in basal conditions
and 16 binding candidates of MFN2 upon starvation treatment. We have
represented these results in Figure 71 and Figure 72, where we have
included the organelles to which MFN1 and MFN2 possible interactors

belong to.
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Figure 71. Interaction network of MFN1 and MFN2 in basal conditions.
Proteins from mitochondria, ER, endosomes, plasma membrane, RNA binding
proteins and RNA-binding proteins localized in P-bodies or stress granules are
highlighted. Interactions demonstrated in this thesis are emphasized with a

darker edge.
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Figure 72. Interaction network of MFN1 and MFN2 in starvation
conditions. Proteins from mitochondria, ER, endosomes compartment, plasma

membrane, RNA binding proteins and RNA-binding proteins localized in
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P-bodies or stress granules are highlighted. Interactions demonstrated in this

thesis are emphasized with a darker edge.

These data show a dramatic decrease in the interactions of MFN1
and MFN2 when cells are deprived of amino acids, glucose and
serum. Moreover, the only partner preserved by MFN1 upon nutrient
deprivation is MFN2. In the case of MFN2, the binding candidates that are
preserved in starvation are MFN1, MARCHFS5 and UBP1. These changes
in the interaction partners of MEN1 and MFN2 could be a consequence
of a more specialized function of MFN1 and MFN2 in conditions of
nutrient deprivation. MFN1 would be more actively participating in
mitochondrial elongation and MFN2 would be mainly exerting its role

in autophagy.

5.2.1. Nutrient availability determines MFNI1- or MFNZ2-
mediated mitochondrial tethering to other organelles

When cells are starved from serum for 24 hours, the mean distance
between ER and mitochondria is decreased and the frequency of tight
associations between these two organelles is increased ¢ Moreover,
cells deprived of serum, amino acids and glucose for 4 hours have a
higher number of tight contacts between ER and mitochondria than cells
in normal growth medium 2°. MFN2 participates in ER-mitochondria
contacts and several studies have demonstrated that its absence results
in increased distance between mitochondria an ER or decreased contact
sites 8187260262 nterestingly, we have identified more ER proteins in
starvation conditions (FAF2, LAMC1, SLC27A2, MARCHFS5) as possible
interactors of MFN2 than in basal conditions (NSDHL, MARCHFS5). These
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proteins could participate in helping MFN2 to tether ERand mitochondria
together during starvation. It is also known that autophagosomes arise
from ER membranes at ER-mitochondria contact sites and that these
are not formed in the absence of MFN2 6. Thus, it is likely that ER
interactors of MFN2 discovered in conditions of nutrient deprivation
are related to the role of MFN2 in autophagosome formation, as we have

demonstrated for SLC27A2.

MFNT1 also participates in contacts of mitochondria and ER by interacting
with MFN2 *°, but its depletion does not induce substantial changes in
ER-mitochondria contacts %2 Interestingly, in our mass spectrometry
data, ITPR2 was identified by MS as a potential interactor of MFN1
under basal conditions. ITPR2 is a calcium channel in the endoplasmic
reticulum important in the maintenance of ER-mitochondrial contacts
and in calcium supply to mitochondria 26, Cardiac ablation of Mfn1 in
mice does not have an effect on mitochondrial calcium uptake, whereas
the lack of Mfn2 does decrease mitochondrial calcium uptake 264, This
could indicate that MFN1 binding to the calcium channel does not

influence its activity.

MFN1 has been found to anchor mitochondria to the plasma membrane
in stem cells during cellular division °. Surprisingly, we found that
MFN1 binding partners under basal conditions were enriched in plasma
membrane proteins (AFAP1L1, ALPP, AMOTL1, RAPH1, SIPA1L1). This
could indicate that MFN1 serves as an anchor of mitochondria to the

plasma membrane through the interaction with these proteins.
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5.2.2. Post-translational modifications of MFN1 and MFN2
are dependent on nutrient availability

MFN1 and MFN2 fusogenic activity is modulated by post-translational
modifications. Ubiquitination, phosphorylation and acetylation of MFN1
and MFN2 are known to inhibit mitochondrial fusion. Ubiquitination of
MFN1 and MFN2 by either PARK2 or MARCHFS5 has been described to
reduce mitochondrial fusion 2°¢-7°, Phosphorylation of MFN2 by PINK1
or JNK can enhance ubiquitination and, therefore, inhibit mitochondrial
fusion 2%, Phosphorylation of MFN1 by ERK or PKC (2 isoform inhibits
mitochondrial fusion 73%%°, Acetylation of MFN1 reduces mitochondrial
fusion and is reversed by HDAC6E 7. In this study we have identified
novel potential modifiers of MFN1 and MFN2 that participate in protein
dephosphorylation, hypusination, ubiquitination and deubiquitination.
Surprisingly, most of these proteins were identified among MFN1 binding
candidates in basal conditions. We found the protein phosphatase ALPP
265266 the hypusinase DOHH %7 and the ubiquitination related proteins

KLHL13, NDFIP2 and AMOTL1.

Since MFNT1 activity is inhibited by phosphorylation, ALPP could reverse
MFN1 inhibition and promotes mitochondrial fusion. Modification of
lysine residues to hypusine by DOHH has only been described in the
maturation of the translation initiation factor eIF5A 2. Interestingly, a
recent study in vascular smooth muscle cells showed that MFN1 interacts
with elF5A and that eIF5A transient ablation increases mitochondrial
fission 2%, Conversely, overexpression of elF5A resulted in augmented

mitochondrial fusion. These data suggest that MFN1 activity could be
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regulated by a positive feedback loop involving DOHH and elF5A: MEN1
interacts with DOHH to activate eIlF5A and then eIF5A promotes MFN1
participation in mitochondrial fusion. KLHL13 is an adaptor of the
E3 ligase CUL3 2% NDFIP2 activates the HECT domain of E3 ubiquitin
ligases such as ITCH, NEDD4, NEDD4L, SMURF2, WWP1 and WWP2
2% and has been identified in mitochondria 2. We have validated that
overexpressed NDFIP2 is able to interact with both MFN1 and MFN2.
Nevertheless, we have not unraveled whether this interaction promotes
MFN1 and MFN2 ubiquitination neither its effect on mitochondrial
dynamics. AMOTL1 acts as a scaffold for the E3 ubiquitin ligase NEDD4L
269, The interaction of MFN1 with these three proteins could promote
MFN1 ubiquitination and repression of its activity. These potential
MFN1 modification mechanisms based on our mass spectrometry data

are illustrated in Figure 73.

Among MFN2 potential interactors, we found more peptides of
MARCHFS5 in starvation than in basal conditions. It is known that
MARCHFS5 can promote the formation of MFN2 oligomers that tether ER
and mitochondria 72. Thus, increased MARCHFS5 interaction with MFN2
under starvation conditions could imply increased tethering activity of
MFN2 during starvation. Moreover, our mass spectrometry data suggest
that the de-ubiquitinase USP10 is a possible modifier of MFN2 under
basal conditions and not under starvation conditions. USP10 could be
promoting the fusogenic role of MFN2 by removing PARK2 or HUWE1-
mediated ubiquitin modifications or could be preventing MFN2 tethering

activity by removing MARCHF5-mediated ubiquitin chains. Possible
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MFN2 modification mechanisms based on our mass spectrometry data

are illustrated in Figure 73.
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Figure 73. Proposed mechanisms of MFN1 and MFN2 post-translational

modifications.
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52.3. MFNZ potential interactors link its function to
autophagy

During nutrient deprivation, autophagosomes arise at ER-mitochondria
contact sites in a MFN2-dependent manner '%27°, However, the precise
role of MFN2 in starvation induced autophagy has not been elucidated
yet. In our mass spectrometry data, we observed that MFN2 interacts
with more proteins involved in autophagy than MFN1. Under basal
conditions JMY and USP10 are potential interactors of MFN2. MY is
recruited to nascent autophagosomes through its LC3 interacting region
where it promotes Arp2/3 complex mediated actin nucleation 2. Actin
filament nucleation in the autophagosome by the Arp2/3 complex is
crucial for the correct formation of autophagosomes 272. Lack of MY
results in a dramatic decrease in autophagosome formation ?’*. USP10
iIs a de-ubiquitinase that interacts with BECN1 to remove ubiquitin
chains and avoid its degradation 2. Moreover, USP10 has been shown
to reverse LC3B ubiquitination, resulting in decreased proteasomal
degradation of this protein 2”4 The authors of this study suggest that
USP10 regulates autophagy through cycles of ubiquitination and de-
ubiquitination of LC3B.

Under starvation conditions, mass spectrometry data show that MFN2
could interact with S100A8, SI00A9 and SLC27A2. The complex formed
by S100A8 and S100A9 promotes autophagy when administered to the
cells #5. Moreover, S1I00A8 has been demonstrated to dissociate the
complexes formed by BECN1 and BCL2 in order to promote the role of
BECNT1 in autophagy 22026, S100A9 has appeared as a high confidence
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binding candidate of the autophagy proteins ATG5 2”7 and P62 ?7® after
pulldown of these proteins coupled to MS analysis. We have validated
that MFN?2 interacts with SI00A8 and S100A9. Nevertheless, we have not
performed any functional experiments since these proteins are difficult
to work with because they are secreted and because they form oligomers
that account with an elevated number of subunits. This high degree of
oligomeryzation complicates their denaturation for protein expression
analyses. Moreover, when we attempted siRNA mediated silencing of
S100AS, it increased its expression. SLC27A2 belongs to the family of the
yeast fatty acid transporter Faal that has been recently shown to fuel
phospholipid synthesis with activated fatty acids for autophagosome
formation ¢ and its implication in autophagy has been demonstrated in

this thesis. We have demonstrated that MFN2 interacts with SLC27A2.

Given the potential interaction of MFN2 with USP10 and JMY and the
demonstrated interaction of MFN2 with S100A8, S100A9 and SLC27A2,
we propose that MFN2 acts in ER-mitochondria contacts as a platform
to recruit proteins that are necessary in autophagosome formation and
its absence could impair the localization of these proteins in these sites
and therefore abrogate autophagosome formation. The fact that some
proteins are observed under basal conditions and other under starvation
conditions, could be related to the stage of autophagy in which they are
needed. JMY and USP10 could be necessary at ER-mitochondrial contact
sites earlier than S100A8, S100A9 and SLC27A2.
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5.3. RNA related structures interact with mitochondria
in a MFN1/MFN2-dependent manner

Protein translation occurs at the ribosomes. Besides other localizations,
these have been found in the proximity of mitochondria where they
orchestrate the synthesis of most of the mitochondrial proteins which
are then imported into mitochondria 27°282 Protein import into
mitochondria is not the only fate of mRNA translation in the proximity
of mitochondria. It has been described in neurons, that mitochondria
are needed at synapses to provide plasticity-induced protein synthesis
with ATP 28, Localization of the translation machinery in the OMM can
occur through peptide sequences of the newly synthesized protein or
through untranslated sequences in the 3-UTR domain 2428, Recently,
a high throughput screening of the subcellular localization of RNA
molecules revealed the localization of ribosome dependent and
independent transcripts in the OMM 2%. Moreover, they observed
cytoskeleton dependent transport of RNAs to reach the mitochondrial
surface 6, While mRNAs are transported for localized protein
synthesis, translational activity is repressed until they reach their final
destination 2728, When mRNAs specifically reach the OMM, PINK1 and
PARK2 participate in de-repression of translation by ubiquitination of
translation repressors #°. Translation can be repressed by the formation
of condensates of proteins and mRNA molecules: P-bodies * and, in
conditions of stress, stress granules 2. Nevertheless, it has been recently
shown that translation can occur at stress granules ?°*. Both of these

structures can be transported in the cytosol through microtubules to
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the regions where repressed mRNAs are needed 2223, CLUH granules
are another type of granules of RNA and proteins, which have been
described to both promote and repress protein synthesis depending on
the metabolic state of the cell *. However, there is just one study that
has reported CLUH granules and their protein composition has not been

elucidated yet.

Among the potential interactors of MFN1 and MFN2, we observed an
enrichment in RNA binding proteins under basal conditions. We crossed
the lists of possible partners of MFN1 and MFN2 that we obtained with
databases of core components of P-bodies and stress granules 27:282%,
We detected that under basal conditions, around half of the interactors
of MFN1 and MFN2 are components of P-bodies or stress granules. We
validated the interactions of MFN1 and MFN2 with AGO2 and FXR1.
Moreover, we observed that AGO2 structures (probably P-bodies) and
G3BP1 structures (likely stress granules) interact with mitochondria
in HeLa cells. It is not the first time that P-bodies and stress granules
are observed in close apposition with mitochondria, however these
interactions have not been deeply studied 3-2%. We propose that
under basal conditions MFN1 and MFN2 link these structures to the
mitochondrial surface and participate in the transport of the translation

machinery to the sites in the OMM where required.

Under conditions of nutrient deprivation, global protein synthesis is
decreased 2°. Moreover, during starvation CLUH granules orchestrate
the translation of proteins involved in catabolic pathways, such as

amino acid degradation, fatty acid oxidation, and the Krebs cycle,
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but inhibit the translation of other transcripts 3. We propose that the
arrest in global protein synthesis during starvation results in reduced
OMM coupled translation and the release of MFN1 and MFN2 from
the translation machinery in the shape of P-bodies or stress granules.
Nevertheless, translation is still required in different parts of the cell
or the mitochondrial network and there is a specific recruitment of the
translation machinery and mRNAs independent of MFN1 and MFN2
that may involve CLUH granules. Knowing that MFN1 and MFN2 are
necessary during nutrient deprivation for mitochondrial hyperfusion
and autophagosome formation respectively, these roles of MFN1 and
MFN2 could be more essential for the cell under lack of nutrients than
the transport of the translational machinery for mitochondrial protein

synthesis (Figure 74).

BASAL STARVATION
Transport of mitochondrial

transcripts in RNA granules
through the OMM

RNA granule dettachment from
MFN1 and MFN2 in the OMM

RNA granule

Mitochondrion Mitochondrial fusion Autophagy

Figure 74. Proposed model for MFN1 and MFN2 anchoring of RNA granules
under basal and starvation conditions. Under basal conditions MFN1 and

MFN2 interact with RNA binding proteins to participate in the transport of

221°¢



5 | Discussion

mitochondrial transcripts through the OMM. Under starvation conditions,
there is a global arrest in protein translation and the cell prioritizes MFN1 role
in mitochondrial fusion and MFN2 role in autophagy rather than the transport

of transcripts across the OMM.

5.4. RAB5C interaction with MFN1 and MFN2
maintains mitochondrial morphology and prevents

mitochondrial degradation

The contacts between endosomes and mitochondria are poorly studied.
To date, it is known that these interactions are involved in iron transfer
to mitochondria 272, Moreover, cholesterol is also transported from
endosomes mitochondria at sites of close proximity 3. Mitochondrial
quality control has also been shown to occur at the endosomal
compartment 28, During mitophagy, PINK1 is stabilized at the OMM of
damaged mitochondria and PARK?2 is recruited 2!8. Endosomal RAB5C
is bound to the OMM of those mitochondria and then exchanged by
endosomal RAB7A 218, Subsequently, other proteins are attracted to these
sites to build the autophagosome 2. Moreover, another study has shown
that RABS5C is recruited to the OMM together with its guanyl-nucleotide
exchange factors ALS and RABEX5 when mitochondria undergo acute
oxidative stress 7. The authors suggest that RAB5C targets stressed

mitochondria as a cytoprotective mechanism to alleviate stress.

Early endosomes have been recently implicated in mitochondrial
removal independently of mitophagy 3. Mitochondria are targeted by

PARK2, ubiquitinated and eventually engulfed by an early endosome
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301, RAB5A endosomes are capable of engulfing damaged mitochondria
31, We have observed that co-distribution between mtDNA and EEA1
is increased in the absence of RAB5C, which is opposite to this result.
However, the authors of the study did not demonstrate whether
RABS proteins are crucial in this process. Another mechanism for
mitochondrial quality control that involves the endosomal compartment
is the formation of mitochondria-derived vesicles (MDVs). These vesicles
arise from mitochondria in a PINK1/PARK2 dependent manner and
fuse either to late endosomes or to lysosomes 023%, It has been recently
reported that in the absence of mitophagy, cells exert mitochondrial
quality control through elimination of defective fragments in MDVs 3%4,
Nevertheless, little is known about MDVs biogenesis mechanisms, cargo

specificity or other destinations of MDVs.

We have described that RAB5C interacts with MFN1 and MFN2 and
that RAB5C ablation results in increased mitochondrial fragmentation.
Therefore, mitochondria-endosome contacts mediated by RABS5C
interaction with MFN1 and MFN2 are required for the maintenance
of balanced mitochondrial dynamics. Moreover, we documented an
increase in mitophagy genes (PINK1 and PARK2) and PINK1 protein
levels accompanied by a substantial reduction in the number of
mitochondrial nucleoids and TOM20. Furthermore, we demonstrated
that mitochondrial nucleoids are accumulated in the presence of
bafilomycin in RAB5C KO cells and co-localization between early
endosomes and mtDNA is increased in RAB5C KO cells in basal conditions

and with bafilomycin. Nonetheless, LC3 co-distribution with mtDNA
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remains equal as in WT cells. These results suggest that an endosomal
pathway is clearing defective mitochondria in the absence of RAB5SC
interaction with MFN1 and MFN2. However, the fact that mitochondrial
mass is diminished in RAB5C KO cells only by a 5% compared to WT
cells, could indicate that whole mitochondria are not being degraded,
but only small portions that contain mtDNA and TOM20. This selective
degradation of tiny mitochondrial fragments could be carried out in
MDVs that fuse to endosomes (Figure 75). The increase in mitophagy
genes and PINK1 protein levels that we observe in RAB5C KO cells
also supports this hypothesis. Nevertheless, more insight is necessary
to elucidate the precise mechanism of mitochondrial degradation in
the absence of RAB5C-MFN1 and RAB5C-MFNZ2 interactions and other

mitochondrial implications of these interactions.

¥ 224



Discussion | 5

WT cells
Basal mitochondrial removal by
PINK1-E3 Ub ligase dependent mitophagy

Mitochondrion Endosome

Phagophore

Substrate
ubiquitination

> PNk s g oggg LC3

Mitophagy
adaptor

Mitochondrion

RABS5C KO cells
Enhanced mitochondrial removal
in MDVs that fuse with endosomes

Mitochondrion Endosome o
MDYV scission

°, 9

Up ~ > cis s

o
"'i',o

Q G
MFN1 $ L
= G § Substrates
IR~ ° ubiquitination
§%o

Y2 s
Ik Mltochondm
aa

Figure 75. Proposed model for selective mitochondrial degradation by

(0]
MFN2 @ § .
(@]

MDVs in RAB5C KO cells. In WT cells mitochondrial quality control occurs
through defective mitochondria elimination by mitochondrial selective
autophagy mediated by PINK1 and E3 ubiquitin ligases and dependent on LC3.
In RAB5C KO cells, clearance of damaged mitochondria is exerted through

MDVs that arise in a PINK1-dependent manner and that fuse with endosomes.
5.5. SLC27A2 interacts with MFN2 to orchestrate
phagophore expansion

The contact sites between ER and mitochondria are a major source
of autophagosomes during nutrient deprivation 6. The presence of

MFN2 has been reported crucial for autophagosome formation in these

225'¢:



5 | Discussion

circumstances %270, Our results have corroborated these observations:
transient downregulation of MFNZ2 results in diminished formation
of autophagosomes upon nutrient starvation. Moreover, autophagic
flux during starvation is also reduced upon MFN2 silencing, which is
in line with previously published data . Nevertheless, the precise role
of MFN2 in autophagy and which are its partners to accomplish its
function remain elusive. By applying mass spectrometry to detect the
interactors of MFN2 under conditions of starvation, we have identified
several proteins that could implicate MFN2 in the process of autophagy,
as described in the previous section. We have demonstrated that MFN2
interacts with SLC27A2, which is a homologue of the yeast protein
faal that supplies fatty acids to the synthesis of phospholipids to be
incorporated to the autophagosome 6. This result suggests that SLC27A2
is one of the binding partners of MFN2 during autophagy and that

together they could contribute to autophagosome formation.

Faal is an acyl-CoA synthetase that activates long chain fatty acids in
yeast 35, SLC27A2 is an acyl-CoA synthetase of long-chain and very
long-chain fatty acids in mammals 3%. SLC27A2 and Faal belong to the
same protein family, nevertheless the yeast orthologue of SLC27A2 is
considered Fatl. Additionally, we have described that the absence of
SLC27A2 impairs autophagy similarly to the absence of FAA1. Silencing of
SLC27A2 results in diminished autophagic flux and decreased formation
of autophagosomes, as it happens with the absence or mislocalization of
Faal. Nevertheless, Schitter et al. show that the ablation of the yeast
orthologue of SLC27A2, FAT1, does not affect autophagy 2. Furthermore,
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we have shown that SLC27A2 co-localizes with autophagosomes, which
is in line with Faal available data. However, Fatl does not co-localize
with Atg8 structures. Our results indicate that SLC27A2 plays the role of
Faal in mammalian cells. Schitter et al. mutate the catalytic site of FAA1
and observe an impairment of autophagy 2. Further work will implicate
the characterization of the effects in autophagy of the inactivation of the

catalytic site of SLC27A2.

The role described for Faal in autophagy by Schitter et al. is the supply of
activated fatty acids to the pathway of de novo synthesis of phospholipids
in yeast. De novo phospholipid synthesis has been demonstrated to
contribute to autophagosome biogenesis in yeast and mammalian cells.
In yeast, the enzymes related to the first steps of de novo phospholipid
synthesis (Sctl, Gpt2, Alel, Slc1) have been found to co-localize with Atg8
structures during starvation . Inducible mutants of these proteins show
inhibited Atg8 degradation upon starvation induction of autophagy 2.
The Kennedy pathway, which is implicated in de novo production of PC
and PE in eukaryotes 3%, has recently been suggested to contribute to
the expansion of lifespan in yeast through autophagy 3%. Ethanolamine
external supply promotes PE synthesis and extends lifespan and the
depletion of ethanolamine-phosphate cytidylyltransferase (ECT1)
and choline-phosphate cytidylyltransferase (PCT1) enzymes from the
Kennedy pathway suppresses this effect *%. ATG7 deletion to inhibit
autophagy abolishes the effects of ethanolamine treatment on lifespan
extension 3%. The authors of this study demonstrated as well that

ethanolamineinducesautophagyand reduces senescence in mammalian
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cells. Nevertheless, a thorough characterization of the direct implication
of the Kennedy pathway in autophagy in yeast and mammals is still
elusive. In human cells, phosphatidylcholine (PC) synthesis de novo is
activated during starvation induced autophagosome formation and
perturbing this synthesis pathway results in impaired autophagy 3%.
Moreover, newly synthesized PC co-localizes LC3 3%. Loss of choline-
phosphate cytidylyltransferase A (PCYT1A) activity, the limiting enzyme

during PC synthesis, results in impaired autophagosome formation 3%.

Phospholipids contain two side chains derived from fatty acids. Free
fatty acids in subcellular compartments have been shown to sustain
autophagosome formation . Moreover, lipid droplets can supply fatty
acids to autophagosome biogenesis 1% The impairment of lipid droplets
formation results in the inhibition of autophagy and is not rescued
by exogenous supply of fatty acids *°. Nevertheless, a global vision of
how autophagosomes are built from fatty acid activation is missing.
The precise phospholipid composition of autophagosomes needs to be

determined.

Another pathway to synthesize phospholipids is the Sphingosine
1-phosphate (S1P) pathway. The S1P metabolic pathway is the only
pathway that allows the conversion of sphingosine from ceramide into
glycerophospholipids (P1, PC, PS, PE, etc.) by the incorporation of an acyl-
CoA molecule . In yeast this pathway is impaired by depleting the acyl-
CoA synthetases Faal and Faa4 '**. Human acyl-CoA synthetases can
recover the phenotype of these yeast double null mutant strains and this

suggests an important contribution of these enzymes in the synthesis of
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glycerophospholipids. Namely, these acyl-CoA synthetases are: ACSBG1,
ACSL1/3/4/5/6, or SLC27A2/4 196311 Nevertheless, Schitter et al. have not
analyzed the co-localization between the enzymes of the S1P pathway
and Atg8 structures. Given the fact that both SLC27A2 and Faal provide
the S1P pathway with activated fatty acids, this pathway could also be
relevant for the synthesis of phospholipids to be incorporated in the
phagophore. Interestingly, S1P has been described to positively regulate

autophagy through mTORC1 inhibition in mammalian cells 3.

As documented for Faal in yeast, we have observed in HelLa cells
that SLC27A2 co-localizes partially with LC3 and GABARAP puncta.
Nevertheless, Schuitter et al. rescue the phenotype observed in the
absence of FAAI by expressing the human protein ACSL4 25, which
belongs to the same family as SL.C27A2. They also report ACSL4 partial
co-localization with Atg8 structures in yeast 2. ACSL4 also activates
long chain fatty acids . Interestingly, this protein localizes to ER-
mitochondria contact sites 33. As it has been described for SLC27A2,
ACSL4 also recovers yeast double null mutants of FAAI and FAA4 °¢.
This could implicate a redundant role or a cell type specific role of these
proteins in supplying fatty acids for the synthesis of phospholipids to

contribute to the expansion of the phagophore.

Recently, ACSL3, whichis also able of rescuing the phenotype of FAAT and
FAA4 double null mutants, has been found to interact and co-localize with
GABARAPL2 7, a member of the Atg8-family. Nevertheless, autophagy
seems to be unaffected by the absence of ACSL3 7. Interestingly, the
authors observe that both GABARAPL2 and ACSL3 interact with UBAS5,
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the first enzyme of the ufmylation pathway'’. Ufmylation of ER
substrates is crucial for reticulophagy *“. Further work is necessary to

determine if ACSL3 contributes to reticulophagy.

Besides from the incorporation of phospholipids, autophagosomes
require the presence of certain proteins on their membranes during
and after their biogenesis. The phase of expansion of the phagophore
involves the conjugation of Atg8-family proteins to PE in the
autophagosome membrane and the incorporation of phospholipids
which is mainly mediated by the presence of ATG2. Atg8-family proteins
are lipidated by the cooperation of ATG7, ATG3 and the ATG12-ATG5-
ATG16L1 complex 31, First, ATG7 binds to the Atg8 protein to be lipidated
315, Then the Atg8 protein is transferred to ATG3, which mediates the
binding of PE headgroup to the C-terminal glycine of the Atg8 protein
315, ATG16L1 complex promotes this last step and determines the sites
where conjugation has to occur ¥, Under starvation conditions, we
have reported that SLC27A2 interacts with ATG16L1, lipidated LC3B
and lipidated GABARAP. We have also found a high co-distribution
between SLC27A2 and LC3 or GABARAP positive puncta. These results
indicate that SLC27A2 could contribute not only to PE synthesis, but to
its conjugation with LC3B and GABARAP.

We have shown that the absence of SLC27A2 leads to decreased co-
distribution of LC3 puncta with MFN2. This result indicates that SLC27A2-
MFN2 interaction is necessary to connect forming phagophores to
autophagic machinery at ER-mitochondria contact sites. We do not know

whether these puncta are complete or incomplete autophagosomes.
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Phagophore expansion requires the incorporation of phospholipids to
its membrane. Several sources of phospholipids, where synthesis could
occur or not de novo have been proposed: COP-II vesicles, mitochondria
at ER-mitochondria contact sites, and ER membranes connected to
the autophagosome 3. ATG2 has been proposed as the mediator of
phospholipid transfer to the autophagosome membrane from the
endoplasmicreticulum 3. ATG2, whose ablation impairs autophagosome
biogenesis *7, has the capacity of membrane tethering and phospholipid
transfer between membranes 18187193194 Noreover, ATG2 interacts
with TOM40 in the MAM upon induction of autophagy 3. We have
described that SLC27A2 interacts with ATG2A. It has not been reported
whether the yeast protein Faal interacts with Atg2. Moreover, we have
also observed that MEFN2 interacts with ATG2A. We think that MFN2,
SLC27A2 and ATG2A belong to the same complex. SLC27A2 together
with other proteins could be mediating the synthesis of phospholipids
to be transferred to the phagophore from the endoplasmic reticulum
by ATG2A and this complex would be anchored to ER-mitochondria
contact sites by MFN2 and TOM40. Further analysis of the interactions
of these proteins under starvation conditions needs to be performed.
These interactions could occur under basal conditions but the activity
of this complex could be repressed under basal conditions by post-
translational modifications. Moreover, steps upstream or downstream
the participation of this complex in autophagy could be inactive under
basal conditions. It is necessary to characterize the whole autophagic

cascade during starvation.
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Figure 76. Proposed model for MFN2-SLC27A2 complex in autophagy.

In summary, we consider that MFN2 interaction with SLC27A2 and
ATG2 occurs at ER-mitochondria contact sites and has the aim of
fueling phagophore expansion with newly synthesized phospholipids.
SLC27A2 is probably part of a bigger complex involving other enzymes
that belong to the phospholipid synthesis pathway. Moreover, SLC27A2
interacts with ATG16L1, LC3B-II and GABARAP-II, thus we believe that it
contributes to the conjugation of PE to LC3B and GABARAP. This model

is represented in Figure 76.
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Taking into account all the results obtained and discussed in this study
we propose the following novel concepts regarding MFN1 and MFN2

functions (Figure 77):

1. Endosomal RABS5C interacts with MFN1 and MFN2 to maintain
mitochondrial morphology and prevents mitochondrial degradation

through MDVs.

2. Mitochondria interact with RNA granules through MFN1 and
MFN2 that carry mitochondrial protein transcripts and this way they
are transported to the sites of the mitochondrial network where they

are required.

3. MFN2 interacts with SLC27A2 and ATG2A to promote the
expansion of the phagophore through the incorporation of newly

synthesized phospholipids.
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Figure 77. Proposed novel functions of MFN1 and MFN2.
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6. CONCLUSIONS

The results obtained in this PhD thesis permit us to propose the following

conclusions:

1. Endogenous expression of MFN1 and MFN2 with a C-terminal
HA-tag does not alter mitochondrial morphology neither mitochondrial

and autophagic responses to amino acid starvation.

2. MFN1 and MFN2 present different interaction networks
depending on the feeding state of the cell. Endogenous IP revealed

different binding partners of MFN1 and MFN2 upon starvation.

3. MFN1 and MFN2 interact with RNA-binding proteins in basal
conditions. Mass spectrometry of MFN1 and MFN2 IP revealed that
under basal conditions, MFN1 and MFN2 interact with RNA binding
proteins. Endogenous MFN1 and MFN2 co-immunoprecipitate with

AGO2 and FXR1.

4. RABS5C interacts with MFN1 and MFN2 and it is necessary to
maintain mitochondrial morphology. RAB5C co-immunoprecipitates
with MFN1 and MFN2 and its ablation results in increased mitochondrial

fragmentation and degradation.

5. SLC27A2 interacts with MFN2 and it is essential for the correct
functioning of autophagy. SLC27A2 co-immunoprecipitates with MFN2
and with proteins implicated in the expansion of the phagophore. The

absence of SLC27A2 results in impaired autophagy.
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7. MATERIALS AND METHODS

All the reagents, plasmids, antibodies, siRNAs, PCR primers and ssODNs

are listed in the following tables with the working concentrations used,

applications and sources where they were obtained.

Table 5. Details of reagents.

Working
Reagents concentration Application Source
Ampicillin 100 mg/ml Bacterial selection Roche
Autophagy completion Santa Cruz

Bafilomycin A1 200 nM inhibition Biotechnology
Thermo Fisher

Hoesch 33342 1:10000 Nuclear staining Scientific
Kannamycin 50mg/ml Bacterial selection Sigma Aldrich
Thermo Fisher

Mitotracker Deep Red 100 nM Mitochondrial staining Scientific
Thermo Fisher

Mitotracker Green 100 nM Mitochondrial staining Scientific

Cell line

Puromycin 2 ug/mi selection Sigma-Aldrich
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Table 6. Details of CRISPR/Cas9 and overexpression plasmids.

CRISPR/Cas9 vectors
Bacterial
Name Reference selection Function Source
gRNA and
pSpCas9(BB)-2A- Plasmid Cas9
GFP #48138 Ampicillin delivery Addgene
Rab 5C gRNA and
CRISPR/Cas9 Cas9 Santa Cruz
KO Plasmid sc-403247 - delivery Biotechnology
Rab 5C HDR sc-403247- Homologous Santa Cruz
Plasmid HDR - recombination Biotechnology
Overexpression vectors
Bacterial
Name Backbone  Reference selection Source
HG11079-
AGO2-GFP pCMV3 ANG Kannamycin SinoBiological
HG16688-
G3BP1-GFP pCMV3 ANG Kannamycin SinoBiological
Gift from Stracker
NDFIP2-FLAG pDEST - Kannamycin lab
RAB5C-FLAG pCMV3 HG15817-NF  Kannamycin SinoBiological
S100A8-FLAG pCMV3 HG11138-NF  Kannamycin SinoBiological
S100A9-FLAG pCMV3 HG11145-NF  Kannamycin SinoBiological
SLC27A2-FLAG pCMV3 HG13155-NF  Kannamycin SinoBiological
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Table 7. List of primary antibodies used in this thesis.

Target Host Dilution Reference Source
a-TUBULIN Mouse  WB: 1:20000 T5168 Sigma-Aldrich
AGO2 Rabbit WB: 1:500 2897T Cell Signaling
ATG14 Rabbit ~ WB: 1:1000 ab139727 Abcam
ATG16L1 Rabbit WB: 1:1000 M150-3 MBL International Corporation
ATG2A Rabbit WB: 1:1000 NBP2-61690 Novus Biologicals
B-ACTIN Mouse  WB: 1:20000 A1978 Sigma-Aldrich
BECN1 Rabbit ~ WB: 1:1000 3738S Cell Signaling
dsDNA Mouse IF: 1:400 ab27156 Abcam
EEA1 Rabbit IF: 1:200 3288S Cell Signaling
FLAG Mouse IF: 1:100 F1804-200UG Sigma-Aldrich
FLAG Rabbit V\:E; 11;11880 147933 Cell Signaling
FXR1 Rabbit WB: 1:500 12295T Cell Signaling
GABARAP  Rabbit V\:E; 11;;880 13733 Cell Signaling
GAPDH Mouse  WB: 1:20000 AMA4300 Thermo Fischer
HA Rabbit ~ WB: 1:1000 3724S Cell Signaling
LC3B Rabbit ~ WB: 1:1000 2775S Cell Signaling
LC3B Rabbit ~ vo- 11900 py63g MBL Intemational Corporation
IF: 1:200
LC3B Mouse WB: 1:1000 M186-3 MBL International Corporation
IF: 1:200
MFN1 Rabbit ~ WB: 1:1000 14739S Cell Signaling
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Table 8. List of secondary antibodies used in several assays of this thesis.

Target Technique Conjugate Dilution Reference Source
Guinea DyLight Thermo
pig NIR-WB 800 1:5000 SA5-10100 Fischer
Alexa Fluor Thermo
Mouse IF 488 1:400-1:800 A-11001 Fischer
Alexa Fluor Thermo
Mouse IF 647 1:400-1:802 A-21244 Fischer
Dylight Thermo
Mouse NIR-WB 680 1:20000 35518 Fischer
DyLight
800 4X 1:2000- Thermo
Mouse NIR-WB PEG 1:10000 SA5-35521 Fischer
Jackson
1:2000- 715-035- Immuno
Mouse ECL-WB HRP 1:40000 150 Research
Thermo
Mouse IF Pacific Blue 1:400-1:804 P31582 Fischer
Alexa Fluor Thermo
Rabbit IF 488 1:400-1:801 A-11008 Fischer
Alexa Fluor Thermo
Rabbit IF 647 1:400-1:803 A-21235 Fischer
DyLight
800 4X Thermo
Rabbit NIR-WB PEG 1:20000 SA5-35571 Fischer
Jackson
1:2000- 711-035- Immuno
Rabbit ECL-WB HRP 1:40000 152 Research

Table 9. Commercially available siRNAs used in this thesis.

Target gene Organism Reference Source
MFN2 Human SASI_Hs02_00330014 Merck
SLC27A2 Human SASI_Hs02_00336005 Merck

Table 10. Primers used in real time quantitative PCR to determine the

¥ 246



expression of human genes.

Gene FW primer sequence RV primer sequence
MFN1 TGGCTGTCTTGTACGTGTGT AAGCCGCTCATTCACCTTGT
MFN2 ACATAACACTGGCGCAATGTC AACCTTTGACGTCCAGAACCT
PINK1 TCTTGAACACAATGAGCCAGGA TAGTTGCTTGGGACCTCTCTTG
PARK2 GTGTTTGTCAGGTTCAACTCCA GAAAATCACACGCAACTGGTC

Table 11. Details of primers used in CRISPR/Cas9 strategy.

Gene Sense Sequence Purpose
VENI FW CACCGCCAAAGCAATCTCTATTGTT gRNA insertdn in
RV AAACAACAATAGAGATTGCTGGC Cas9 vector
VNS FW CACCGCTCAGGTGCCCACTATCTGC gRNA insertion in
RV AAACGCAGATAGTGGGCACCTGAGC Cas9 vector
HA RV AGCGTAATCTGGAACATCGTATGGGTA V:f;;”;zirzj‘;ER
VN FW GTGGTGAAACTGTGCAGTAGA HA-integraion
RV CCAGGAAGCAGAGTTITCAG validation by PCR
VEN2 FW GGGTGTGTGTCAAGCGTCCTT HA-integration
RV GAGCCCACATGGCACTTAGGG validation by PCR

Table 12. Sequences of sSODNs used in CRISPR/Cas9 strategy.

Gene Sequence

MENI AATTTTACTAAGCAGTTTCTACCTTCAAGCAATGAAGAATCCTACCCATACGATG
TTCCAGATTACGCTTAACAATAGAGATTGCTTTGGTGACCATGATAGGAGGAAAC

MEN2 AGCTCAACATGTTCACACACCAGTACCTGCAGCCCAGCAGATACCCATACGATGTT

CCAGATTACGCTTAGTGGGCACCTGAGGCGGAGTCTGCGTGGAGAGGGGCGGTG

7.1. Cell culture procedures

7.1.1. Cell Maintenance

Materials and Methods | 7

The present work used HeLa cells as a cellular model. Cells were

obtained from ATCC CCL-2™. Cells were grown in DMEM (Invitrogen)

with 20mM HEPES (Sigma-Aldrich), 10% FBS and 100 U/ml of penicillin/
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streptomycin (Life Technologies) at 37 °C in a humidified atmosphere of
5% CO,/95% O,. Once every two weeks mycoplasma detection test was
performed to ensure no contamination of the cells. When mycoplasma
was detected the cells were discarded. Maintenance of the different cell
lines generated required regular split of the proliferating cells. Cells
were split when they reached 100% confluence: medium was aspirated
from the 10 cm dishes and 10 ml PBS were added to wash the remaining
media from the cells. Then, 1 ml of trypsin was added and incubated
for 1 min at RT. For cell recovery, 9 ml PBS were added to the dish and
the 10 ml of 10 ml of cells in suspension recovered were transferred to
a 15 or 50 ml tube for centrifugation. Cells were pelleted after spinning
for 5 minutes at 1000 x g. The cell pellet was diluted according to the
subsequent utilization of the cells, usually 1:10 to 1:30. In the case that
a specific number of cells needed to be plated, cells were counted using
Neubauer chamber. Trypan Blue (Gibco) was used in a 1:1 dilution of

the cell suspension to ensure the counting of only alive unstained cells.

7.1.2. Freeze and Thaw cell aliquots

Cellular stocks were kept at -80°C. Cell Freezing was performed by
centrifugation of trypsinized cell suspension at 1000 x g for 5 min
and resuspension in 10% DMSO in FBS. This cellular suspension was
distributed in cryovials of 2 ml at a concentration of 1-2 x 10° cells in 1

ml. Cryovials were placed in a box at a -80°C freezer.

To thaw cell aliquots, cryovials are rapidly transferred from -80 °C to 37

°C water-bath to ensure rapid thawing. The thawed cell suspension was
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mixed with 10 ml complete DMEM before centrifugation. To remove
DMSO from the cells, the suspension was spun at 1000 x g for 5 min and

resupended in complete media for plating.

7.1.3. Cell treatments for autophagy assessment

HeLa cells were treated with EBSS medium (Gibco) in order to induce
autophagy for different time durations. In order to block degradation of

autophagosomes, Baf A1 was used at a concentration of 200 nM.
7.1.4. CRISPR/Cas9 HA-tagged cell line generation

7.1.4.1. gRNA design and cloning

A fragment containing the stop codon flanked by 50 nt upstream and
50 nt downstream was selected in ensembl.org from each gene to be
edited. This sequence was loaded in the online tool of the Zhang lab
(http://crispr.mit.edu/) to search for gRNAs and their specificity. The
gRNA with the highest specificity score and nearest to the stop codon
was selected. In order to clone the gRNAs in the pSpCas9 backbone
vector (a pX330 based vector), the piece of DNA containing the gRNA
must be double stranded and with cohesive ends compatible with the
plasmid. This is achieved by annealing two primers. When designing
the primers, the gRNA sequence picked from the Zhang lab tool, without
the PAM sequence, was considered as the 5°-3’ strand with the following

modifications to fit in the vector:

5 CACCGNNNNNNNNNNNNNNNNNNN 3’ (oligo 1)
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A primer complementary to the previous one was designed also with

some modifications:
3> CNNNNNNNNNNNNNNNNNNNCAAA 5’ (oligo 2)

Primers were phosphorylated and annealed. From oligo 1 and oligo 2, 1
ul at 100 uM were mixed together and 1 pl 10X T4 Ligation Buffer (NEB),
0.5 ul T4 phosphonucleotide kinase (NEB) and 6.5 pl of distilled water
were added to the mix. A thermocycler was set to phosphorylate (37°C
30 min) and anneal the primers (95°C 5 min and slow cooldown to room

temperature (RT)). The annealed sequences were diluted 1:250.

Next, a simultaneous digestion-ligation was performed. Reaction
mix contained 100 ng of pSpCas9(BB)-2A-GFP (PX458) vector, 2 ul
phosphorylated and annealed oligo duplex 1:250 dilution from the
previous step, 2 yl 10X Tango buffer (or FastDigest Buffer), 2 ul DTT
(10 mM to a final concentration of 1 mM), 2 ul ATP (10 mM to a final
concentration of 1 mM), 1 yl FastDigest BbsI (NEB), 0.5 ul T7 DNA
ligase, and distilled water up to 20 ul. The reaction was incubated in a

thermocycler during 6 cycles of 37°C 5 min, and 23°C 5 min.

A volume of 30 pl of Top 10 competent Escherichia coli was mixed with
1 ul of each digestion-ligation product in a 1.5 ml tube. The tubes were
incubated on ice for 10 minutes. Next, each tube was transferred to
a thermocycler at 42°C for 1 minute and then put back to the ice for
2 minutes. A volume of 700 pl of LB medium was added to the tubes
and then incubated at 37°C in a shaker for at least 30 min. Bacteria

were pelleted by spinning the tubes at the maximum speed for 30 sec.
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Supernatant was removed by inverting the tubes. A volume of 50 pl of
bacteria and remaining medium was seeded into an LB agar Ampicillin

plate per sample and incubated at 37°C o/n.

Grown colonies were amplified using Macherey-Nagel NucleoSpin
Plasmid, Mini kit for plasmid DNA. One pg of each of the isolated plasmids
was digested with 0.5 pl BbsI and 0.5ul EcoRI'in 1ul 10X CutSmart Buffer
and distilled water was added to a final volume of 10 pl. Samples were
ran on an agarose gel. In the case of a correct integration of the gRNA
primers in the vector, the expected digestion products were a fragment
of 8500 bp and another fragment of 800 bp. Lack of integration would
yield 3 digestion products: one of about 5000bp, another of 3500 bp and
one of 800 bp.

7.1.4.2. CIRSPR/Cas9 Hel.a cell clone generation

In a 10 cm dish, 2.2 x 10% HeLa cells were seeded. One day after seeding,
HeLa cells were transfected with the gRNA-pSpCas9-GFP vector and the
corresponding ssODN (ordered from Sigma Aldrich). In a 2ml tube, 6 pg
of plasmid, 2 pg of ssODN, 1560 pl of 150 mM NacCl, and 96 pl of PEI were
mixed. The tube was inverted 10 times and incubated for 15 minutes at
room temperature. In the meantime, fresh medium was added to the
cells. The transfection mix was added to the cells and incubated for 6

hours. After incubation, the medium was changed.

In order to check non-selectively whether cells had integrated the HA-tag,
genomic DNA was isolated from these cells 48 hours after transfection

by using Blood & Cell Culture DNA Mini Kit from QIAGEN (ID: 13323).
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Two PCR reactions were performed: one to amplify a region of about
300bp around the site of integration, and a second one to selectively

amplify the PCR products that contain the HA-tag sequence.

For selective growth of clones to identify HA-positive ones, 48 hours
after transfection cells were trypsinized and sorted according to their
GFP expression. GFP positive cells were isolated from the rest by FACS
and grown individually in a 96wp. Each clone was expanded until
there were more than 4 x 10° cells. From each clone, 2 x 10° cells were
analyzed by westernblot using an antibody against HA to detect which
clones expressed HA. Positive clones were sequenced for validation of

the correct integration of HA.

7.1.5. CRISPR/Cas9 Knockout cell line generation

The necessary vectors for CRISPR/Cas9 KO of RAB5C in HelLa cells were
acquired in Santa Cruz. In a 6 well plate, 0.3 x 106 HeLa cells were seeded
per well. One day later, cells were transfected with RAB5C specific
CRISPR/Cas9 gRNA plasmid and RAB5C specific HDR plasmid containing
mCherry and a puromycin cassette. Per well, in one tube 1 yg of RAB5C
specific CRISPR/Cas9 gRNA plasmid and 1 pg of RAB5C specific HDR
plasmid, and 150 pl of Opti-MEM (Gibco) were mixed. In a different tube,
3 wl of PEI max 40K and 150 yl of Opti-MEM were added. Each mixture
was incubated separately at RT for 5 minutes. The content of both tubes
was mixed and incubated at RT for 20 minutes. In the meantime, cell
medium was replaced with fresh one. Transfection mix was added to

the cells. Medium was changed 24 hours later. Puromycin selection was
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carried out 36 hours after transfection using a concentration of 2 ug/ml
in the culture medium during 7 days. Cells that had survived puromycin
selection and that presented more mCherry fluorescence were selected
by using FACS and grown together to establish a polyclonal cell line. KO
validation was performed by western blot analysis using an antibody

against RAB5C.

7.1.6. Protein overexpression

For immunoprecipitation or microscopy assays, some proteins needed
to be overexpressed. To achieve protein overexpression, cells were
transfected with a plasmid containing the protein of interest. pCMV3-SP-
N-FLAG or pCMV3-SP-C-FLAG plasmids containing the coding sequences
from the proteins of interest were acquired from SinoBiological. Per 10
cm dish, 5 ug of plasmid DNA were incubated together with 750 pl of Opti-
MEM in one 2ml tube for 5 min at RT. In a different tube, 15 pyl PEI max
40K were mixed with 750 pl of Opti-MEM and were also incubated for 5
min at RT. Both solutions were mixed and incubated for 30 min RT. The
final solution was added to a 10 cm dish and incubated during 24 hours.
Medium was removed and fresh medium was added. Experiments were

performed at least 24 hours after changing the medium.

7.1.7. Transient gene silencing

Genes were transiently silenced by transfecting the cells with siRNAs.
Commercially available validated siRNAs were ordered from Sigma
Aldrich. In a 6 well plate, 0.3 x 10° HeLa cells were seeded per well. One
day later, cells were transfected with the appropriated siRNAs. Stocks
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of siRNAs were prepared at 1 uM by adding 100 ul RNAse free water to
the siRNA commercial tube and diluting 10 pl of the previous solution
in 1000 pl RNAse free water. Per well, 125 yl OptiMEM were incubated
with 2.5 pl lipofectamine 2000 (Thermo Fisher Scientific) in a 1.5 ml
tube for 5 min at RT. In a different tube 125 pl OptiMEM were incubated
with 60 pl siRNA (final concentration in 2ml of medium was 30nM) for
5 min at RT. Both solutions were mixed and incubated for 20 min at RT.

The mixture was added to the cells and incubated for 48 or 72 hours.

7.2. Molecular biology techniques

7.2.1. Total protein extraction

RIPA buffer was prepared as explained in Table 13.

Table 13. RIPA buffer composition.

RIPA buffer
50 mM Tris pH 8.0
150 mM Nacl
0.1% w/v SDS
1% v/v NP-40
0.5% w/v Na-DOC
1mM EDTA

For total protein extraction, cells were cultured in 6 well plates of 9.6 cm?
each well. When a confluency of 100% was reached, cells were scraped
from the plate in growth medium and all the content of each well
was transferred to a 2ml tube. Cellular suspensions were centrifuged

for 5 minutes at 1000 x g at RT. Pellets were resuspended in PBS and

¥ 254



Materials and Methods | 7

centrifuged with the same parameters as before. The obtained cellular
pellets were resuspended in 100 pl RIPA buffer (50 mM Tris pH 8.0, 150
mM NacCl, 0.1% wy/v SDS, 1% v/v NP-40, 0.5% w/v Na-DOC, 1mM EDTA)
and incubated for 30 min on ice. Samples were centrifuged for 20 min
at 21000 x g at 4°C. Supernatants (90 pl) were transferred to clean tubes
and protein concentration was measured using Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific). A standard curve was generated
by mixing in a 96 well plate different quantities (normally 0 mg, 2 mg,
4 mg, 6 mg and 8 mg) of BSA with 200 pl of reaction mixture. Two pl
of each cellular lysate were mixed in the 96 well plate with 200 pl of
reaction mixture. The plate was incubated for 20 minutes at 37°C and
absorbance was measured at 562 nm. After obtaining the standard
curve, protein concentration was calculated by interpolation. Protein
extract samples were prepared at the same concentration by adding the
proper amounts of PBS if necessary. Then, 4X Laemmli (8% wj/v SDS,
40% glycerol, 120 mM Tris-HCl pH 6.8, 8% B-mercaptoethanol) sample
buffer was added in a proportion of 1:4 to make the samples suitable for
western blot loading. Next, samples were boiled at 95°C for 5 min. Tubes

were kept at -20°C until western blot was performed.

7.2.2. Western blot

Proteins were resolved by size by electrophoresis in an SDS-PAGE gel.
The resolving gel had different concentrations of acrylamide depending
on the size of proteins to be resolved (usually 7,5 %, 10 % 12,5 % or
15 %). Samples were run next to a molecular weight marker Spectra™

Multicolor Broad Range Protein Ladder (Thermo Fisher Scientific) for
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chemiluminescence detection or Chameleon® Duo Pre-stained Protein
Ladder (Li-COR) for near infra-red (NIR) fluorescence protein detection.
Voltage was maintained at 90V until samples entered resolving gel,
then voltage was increased to 100V - 150V until the desired resolution
was achieved. Next, proteins were transferred to Immobilon-P
PVDF membranes (Millipore) for chemiluminescence detection or
Immobilon-FL. PVDF membranes (Millipore) for NIR fluorescence
detection. Transference was performed at 250 mA for 2 hours on ice
or by o/n transference at 97mA at RT. Membranes were blocked in 5 %
milk in PBS-Tween20 (PBST: 0,1 % Tween in PBS buffer) for 1 h at RT.
Membranes were incubated in primary antibody diluted in PBST o/n
at 4 °C. Membranes were washed three times for 5-15 min and then
incubated in rotation for 1h at RT with the corresponding dilution in
5% milk PBST of horseradish peroxidase (HRP)-conjugated secondary
antibodies or Fluorescent dye-conjugated secondary antibodies.
Fluorescent dye-conjugated secondary antibodies were incubated in the
dark. Then, membranes were washed three times with PBST for 5-15
min. Prior to chemiluminescence detection, membranes were exposed
to Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific)
mixture for 1 min, and immediately after, placed into Li-COR Odyssey
FC chemiluminescence detector. Images were obtained after 2, 5 or 10
minutes of exposure. For NIR fluorescence acquisition, membranes were
washed once more in PBS without detergent for 5 minutes and placed in
the LI-COR Odyssey® Infrared Imaging System. Signals were acquired at
the appropriate wavelength (680 nm or 800 nm). Signal quantification

was performed by using Image Studio™ Lite Software (Li-COR).
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7.2.3. Immunoprecipitation

5.2.3.1. Endogenous denaturing HA-IP in RIPA buffer to
validate HA-tagging of MFN1 and MFN

From each cell line or condition to be analyzed, cells were recovered
from one 150 mm plate. For recovery, medium was discarded and the
plate was rinsed in 10 ml PBS. One ml of ice cold PBS was added to
the plate and cells were scraped and transferred to a 2 ml tube. Tubes
were centrifuged at 1000 x g for 5 minutes at 4°C. Pelleted cells were
resuspended in 1 ml of RIPA buffer and incubated 20 min on ice.
Samples were centrifuged at maximum speed for 15 min at 4°C. During
this step, beads were prepared for the binding step. Per lysate, 15 pl of
HA-coupled dynabeads (Pierce™ Thermo Fisher Scientific) were washed
three times in ice cold lysis buffer, separating the supernatant from the
beads in a magnetic rack. Beads were incorporated into 1.5 ml tubes.
Protein concentration of lysate supernatants was measured. Equal
amounts of protein from each sample to be compared were added to the
beads. A fraction of these lysates was kept as an input control. Samples
were incubated at 4°C o/n in rotation. Next, a magnetic rack was used to
separate the beads from the supernatant. A fraction of the supernatant
was kept as an unbound control and the rest of the supernatant was
discarded. Beads were washed 3 times in 1 ml ice cold RIPA buffer. Beads
were eluted in 2X Laemmli buffer in a volume equal to the volume of

beads and boiled for 5 min at 95°C.
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5.2.3.2. Endogenous HA-IP coupled to mass spectrometry to
identify MFN1 and MFNZ2 interactors

Lysis and wash buffers were prepared one day in advance as explained
in Table 14. Protease inhibitors (Roche Complete EDTA Free diluted 1:50)
and phosphatase inhibitors (Merck Cocktail set IV diluted 1:50) were
added freshly to both buffers the same day when HA-IP was performed.

Table 14. Lysis and wash buffers used in endogenous HA-IP.

Lysis buffer Wash buffer
50 mM Tris pH 7.4 50 mM Tris pH 7.4
150 mM Nacl 150 mM Nadcl
5 mM EDTA 5 mM EDTA
1% Digitonin 0.1% Digitonin

Endogenous HA-IP was performed as follows:

1. From each cell line or condition to be analyzed, cells were
recovered from 8 15 cm plates. For recovery, medium was discarded
and each plate was rinsed in 10 ml PBS. One ml of ice cold PBS was

added to each plate and cells were scraped and transferred to a 50 ml

tube.

2. Tubes were centrifuged at 1000 x g for 5 minutes at 4°C.

3. Pelleted cells were resuspended in 2 ml of lysis buffer.

4. Cells were disrupted manually in a Dounce homogenizer after
20 strokes.

5. Lysates were transferred to 2 ml tubes and incubated on ice for

at least 15 min.
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6. Samples were centrifuged at maximum speed for 15 min at 4°C.
7. During step 6, beads were prepared for the binding step. Per
lysate, 40 ul of HA-coupled dynabeads were washed three times in ice
cold lysis buffer, separating the supernatant from the beads in a magnetic

rack. Beads were incorporated into protein LoBind tubes (Eppendorf).

8. Protein concentration of lysate supernatants was measured.
9. Around twenty two mg of sample were used per 40 ul of
dynabeads.

10. A fraction of these samples (100 pl) was kept as an input control.
11.  Samples were incubated at 4°C in rotation.

12. Next, a magnetic rack was used to separate the beads from the
supernatant.

13. A fraction of the supernatant was kept as an unbound control
and the rest of the supernatant was discarded.

14. Beads were washed 5 times in 1 ml ice cold wash buffer. The last
three washes were incubated in rotation for 5 minutes.

15. Beads were eluted in 2X Laemmli buffer in a volume equal to the
volume of beads and boiled for 5 min at 95°C.

16. Next, samples were run on an 0.75 mm SDS-PAGE gel until they
passed the stacking gel.

17.  The gel was stained with InstantBlue® Coomassie Protein Stain

(Abcam) and bands were cut.

Gel bands were reduced with DTT 10mM for 45min at 56°C and
alkylated for 30 min in the dark with IAA 50 mM. Then, in-gel digestion
was performed with trypsin (0.1 pg/ul) in 50mM NH4HCO3 at 37°C
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overnight. The digestion was stopped by adding formic acid. Peptides
were extracted with 100 % acetonitrile and completely evaporated.
Samples were reconstituted in 20 pL of 3% Acetonitrile (ACN) and 1%

formic acid aqueous solution for MS analysis.

LC-MS coupling was performed with the Advion Triversa Nanomate
(Advion BioSciences, Ithaca, NY, USA) as the nanoESI source performing
nanoelectrospray through chip technology. The Nanomate was attached
to an Orbitrap Fusion Lumos™ Tribrid mass spectrometer and operated
at a spray voltage of 1.6 kV and a delivery pressure of 0.5 psi in positive

mode.

The nano-LC-MS/MS set up was as follows. Digested peptides were
diluted in 1% FA, 3% ACN. Samples were loaded to a 300 pm x 5 mm,
C18 PepMap100 (Thermo Scientific) at a flow rate of 15 yl/min using
a Thermo Scientific Dionex Ultimate 3000 chromatographic system
(Thermo Scientific). Peptides were separated using a C18 analytical
column (NanoEase MZ HSS T3 column, 75 pm x 250 mm, 1.8 pm, 1004,
Waters) with a 90 min run, comprising three consecutive steps with
linear gradients from 3 to 35% B in 60 min, from 35 to 50% B in 5 min,
and from 50 % to 85 % B in 2 min, followed by isocratic elution at 85 %
B in 5 min and stabilization to initial conditions (A= 0.1% FA in water,
B= 0.1% FA in CH3CN). The column outlet was directly connected to
an Advion TriVersa NanoMate (Advion) fitted on an Orbitrap Fusion
Lumos™ Tribrid (Thermo Scientific). The mass spectrometer was
operated in a data-dependent acquisition (DDA) mode. Survey MS

scans were acquired in the orbitrap with the resolution (defined at 200
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m/z) set to 120,000. The lock mass was user-defined at 445.12 m/z in
each Orbitrap scan. The top speed (most intense) ions per scan were
fragmented by CID and detected in the Ion Trap. The ion count target
value was 400,000 for the survey scan and 50,000 for the MS/MS scan.
Target ions already selected for MS/MS were dynamically excluded for
15 s. Spray voltage in the NanoMate source was set to 1.60 kV. RF Lens
were tuned to 30%. Minimal signal required to trigger MS to MS/MS
switch was set to 5000 and activation Q was 0.250. The spectrometer was
working in positive polarity mode and singly charge state precursors

were rejected for fragmentation.

A database search was performed with Proteome Discoverer software
v2.3 (Thermo) using Sequest HT search engine, SwissProt Human
release 2019_01 and Contaminants database. Search was run against
targeted and decoy database to determine the false discovery rate (FDR).
Search parameters included Trypsin (and Chymotrypsin) enzyme,
allowing for two missed cleavage sites, carbamidomethyl in cysteine as
static modification; methionine oxidation and acetylation in N-terminal
as dynamic modifications. Peptide mass tolerance was 10 ppm and the
MS/MS tolerance was 0.6 Da. Peptides with a FDR < 1% were considered

as positive identifications with a high confidence level.

For the quantitative analysis, contaminant identifications were removed
and unique peptide spectrum matches of protein groups identified with
Sequest HT and Andromeda were analyzed with SAINTexpress-spc
v3.11 [Teo, G. et al. ] Proteomics, 2013]. SAINTexpress compares the prey

control spectral counts with the prey test spectral counts for all available
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replicates. For each available bait and for each available replicate, the
maximum count result between PD and MQ was taken as prey count.
Once obtained this combined dataset, SAINTexpress algorithm was ran
twice, first with basal condition samples and second with starvation
samples (refer as S). High confidence interactors were defined as those

with Bayesian false discovery rate BFDR < 0.05.

5.2.3.3. FLAG-IP of overexpressed proteins

FLAG-IP lysis buffer and wash buffers were prepared in advanced as
detailed in Table 15. Protease inhibitors (Roche Complete EDTA Free
diluted 1:50) and phosphatase inhibitors (Merck Cocktail set IV diluted
1:50) were added freshly to both buffers the same day when FLAG-IP

was performed.

Table 15. Lysis and wash buffers utilized in FLAG-IP.

Lysis buffer Wash buffer
50 mM Tris pH 7.4 50 mM Tris pH 7.4
150 mM Nacl 150 mM Nacl
5 mM EDTA 5 mM EDTA
1% Digitonin or 1% Triton X-100 0.1% Digitonin or 1% Triton X-100

Around 2 x 107 HeLa cells in four 10 cm culture plates were transfected
with a plasmid overexpressing the protein to be immunoprecipitated
fused to a FLAG-tag. Two days after transfection, HelLa cells were
recovered by scraping in PBS as explained before. Cell pellets were
resuspended in 1 ml of lysis buffer and incubated on ice for at least 15

min. Samples were centrifuged at maximum speed for 15 min at 4°C.
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During this step, beads were prepared for the binding step. Per lysate,
20 yl of FLAG-coupled magnetic beads (Thermo Fisher Scientific) were
washed three times in ice cold lysis buffer, separating the supernatant
from the beads in a magnetic rack. Beads were incorporated into 1.5
ml tubes. Protein concentration of lysate supernatants was measured.
From 2.5 mg to 5 mg of sample were used for immunoprecipitation. A
fraction of these samples was kept as an input control. Samples were
incubated at 4°C in rotation. Next, a magnetic rack was used to separate
the beads from the supernatant. A fraction of the supernatant was kept
as an unbound control, but the rest of the supernatant was discarded.
Beads were washed 3 times in 1 ml ice cold wash buffer. Beads were
eluted in 2X Laemmli buffer in a volume equal to the volume of beads

and boiled for 5 min at 95°C.
7.2.4. Cell visualization by confocal microscopy

5.2.4.1. Immunostaining of fixed cells

Around 1.5 x 10° cells were plated on 12mm diameter coverslips
in 6 well plates, expecting a confluence of ~50% two days later. If
necessary, mitotracker deep red (Thermo Fisher Scientific) staining of
mitochondria was performed in live cells by incubation during 30 min
with the probe at 100 nM in complete medium, then cells were washed
for 10min in complete medium before fixation. Paraformaldehide (PFA)
at a concentration of 4% in PBS was used for cell fixation. Cells were
incubated in ice cold PFA for 20 min and then transferred to a 12 well

plate for one wash with 50 mM NH,CL If mtDNA needed to be stained,
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cells were permeabilized in a buffer containing 0.1 % Triton X-100, and
3 % FBS in PBS for 30 min. If not, this step is skipped. Coverslips were
incubated in blocking buffer (0.05 % Saponin, 2 % FBS in PBS) for at
least 10 minutes. Primary antibodies were diluted in blocking buffer
as specified. Coverslips were incubated in 80 pl drops of antibody
dilution upside down on a piece of parafilm for 1h at RT. Coverslips
were return to the 12 well plate and washed three times for 10 min
with blocking buffer. Fluorescent secondary antibodies were diluted in
blocking buffer as specified. Coverslips were incubated upside down in
80 ul drops of antibody dilution on a parafilm piece at RT in the dark
for at least 30 min. Next, samples were returned to the 12 well plate and
three washes of 10 min with blocking buffer were performed. If nuclei
staining was performed, the coverslips were incubated in a 1:10000
dilution of Hoechst 33342 in PBS for 10 min followed by two washes
of 10 min in PBS. Samples were rinsed in distilled water for 5 seconds
and mounted onto microscope slides using 4 ul of Flouromount (Sigma).
Slides were dried o/n at RT in a dark chamber and then kept at 4°C in a

dark chamber until imaging was performed.

5.2.4.2. Cell preparation for live imaging

Around 1.5 x 10° cells were grown in 25 mm coverslips inside 6 well
plates or in 4 chamber 35mm glass bottom dishes. If necessary, cells
were transfected with plasmids containing GFP-tagged proteins 48 hours
before imaging. For visualization of mitochondria, either mitotracker
deep red or mitotracker green were used. Cells were incubated with

these probes at a concentration of 100 mM in DMSO for 30 minutes and
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then incubated in normal medium until imaging was performed.

5.2.4.3. Image acquisition

Confocal images were obtained using Super Resolution Elyra PS1 +
AiryScan Zeiss microscope with a PlanAchromat 63x oil objective lens
with 1.40 NA, a pinhole diameter of 1 airy unit and a zoom between
1.0 and 2.0 units. Z-stacks were acquired with 0.25 pm steps. When live
imaging was performed, the microscope imaging chamber was warmed
up to 37°C and the flow of 5% CO, was activated. Image processing and

quantification were performed using Image] software.

7.2.5. Gene expression measurement by quantitative real
time PCR

5.2.5.1. RNA extraction

RNA was isolated from 1 x 10° cells cultured in each well of a 6 well
plate. RNAeasy® minikit columns (Qiagen) were used for RNA extraction
following the manufacturer’s instructions. Briefly, cells were recovered
from the wells by scraping in normal medium, centrifuged and washed
in PBS. Clean cell pellets were resuspended in the lysis buffer provided
in the kit after adding 1 % DTT. Samples were homogenized by passing
through a 25G syringe 10 times and then spun at maximum speed for 10
min. The supernatants were mixed with equal volumes of 70 % ethanol
in RNase-free water. The mixtures were transferred to RNAse free spin
cartridge with a collection tube and centrifuged at 12,000 x g for 30 s at
RT. Flow-through was discarded and two washing steps with different

buffers provided in the kit were performed. Spin cartridges were
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spun at 12000 x g for drying the membrane and collection tubes were
replaced by 1.5 ml tubes. A volume of 50 yl of RNAse-free water was
added to each column membrane. Spin columns were incubated at RT
for 1 minute. RNA was eluted by centrifugation at 12,000 x g for 2 min
at RT. The concentration of RNA in the samples was quantified using the
Nanodrop™ 2000/2000c spectrometer (Thermo Fisher Scientific) and the
ND1000 software (Thermo Fisher Scientific). [solated RNA was stored at
-80 °C.

5.2.5.2. cDNA preparation

Reverse transcription was performed using gScript cDNA SuperMix™
(Quantabio) using a 2720™ Thermal Cycler (Applied Biosystems). Briefly,
6 ug of RNA from each sample were added to PCR tubes, followed by
12 ul of gScript reaction mix and RNase-free water to a final volume of
30 uL. Reverse-Transcription Polymerase Chain Reaction (RT-PCR) was
performed as follows: 5 min at 25°C, 30 min at 42°C and 5 min at 85°C.
Generated cDNA was diluted to a working concentration of 10 ng/ul

with distilled water and stored at -20 °C.

5.2.5.3. Quantitative real-time PCR

The reaction volume was set to 10 pl per sample in a 384 well plate.
Master Mix for SYBR Green analysis was prepared by mixing 5 pl of
SYBR Green PCR Master Mix (Applied Biosystems), with 0.25 pl of 25 uM
primer solution (forward and reverse) per sample. Wells were loaded
with 5 pl of SYBR Green master mix and 5 pl of 10 ng/ul cDNA sample

were added to each well. Two or three technical replicates were analyzed
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per sample. Quantitative real-time PCR was performed using the ABI
Prism 7900 HT real-time PCR machine (Applied Biosystems) and the
SYBR® Green PCR Master Mix (Applied Biosystems). All measurements
were normalized to GAPDH or TBP.

7.3. Statistics

Statistical analyses were performed as explained in footnotes. Briefly,
data were subjected to normality Saphiro-Wilk test. Data that passed
normality test were compared using T-student test paired or unpaired.
Data that did not pass normality test were compared using Wilcoxon test
if values were paired or Mann-Whitney test if values were not paired.

GraphPad Prism 8.0 software was used for these analyses.
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Abstract

Cellular organelles are not static but show dynamism—a property
that is likely relevant for their function. In addition, they interact
with other organelles in a highly dynamic manner. In this review,
we analyze the proteins involved in the interaction between mito-
chondria and other cellular organelles, especially the endoplasmic
reticulum, lipid droplets, and lysosomes. Recent results indicate
that, on one hand, metabolic alterations perturb the interaction
between mitochondria and other organelles, and, on the other
hand, that deficiency in proteins involved in the tethering between
mitochondria and the ER or in specific functions of the interaction
leads to metabolic alterations in a variety of tissues. The interac-
tion between organelles is an emerging field that will permit to
identify key proteins, to delineate novel modulation pathways, and
to elucidate their implications in human disease.

Keywords contact sites; diabetes; endoplasmic reticulum; insulin resistance;
lipid droplets
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Contacts between mitochondria and other organelles

Mitochondria are highly dynamic and social organelles. They
undergo continuous morphological changes to maintain cellular
homeostasis; i.e., they fuse in response to specific physiological
conditions, they divide to facilitate their removal by autophagy, and
they maintain dynamic contacts with other membranous compart-
ments of the cell. Mitochondria communicate with the endoplasmic
reticulum (ER), lipid droplets (LDs), Golgi apparatus, lysosomes,
melanosomes, and peroxisomes by establishing physical contacts
(Fig 1). Fluorescent labeling of all these organelles in vivo has
recently revealed cellular regions where three or more of these orga-
nelles physically interact [1]. Mitochondria and ER actively commu-
nicate, and their contact sites are important hubs for lipid

trafficking, mitochondrial dynamics, Ca?* signaling, ER stress,
apoptosis, and macroautophagy. Mitochondria-ER contact sites are
also referred to as MERCs or when studied at a biochemical level
MAMs (mitochondria-associated membranes). The contacts
between mitochondria and LD functionally support triacylglyceride
synthesis [2], and they are sustained by the interaction between
MFN2 and PLIN1 [3]. Apposition of the Golgi apparatus and mito-
chondria has been demonstrated by microscopy techniques;
however, the molecular features of this interaction remain poorly
understood [4,5]. Mitochondria incorporate Ca’" excess from the
Golgi apparatus and have been proposed as a source of ATP for this
organelle [4]. The contacts between mitochondria and lysosomes
have been described to regulate mitochondrial fission, as well as
lysosomal dynamics, by RAB7 GTP hydrolysis [6]. Melanosomes,
which are lysosome-related organelles that store pigments, also
interact with mitochondria [7]. These sites are associated with the
process of melanogenesis [7]. MFN2 has been found at these areas
of juxtaposition, and its knockdown reduces these interorganelle
connections [7]. Peroxisomes and mitochondria interact through
TOM20 in the mitochondria and ECI2 in peroxisomes. This interac-
tion has functional implications in steroid biosynthesis in mouse
Leydig cells [8]. Of all the mitochondrial contacts, those with ER are
the best characterized to date, and some metabolic implications of
those contacts have been also documented. The contacts between
mitochondria and LDs or lysosomes are currently gaining insight
and relevance and their potential metabolic implications are in the
spotlight. In this review, we focus mainly on the molecular biology
of mitochondria-ER, mitochondria-LD, and mitochondria-lysosome
contacts and their involvement in metabolism.

Architecture of mitochondria—ER tethers

The structural scaffold of ER-mitochondria contact sites consists of
proteins inserted in the outer mitochondrial membrane (OMM) that
interact with those in the ER membrane. Available data indicate that
ER bridging to mitochondria is governed by the following protein
complexes (Fig 2): VAPB in the ER and PTPIP51 in mitochondria
[9]; inositol 1,4,5-triphosphate receptors (IP3R1/2/3) in the ER and
GRP75, together with VDACI in mitochondria [10]; BAP31 in the ER
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1-acylglycerol-3-phosphate O-acyltransferase
Acyl-CoA synthase long chain family member 1
Agouti-related protein

Protein kinase B

ATPase family, AAA domain containing 3A
Activating transcription factor 4
Activating transcription factor 6
Autophagy related 12

Autophagy related 14

Autophagy related 16 like 1

Autophagy related 5

Adipose triglyceride lipase

Bcl-2 homologous antagonist/killer

B-cell receptor-associated protein 31
Brown adipose tissue

BCL2-associated X

Apoptosis regulator B-cell lymphoma 2
Beclin 1

Proximity dependent biotin identification
Binding immunoglobulin protein

Calcium

C-C motif chemokine ligand 2

Cell death-inducing p53-target protein 1
CCAAT/enhancer-binding protein alpha
CCAAT/enhancer-binding protein homologous protein
Cell death-inducing DFFA-like effector a
Cytochrome P450 family 11 subfamily A member 1
Cyclophilin D

Dynamin-related protein 1

Enoyl-CoA delta isomerase 2

Eukaryotic initiation factor 2 alpha
Endoplasmic reticulum

Extracellular signal-regulated kinase

ER lipid raft associated 2
ER-mitochondria encounter structure
Fatty acid-CoA ligase 4

Flexor digitorum brevis

Fibroblast growth factor 21
Mitochondrial fission 1

FUN14 domain-containing protein 1
Glucose transporter type 4
Gangliosidosis-1

Glucose-regulated protein 75
Glucose-regulated protein 94

GTP hydrolase

Guanosine 5'-triphosphate

Hydrogen peroxide

High-density lipoprotein

High-fat diet

Interleukin 6

Inner mitochondrial membrane

Inverted formin 2

Inositol 1,4,5-triphosphate receptors 1, 2 and 3
Inositol-requiring enzyme 1 alpha

c-Jun N-terminal kinase
Microtubule-associated protein 1A/1B-light chain 3
Lipid droplet

Classically activated macrophages
Mitochondria-associated membranes
Mitogen-activated protein kinase
Mitochondrial calcium uniporter
Mitochondria-derived vesicle

Mouse embryonic fibroblasts
Mitogen-activated protein kinase kinase
Mitochondria—ER contact sites
Mitochondria fission factor
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MFN1
MFN2
MiD49/51
MOSPD2
MPTP
mRNA
mtDNA
mTORC1
mTORC2
mTOR
OMM
OPA1
ORPS
ORP8
0SBP
OXPHOS
PACS2
PC
PDK4
PDZD8
PEMT
PE

PERK
PI3K
PI4P
PISD
PLIN1
PLINS
POMC
PPARY
PS

PSS1
PSS2
PTPIP51
RABS
RAB7
ROS
RYR1/2/3
SEC61
SERCA
SLC
SMP
SNAP23
SREBP1C
STARD1/3/4

StAR
START
STX17
TAG
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Mitofusin 1

Mitofusin 2

Mitochondrial dynamics proteins 49 and 51
Motile sperm domain containing 2

Mitochondrial permeability transition pore
Messenger ribonucleic acid

Mitochondrial deoxyribonucleic acid

Mammalian target of rapamycin complex 1
Mammalian target of rapamycin complex 2
Mammalian target of rapamycin

Outer mitochondrial membrane

Optic atrophy 1

Oxysterol-binding protein—related protein 5
Oxysterol-binding protein—related protein 8
Oxysterol-binding protein

Oxidative phosphorylation

Phosphofurin acidic cluster sorting protein 2
Phosphatidylcholine

Pyruvate dehydrogenase kinase 4

PDZ domain-containing protein 8
Phosphatidylethanolamine N-methyltransferase
Phosphatidylethanolamine

Protein kinase RNA-like endoplasmic reticulum kinase
Phosphatidylinositol-3-kinase
Phosphatidylinositol 4-phosphate
Phosphatidylserine decarboxylase proenzyme
Perilipin 1

Perilipin 5

Pro-opiomelanocortin

Peroxisome proliferator-activated receptor gamma
Phosphatidylserine

Phosphatidylserine synthase-1

Phosphatidylserine synthase-2

Protein tyrosine phosphatase interacting protein 51
Ras-related protein Rab-5

Ras-related protein Rab-7

Reactive oxygen species

Ryanodine receptors 1, 2, and 3

Protein transport protein Sec61
Sarco/endoplasmic reticulum Ca?*-ATPase

Solute carrier protein

Synaptotagmin-like mitochondrial-lipid-binding domain
Synaptosomal-associated protein 23

Sterol regulatory element-binding protein 1
Steroidogenic acute regulatory lipid transfer domain
proteins 1, 3, and 4

Steroidogenic acute regulatory protein
StAR-related lipid transfer

Syntaxin 17

Triacylglycerides

TBC1 domain family member 15

Trichoplein

Transglutaminase 2

Tumor necrosis factor alpha

Translocase of outer mitochondrial membrane 20
Translocase of outer mitochondrial membrane 22
Translocase of outer mitochondrial membrane 40
Translocase of outer mitochondrial membrane 70
Translocator protein

Uncoupling protein 1

Unfolded protein response

Vesicle-associated membrane protein 4
VAMP-associated Protein B

Voltage-dependent anion channel 1
Voltage-dependent anion channel 2
Voltage-dependent anion channels
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Glossary (continued)

VPS13A Vacuolar protein sorting-associated protein 13 A WASF3 Wiskott-Aldrich syndrome protein family member 3
VPS15 Vacuolar protein sorting-associated protein 15 WAT White adipose tissue
VPS34 Vacuolar protein sorting-associated protein 34 XBP1 X-box binding protein 1
Vps39 Vacuolar protein sorting-associated protein 39 Ypt7 GTP-binding protein YPT7
Peroxisome C
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Figure 1. Contacts i ia and other or

Mitochondria interact with other membranous compartments in the cell. Mitochondria interact with the Golgi apparatus; however, the identities of the proteins involved
in this interaction have not been discovered yet. Mitochondria are also in contact with lysosomes, but the mediators of these contacts remain unknown. MFN2 in
mitochondria interacts with melanosomes. ECI2 and TOM?20 bridge the peroxisome to the mitochondria. Mitochondria are anchored to lipid droplets by the MFN2—PLIN1
interaction. Mitochondria—ER contacts harbor a singular architecture and are hubs for several cellular processes such as Ca** signaling and lipid trafficking (see further
details in Figs 2 and 3).

Lipid droplet

©EMBO

and FIS1 in mitochondria [11]; and MFN2 both in the ER and mito- been proposed as a new tethering protein in the ER that interacts
chondria [12]. These proteins not only shape mitochondria-ER with PTPIP51 [14]. MOSPD?2 is located at the contact sites of the ER
contacts but also participate in the functions associated with these with other organelles [14]. IP3Rs, GRP75, and VDACI form the gate
domains. PTPIPS1 and VAPB are necessary to maintain Ca** trans- through which Ca** leaves the ER and enters mitochondria [10].
port between the ER and mitochondria [13]. Recently, MOSPD2 has These proteins are core components of a bigger complex specialized
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in calcium channeling. Tethering capacity and calcium flux are
sustained by the mitochondrial proteins PDK4 and TG2 [15]. The
BAP31-FIS1 interaction is established at the MAM, upstream of
apoptosis induction [11]. Moreover, this complex also participates
in mitochondrial fission: FISI is a receptor for DRP1 in mitochon-
dria, the major player in mitochondrial fission [16], and BAP31,
once cleaved, is able to induce mitochondrial fission [17]. MFN2 is
localized both in the mitochondria and in the ER, and in both cases,
it is able to homooligomerize and to heteroligomerize with MFN1 to
tether both organelles or to promote mitochondrial fusion [18,19].
Furthermore, the lack of MFN2 results in reduced mitochondrial
ca** uptake and in autophagosome formation arrest [12,20].
Although several studies argue that MFN2 is an organelle spacer
[21,22], rather than a tether, we consider that the available data
strongly support the role of MFN2 as a tether [12,23,24]. A recent
study has suggested that another mitochondria-ER tethering
complex could exist containing BiP in the ER membrane toward the
ER lumen, WASF3 at the cytoplasm, and ATAD3A in the inner mito-
chondrial membrane (IMM) [25] (Fig 2). ATAD3A, WASF3, and BiP
co-immunoprecipitate and silencing of ATAD3A downregulates BiP
and WASF3 [25]. Given the location of these proteins in the cell, it
is likely that they are part of a larger complex whose components
remain undescribed.

Partial or total ablation of tethering proteins influences the
architecture of mitochondria-ER contact sites. GRP75 silencing
decreases the interaction between IP3R1 and VDACI both in

ER VAPB MOSPD2 IP,R
” GRP75
TG2
oMM
IMS PTPIPS1 PTPIP51 { VDAG
IMM @

Mitochondrion

e
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HT22 mouse hippocampal neurons cells and in HuH7 human
hepatocarcinoma cells [26,27]. This effect is also observed upon
MFN2 knockdown in HuH7 cells and H9c2 rat cardiomyoblasts
[27,28]. VDACI partial ablation diminishes the number of interac-
tion spots between GRP75 and IP3R1 in HuH7 cells [27]. IP3RI
silencing in hepatocytes does not alter the protein levels of the
other IP3Rs [29]. Pdk4 ablation in mice results in decreased
MAM formation in skeletal muscle [15]. Tg2 ablation in mouse
embryonic fibroblasts (MEF) decreases the quantity of mitochondria—
ER contact sites [30]. Vapb knockdown does not affect PTPIPS51
expression or vice versa in NSC34 mouse motor neuron-like cells;
however, it does reduce mitochondria-ER association [13]. In line
with this, Ptpip5S1 silencing in rat neonatal cardiomyocytes
reduces mitochondria-ER contacts [31]. Moreover, the downregu-
lation of Vapb or PtpipS1 in NSC34 cells does not affect total
MFN2 expression [13]. MFN2 knockdown in human lung cancer
HB838 cells leads to an increase in ATAD3A localization to the
MAM [32]. Both total and partial ablation of Mfn2 in MEF cells
increases the distance between the ER and mitochondria [23]. In
agreement with this finding, in flexor digitorum brevis (FDB)
muscles, mitochondria and ER apposition is reduced upon tempo-
ral Mfn2 depletion [33]. It is likely that additional tethers or spac-
ers will be identified in the future and that they will allow a
more global view of the proteins involved in the maintenance of
mitochondria-ER contacts. In addition, further studies are needed
to determine whether the ablation of a single protein modifies the

BiP

MFN2 BAP31

WASF3

MFN1/2 FIS1

ATAD3A

©EMBO

Figure 2. The architecture of mitochondria-ER contact sites: tethering complexes.

Mitochondria are bridged to the ER by several protein complexes. In the ER, VAPB or MOSPD2 bind to PTPIPS1 in mitochondria. IP3R in the ER is anchored to VDAC in the
OMM by the cytosolic protein GRP75. MFN2 is present both at the ER and in the OMM. From the ER, MFN2 interacts with either MFN1 or MFN2 in the mitochondria. BAP31 in
the ER partners up with FIS1 in the mitochondria. BiP in the ER, WASF3 in the cytosol, and ATAD3A in the IMM have been suggested to form a complex that tethers both

organelles.
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expression of proteins or of genes involved in a different tether
and to know whether these structures cooperate.

Functions linked to the mitochondria—ER contacts

The interface between ER and mitochondria harbors processes that
are essential for the cell (Fig 3; Table 1). In this review, we have
classified these processes in six groups: traffic of lipids, mitochon-
drial dynamics, ca*t signaling, ER stress, apoptosis initiation, and
autophagosome formation.

Lipid trafficking

Intracellular lipid transport can occur by flip-flop from one side of a
bilayer to the other, by vesicular trafficking, by lipid transfer
proteins, or by diffusion within a bilayer [34]. MAMs are hubs for
non-vesicular phospholipid and cholesterol transport, and this
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process is linked to the synthesis of phospholipid and cholesterol
intermediates. In this chapter, we analyze the progress in the traffic
of lipids between ER and mitochondria and we highlight the remain-
ing unexplored questions. Most of the advances so far have been
obtained in cellular models, and in vivo assays would provide these
findings with more robustness.

At the ER, phosphatidylcholine (PC) is converted into phos-
phatidylserine (PS) by PSS1 [35]. Mitochondria are not able to
synthesize PS and therefore receive it from the ER [36,37]. The
decarboxylation of PS in the mitochondria by PISD produces phos-
phatidylethanolamine (PE) [36,38]. This newly synthesized PE can
then be translocated to the ER [37], where it is converted to PC by
PEMT [39] or, less likely, to PS by PSS2 [35]. The discovery that
newly synthesized PS and PE are transported between ER and
mitochondria in a non-vesicular manner [37,40] was a key finding
in the lipid trafficking field and an outstanding contribution to the
understanding of the molecular biology of mitochondria and ER

Phospholipid Mitochondrial dynamics Ca** signaling Unfolded protein A
traffic response initiation formation
Mitochondrial Mitochondrial
fission fusion
ER ORPS5/8 STX17 TCHP MFN2 I!’3f§ MFN2 BAP31 CDIP STX17
PERK
(&)
< DRP1 %'\:TI ;: aL
Q complex
PE
[»)
oMM MFN2
S 2  PTPIP51 MFF : MID49/51 MFN2 BCL2 ?
IMM
Mitochondrion

Figure 3. Cellular functions at mitochondria-ER contact sites.
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The main processes that take place at the MAM are as follows: phospholipid trafficking, mitochondrial dynamics, @& signaling, unfolded protein response (UPR),
apoptosis initiation, and autophagosome formation. MAMs are hubs for phospholipid exchange between the ER and mitochondria. Mitochondria take phosphatidylserine
from the ER, which is supplied with phosphatidylethanolamine by mitochondria. Mitochondrial dynamics processes are regulated at the interface between the ER and
mitochondria. The mitochondrial fission effector DRP1 is recruited by MFF and MiD49/51 to the mitochondrial surface, and it interacts with STX17 in the ER membrane.
The ER wraps around the mitochondrion, which is finally excised into two daughter mitochondria after mtDNA replication. Mitochondrial fusion is promoted by TCHP

binding to MFN2. This interaction separates MFN2 tethers and promotes the fusogenic function of mitochondrion-bound MFN2. The ER is the cellular Ca**

reservoir.

IP3R, GRP75, and VDAC form a Ca®* channeling complex that allows Ca?* flux from the ER to mitochondria. MCU transports the intermembrane Ca>* to the
mitochondrial matrix. The UPR is regulated at the interface between mitochondria and the ER. One of the key regulators is MFN2, which inhibits the UPR by interacting
with PERK. It is not known whether PERK interacts with MFN2 in mitochondria, MFN2 in the ER or with both. MAMs are also involved in the initiation of apoptosis.
Sustained pro-apoptotic stimuli lead to BCL2 sequestration by the reticulum proteins BAP31 and CDIP in order to initiate apoptotic signaling cascades.
Autophagosomes arise from mitochondria—ER contact sites. Proteins involved in autophagosome formation are recruited to these locations. STX17 in the ER attracts
ATG14L and the PI3K complex. The mitochondrial component involved in this process is still not known.
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Table 1. Mitochondria-ER contact sites proteins.

Isabel Gordaliza-Alaguero et al

Protein Location Function in the MAM

ATAD3A IMM ER-mt tethering [25], lipid trafficking [52]

ATF6 ER UPR [106]

ATG14 ER Autophagosome formation [20]

BAK OMM Apoptosis [126]

BAP31 ER ER-mt tethering [11], Apoptosis [11]

BAX Cyt, OMM Apoptosis [126]

BCL2 OMM Apoptosis [126]

BiP ER ER-mt tethering [25]

CDIP1 ER Apoptosis [126]

CypD IMM Apoptosis [125]

DRP1 OMM Mitochondrial dynamics [252]

FIS1 OMM ER-mt tethering [11], Mitochondrial dynamics [16], Apoptosis [11]
FUNDC1 OMM Ca®* signaling [76], Mitochondrial dynamics [68]

GRP75 Mt ER-mt tethering [10], Ca* signaling [10]

INF2 ER Mitochondrial dynamics [59]

IP3R ER ER-mt tethering [10], Ca** signaling [10]

IRE1o ER UPR [106]

McU IMM Ca** signaling [253]

MFF OMM Mitochondrial dynamics [62]

MFN1 OMM ER-mt tethering [12], Mitochondrial dynamics [69]

MFN2 ER, OMM ER-mt tethering [12], Mitochondrial dynamics [69], UPR [97]
MiD49 OMM Mitochondrial dynamics [62]

MiD51 OMM Mitochondrial dynamics [62]

ORP5 ER Lipid trafficking [43]

ORP8 ER Lipid trafficking [43]

PACS2 Cyt ER-mt tethering maintenance [55]

PDZD8 ER Lipid trafficking(?) [46]

PERK ER UPR [106]

PTPIPS1 OMM ER-mt tethering [9]

RyR ER Ca** signaling [8]

SEC61 ER Ca”* signaling [42]

SERCAL ER UPR [114]

STARD1 Cyt Lipid trafficking [48]

STX17 ER Autophagosome formation [20], Mitochondrial dynamics [65]
TSPO OMM Lipid trafficking [52]

VAPB ER ER-mt tethering [9]

VDAC1 OMM ER-mt tethering [10], Ca* signaling [10], Lipid trafficking [53]
WASF3 Cyt ER-mt tethering [25]

apposition. It is not fully understood how PS is transported from
the ER to mitochondria in mammalian cells; however, members of
the oxysterol-binding protein (OSBP) family have been proposed to
participate in this process. OSBP family proteins contain an OSBP-
related ligand-binding domain that has the structure of a beta-
barrel and binds PI4P and, in some cases, sterols [34]. Two
members of this family, ORP5 and ORPS8, localize at the ER
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membrane facing the cytosol (Fig 3). ORPS was first discovered to
catalyze the exit of cholesterol from endosomes [41]. Later, it was
found that ORP5 and ORP8 counter-exchange PS and phos-
phatidylinositol 4-phosphate (PI4P) between the ER and plasma
membrane [42]. ORP5 and ORP8 are present at mitochondria-ER
contact sites, where they interact with the tethering protein
PTPIPS1 [43] and could be responsible for PS transport to
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mitochondria. In addition to the OSBP family, in yeast, the ERMES
complex, which has no homology with any mammalian complex,
tethers mitochondria to the ER and transfers PS from the ER to
mitochondria [44]. Mmm1 and Mdm12, components of the ERMES
complex, have been found to harbor an SMP domain that is
responsible for phospholipid transfer [44,45]. This domain shows
functional orthology with the SMP domain of mammalian proteins
that localize at the ER, such as extended synaptotagmins and
PDZD8 [45,46]. Expression of a chimeric form of Mmm1 contain-
ing the PDZD8 SMP domain in deficient MMM1I yeast rescues mito-
chondrial defects. PDZD8 localizes at the ER fraction of MAMs
[46]. The fact that PDZD8 harbors an SMP domain makes it a
potential candidate for phospholipid exchange between the ER and
mitochondria.

Sterols, oxysterol, and bile acids are synthesized in mitochon-
dria. These molecules originate from cholesterol that is imported
into mitochondria from several sources: ER, LD, and endosomes (re-
viewed by Elustondo et al [47]). Here, we focus on cholesterol
transport from the ER, which is performed by STARD1 [48].
STARD1 contains a lipid binding domain known as START, which
particularly in this protein has specificity for sterols [49,50]. In
mitochondria-ER contact sites, STARDI1 is recruited to the OMM
where it forms a complex with the OMM proteins TOM22 and
VDAC2 and the ER proteins BiP, ERLIN2, and SLC [48]. STARD1
incorporates ER-cholesterol into the OMM so that it can be trans-
ported to the IMM, where CYP11A1 further processes it [51]. The
complex that moves cholesterol from the OMM to the IMM is formed
by VDAC1 and TSPO in the OMM and by ATAD3A and CYP11Al in
the IMM [52]. STARDI1 interacts with members of this complex,
namely VDAC1 and TSPO (53], thus linking cholesterol incorpora-
tion from the ER to its processing in the mitochondrial matrix.

The modification of proteins involved in lipid trafficking in the
MAM influences other protein complexes and functions that take
place at the MAM, and it also affects the interaction between mito-
chondria and the ER. Moreover, the alteration of tethering proteins
has an impact on lipid transport between the two organelles. ORP5
and ORP8 depletion from HeLa cells alters mitochondrial morphol-
ogy and respiration; however, the number of mitochondria-ER
contact sites is not affected [43]. Overexpression of ORPS and ORPS8
increases mitochondrial Ca?* concentration in HeLa cells after hista-
mine treatment, although depletion of these proteins does not alter
Ca®” signaling [54]. Also, when the tethering protein PTPIP51 is
overexpressed in HeLa cells, the presence of ORP5/8 at mitochondria-
ER contact sites is increased [43]. However, it has not been assessed
whether PS transport is increased upon PTPIP51 overexpression.
Depletion of PDZD8 leads to reduced contact surface between the
ER and mitochondria and to reduced Ca®* flux into mitochondria in
HeLa cells [46]. The expression of a loss-of-function mutant of
PACS2, a cytosolic protein involved in tether maintenance, in A7
human skin melanoma cells diminishes the levels of PSS1 and
FACL4, a fatty acid metabolism enzyme [55]. Regarding cholesterol
trafficking proteins, TSPO downregulation is observed upon the
deletion of the tethering protein VDAC1 in U87 MG human glioma
cells [56]. Furthermore, TSPO was demonstrated to inhibit mito-
chondrial Ca** uptake by promoting VDACI phosphorylation [57].
The available evidence for the role of different proteins in lipid traf-
ficking is limited to cultured cells, and further studies should be
done to validate their function in the context of the whole animal.

© 2019 The Authors
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Mitochondrial dynamics
Mitochondria change their morphology in order to efficiently adapt
to the energetic demands of the cell, to respond to stress conditions
(such as nutrient deprivation), or to react to apoptotic stimuli.
Mitochondria-ER contacts are crucial for mitochondrial fission,
since ER tubules surround and constrict mitochondria at the sites of
division [58]. This constriction is mediated by actin filaments that
accumulate between mitochondria and the ER and that are polymer-
ized at the ER membrane by INF2 [59]. INF2-mediated actin poly-
merization leads to an accumulation of myosin type II [60], an
increase in mitochondria-ER contacts, and the subsequent stimula-
tion of mitochondrial Ca®* uptake before constriction of the IMM
and mitochondrial division [61]. The main driver of mitochondrial
fission is the dynamin-related GTPase DRP1, which moves from the
cytosol to the OMM, where it interacts with membrane proteins
such as FIS1, MFF, MiD49, and MiD51 [62]. MFF, MiD49, and
MiD51 recruit DRP1 at the mitochondrial surface to form trimeric
complexes in which MiD49/51 compete with MFF for DRP1 interac-
tion [63]. DRP1 activity can be regulated by redox signals. PDIA1
modifies DRP1 to negatively regulate its activity and to maintain
mitochondrial reactive oxygen species (ROS) at low levels [64].
Conversely, an increase in mitochondrial ROS results in oxidation of
DRP1 and in increased mitochondrial fission which favors mito-
chondrial ROS accumulation [64]. However, further insight is neces-
sary for a deep characterization of how redox states of cells
influence mitochondrial dynamics. At mitochondria-ER contact
sites, the ER protein STX17 interacts with mitochondria-bound
DRP1 to support fission [65] (Fig 3). Under starvation conditions,
STX17 releases DRP1 to initiate autophagosome formation and to
promote the elongation of mitochondria to be protected from autop-
hagy [65,66]. Recent findings have revealed that mitochondria-ER
contacts are sites for mitochondrial DNA (mtDNA) synthesis and that
nascent mtDNA stays in the daughter mitochondria after fission [67].
How the mitochondrial fission machinery is coupled to mtDNA replica-
tion has not been explained to date. Mitochondrial fission is a process
coupled to mitochondrial removal by mitophagy. The link between
these two processes is the OMM protein FUNDC1, which localizes at
mitochondria-ER contact sites and interacts with calnexin in the ER
and DRP1 on the mitochondrial surface [68]. FUNDC1 promotes both
autophagosome recruitment and mitochondrial fission [68].
Furthermore, the interaction between the ER and mitochondria
is a key player in the regulation of mitochondrial fusion. This
process occurs first by fusion of the OMMs, followed by fusion of
the IMMs [69]. The key players in these two processes are the
dynamin-like GTPases MFN1 and MFN2 in the OMM and OPA1 in
the IMM [69]. Mitofusins present in mitochondria interact with
each other to fuse the OMMs. After OMM fusion, OPA1 oligomer-
izes and IMMs fuse. A cleaved isoform of OPALI is associated with
mitochondrial fission rather than fusion [70]. It is still not clear
how many MFNI, MFN2, and OPAl molecules oligomerize to
carry out this function. Dimeric and tetrameric interaction models
have been proposed [71-73]. As mentioned before, MFN2 is
present at both sides of the MAM, and it participates in mitochondria—
ER tethering complexes [74]. These two roles of MFN2 are mutu-
ally exclusive and determined by its interaction with TCHP (Fig 3).
TCHP, a MAM protein localized at the ER, prevents mitochondria-
ER tethering and favors mitochondrial elongation when it is bound
to MFN2 [74].
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The alteration of mitochondrial dynamics proteins has an impact
on MAM functions. Moreover, changes in certain tethering proteins
alter mitochondrial morphology. Regarding the mitochondrial fis-
sion machinery, the induction of INF2-mediated actin polymeriza-
tion with ionomycin in U20S human osteosarcoma cells leads to an
increase in mitochondrial Ca?>* and mitochondria-ER contact sites
[61]. Moreover, the chemical inhibition of DRP1 in PCI12 rat
pheochromocytoma cells leads to a reduction in ER Ca** release
compared to untreated cells and concomitantly decreases mitochon-
drial Ca* intake [75]. Fundcl overexpression in mouse cardiomy-
ocytes increases Ca** release from the ER to mitochondria [76]. The
role of FUNDC1 in Ca** release will be further assessed in this
review. Concerning mitochondrial fusogenic proteins, the lack of
MFNI1 and MFN2 produces an aberrant distribution of pro-apoptotic
proteins in the OMM, thus reducing apoptotic signaling [77]. Mfn2
ablation in mouse hearts increases the levels of the anti-apoptotic
protein BCL2 [78]. Loss of function of the tethering protein VAPB in
Caenorhabditis elegans impairs mitochondrial dynamics [79],
although this has not been reported in mammals to date. The deple-
tion of the tether maintainer PACS2 in A7 cells results in mitochon-
drial fragmentation and uncoupling from the ER [55].

Ca?* signaling

Before MAMs were studied at the molecular level, there was
evidence that regions of mitochondria in close proximity to the ER
participated in Ca** signaling [80]. The ER lumen is the cell Ca**
storage area and the sites of proximity of the ER to mitochondria
harbor high Ca*" microdomains. The ER incorporates Ca?* from
the cytoplasm by SERCA1/2/3 ATPases [81,82]. ATP is hydrolyzed
by SERCA transporters in order to allow Ca®>* entry to the ER lumen
[81]. Ca** is released from the ER by the IP3R1/2/3 and the ryan-
odine receptors (RyR1/2/3), transferred to the mitochondrial inter-
membrane space by VDAC porins, and finally introduced into the
mitochondrial matrix by the mitochondrial Ca®" uniporter (MCU)
complex (reviewed by Giorgi et al [83]). Ca*" transport at the
MAMs is depicted in Fig 3. In the OMM, TOM70 recruits IP3R to
favor Ca®* transference to mitochondria [84] and, in the cytosolic
part of the MAM, GRP75 couples IP3Rs to VDAC [10], thereby
allowing rapid Ca®* flux into mitochondria. CypD, a protein
involved in apoptosis initiation and in mitochondrial ATP synthase
modulation [85], interacts with and maintains the VDAC1-GRP75-
IP3R1 complex [28]. Another Ca** channel in the ER is the SEC61
complex, a translocon at the ER from which Ca®" leaks passively to
the cytosol [86,87], and once in the cytosol, it can be sequestered
into mitochondria by VDAC. Ca** import to mitochondria stimu-
lates the translocation of cristae accumulated H,0, to MAMs, which
results in the appearance of redox nanodomains at the mitochondria-
ER interface which enhance Ca®" efflux from the ER [88]. The accu-
mulations of ROS at the MAMs arise as a consequence of active
Ca" exit from the ER and do not occur with passive Ca*" leakage.
Mitochondrial ROS can regulate as well Ca?* flux to the mitochon-
drial matrix by MCU oxidation, which increases the MCU oligomer-
ization and thus its activity [89]. Insulin signaling modulates IP3R
Ca?* flux to mitochondria via mTORC2. After insulin stimuli,
mTORC2 in the MAM phosphorylates AKT [90], which in turn phos-
phorylates IP3Rs to reduce Ca’" release from the ER [91,92]. BiP
limits ER Ca®* leakage through the Sec61 complex by binding to the
ER lumenal region of Sec61a [93].
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Alterations in Ca®" trafficking between the ER and mitochondria
affect mitochondrial morphology. Mitochondria of brown adipose
tissue (BAT) of mice fed on Ca®>" excess for 3 days are larger and
fewer than in control mice [94]. MFN1 and MFN2 are increased in
the BAT of these mice, whereas DRP1 is decreased [94]. Mitochondria—
ER contacts are also increased in BAT after Ca** treatment [94].
Moreover, MCU ablation in U20S cells prevents mitochondrial divi-
sion [61]. In addition to its role in mitochondrial dynamics, FUNDC1
interacts with the ER Ca*>" channel IP3R2 and promotes Ca* flux
to mitochondria [76]. The depletion of Fundcl in mouse cardiomy-
ocytes and H9c2 myoblasts leads to a decrease in IP3R2 and colocal-
ization between mitochondria and the ER [76]. The authors of this
study proposed that FUNDC1 and IP3R2 act together as a tethering
complex of mitochondria and the ER. FUNDCI ablation also
decreases the levels of the MAM maintenance protein PACS2 [76].
Inhibition of ER Ca** uptake by SERCA initiates UPR and eventually
provokes apoptosis [95]. PDK4 inhibition decreases Ca®* flux in
C2C12 myoblasts [15]. Tg2 ablation impairs Ca’* flux in MEF [30].
The alteration of mitochondria-ER tethers also has an impact on
Ca?* trafficking [76]. Disruption of PTPIP51 and VAPB tethering
complex impairs Ca®>* homeostasis in HEK293 cells [9]. The knock-
down of either VAPB or PTPIPSI decreases Ca*>" uptake into mito-
chondria [9], and overexpression of these proteins increases ca*t
flux to mitochondria [96]. MFN2 depletion has been reported to
cause both increase and decrease in Ca?* uptake [33,97]. In FDB
muscles, mitochondrial Ca®* uptake decreased upon temporal Mfn2
depletion [33]. However, the protein levels of Ca®* transport
proteins (MCU, SERCAI, RyR1) remained unchanged [33]. In
contrast to this result, Mfn2 depletion in MEF cells caused Ca®"
overload in mitochondria [97].

ER stress

When protein folding efficiency is disturbed at the ER, misfolded
proteins accumulate in the lumen and cause ER stress. This can
happen as a result of certain conditions, such as nutrient depriva-
tion, hypoxia, loss of Ca** homeostasis, free fatty acids, and GM1
ganglioside accumulation [98-103]. Why stress conditions lead to
protein misfolding remains unknown. The accumulation of large
amounts of these misfolded proteins activates the unfolded protein
response (UPR) in order to restore protein homeostasis or to induce
apoptosis [104,105]. The UPR has three main branches, which are
interconnected after the signal transducers in the ER, namely PERK,
ATF6, and IREla, have been stimulated [106]. What is known about
UPR branches has been discovered by treating cells and animals
with exogenous compounds or unphysiological harvesting condi-
tions to provoke protein misfolding; nevertheless, the natural cause
of protein folding defects and their accumulation is not known. The
activation of PERK induces elF2a phosphorylation. Phosphorylated
elF2q inhibits global protein translation and activates ATF4, which
translocates to the nucleus to induce the expression of survival
genes [107]. Prolonged UPR activation induces apoptosis through
the activation of CHOP by ATF4 [108]. The ATF6 branch of the UPR
starts with the translocation of ATF6 from the ER to the Golgi appa-
ratus for cleavage [109]. Cleaved ATF6 is a transcription factor that
induces ER-associated degradation genes [110] and XBP1 [111].
IREla activation induces splicing of XBP1 mRNA to enhance cell
survival [111], activation of MAPK [112] to modulate autophagy
and apoptosis, and IREla-dependent mRNA decay [113]. ER stress
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signaling can be amplified at MAMs by SERCA1 truncated isoform
(ER), which acts upstream of the PERK—elF20~ATF4-CHOP pathway
[114]. Moreover, the location of PERK at MAMs contributes to the
maintenance of mitochondria-ER contact sites and to the enhance-
ment of ROS-mediated mitochondrial apoptosis signaling [115]. UPR
mission is to restore cellular homeostasis by correcting protein fold-
ing and recovering damaged ER environment [116]. As long as
protein folding efficiency is not resolved, UPR is activated [116]. ER
stress results in increased mitochondria coupling to ER, which
increases ATP production, oxygen consumption, and mitochondrial
Ca®" uptake [117]. Chronic UPR signaling initiates a signaling
cascade in the MAM that eventually leads to apoptosis [116]. This
signaling pathway is discussed in the following section.

The alteration of ER stress proteins, especially the IREla
branch, impairs lipid handling. The hepatic depletion of Xbpl in
mice decreases circulating levels of fatty acids, triglycerides, and
sterols, compared to control mice [118]. Lack of XBP1 in the liver
impairs cholesterol processing for the generation of bile acids in
these mice [119]. This phenotype is recovered by overfeeding the
mice with cholesterol [119]. A separate study using liver Xbpl
knockout mice also reports decreased plasma levels of cholesterol
and triglycerides compared to control mice [120]. This effect is
prevented by knocking down IRElo [120]. The modification of
mitochondria-ER tethering proteins leads to ER stress. MFN2 inter-
acts with PERK and represses its activity [97]. MFN2 loss of func-
tion in MEF cells dysregulates the three branches of the UPR by
enhancing the PERK—eiF20—~ATF4-CHOP pathway [97]. Ablation of
Mfn2 results in the continuous activation of PERK, and PERK
silencing in these cells causes ROS production, the restoration of
mitochondrial Ca** levels, and an improvement of mitochondrial
morphology [97]. However, it is not known whether PERK inter-
acts with mitochondrial MFN2, ER MFN2, or both (Fig 3). The
increase in mitochondria coupling to ER upon ER stress [117] is
coherent with the upregulation of MFN2 expression observed in
MEFs upon ER-stress induction with thapsigargin and tunicamycin
[121]. In the same study, the authors show that ablation of Mfn2
in MEFs upregulates ER stress markers (BiP, GRP94, and ATF4)
[121]. Specific ablation of Mfn2 in mouse cardiac myocytes also
causes an increase in the expression of BiP, GRP94, and ATF4
[121]. Another tethering protein, VAPB, represses the UPR by
binding to ATF6 [122]. Overexpression of VAPB both in HEK293
and NSC34 cells decreases ATF6/XBP1-induced luciferase activity
upon tunicamycin stimulation, even in combination with ATF6
overexpression [122].

Apoptosis initiation and ER stress-mediated apoptosis

When cells cannot adequately handle certain stress stimuli, they
activate pathways that lead to cell death. A complex formed by
BAP31 and FIS1 at mitochondria-ER contact sites is able to transfer
apoptotic signals back and forth from the mitochondria to the ER
[11]. In response to apoptotic stimulus, the FISI-BAP31 complex
recruits procaspase-8 to be activated [11]. Active caspase 8 cleaves
BAP31 into a pro-apoptotic form that, together with FIS1, promotes
Ca** release from the ER [11,123] and mitochondrial fission [17].
Mitochondrial Ca®" increase leads to CYPD activation in the IMM to
open the permeability transition pore from which molecules that
drive apoptosis are released [124,125]. Under sustained ER stress
conditions, CDIP and BAP31 interact at the ER side of the MAM to
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sequester the anti-apoptotic factor BCL2 located at the OMM, in
order to promote apoptosis (Fig 3) [126]. The protein PACS2, which
localizes in MAMs, has been reported to promote the translocation
of the pro-apoptotic protein BID to mitochondria [55]. The CDIP1-
BAP31-BCL2 complex, together with the truncated form of Bid and
caspase-8 activation, promotes BAX and BAK oligomerization [126].
BAX translocates from the cytosol to the OMM, where BAK locates
constitutively. The activation of these two molecules occurs after
their oligomerization [127]. Although not yet demonstrated, it is
believed that cytochrome c¢ exits mitochondria from the pores
formed by these oligomers [128]. After cytochrome c release, an
apoptotic protease cascade is initiated [129].

Since MAMs are hubs for apoptosis initiation and this process
involves Ca*" signaling at the MAM and mitochondrial fission, the
alteration of some apoptosis initiators has an impact on these MAM
functions. BCL2 loss-of-function mutations in Jurkat T cells
decreases mitochondrial Ca** uptake [130]. When Bak is knocked
out in MEF cells, mitochondria are not fragmented in response to
apoptotic stimulus [131]. Overexpression of Bax promotes MFN2-
mediated mitochondrial fusion in MEFs [132]. It has been proposed
that BAX plays a dual role: The soluble cytoplasmic form promotes
mitochondrial fusion and, when activated and recruited to the
OMM, it participates in apoptosis [132].

Autophagosome formation

In order to preserve cellular homeostasis, damaged or unnecessary
components of the cell must be degraded or recycled. This process
is achieved by autophagy. Autophagosomes engulf damaged or
needless components and can originate from ER-mitochondria
contact sites [20]. The ER side of the MAM region, where proteins
related to autophagosome formation start to accumulate, is known
as the isolation membrane. This structure protrudes from the ER
and finally closes around the cellular components to be elimi-
nated, forming a vesicle named the autophagosome [133]. After
starvation stimulus, ATG14 is recruited to the MAM by STX17
[20]. This results in accumulation of the components of the class
III PI3K complex (ATG14, BECN1, VPS34, and VPS15) at the MAM
[20] (Fig 3) and contributes to the initiation and nucleation of the
isolation membrane. Next, the ATG16L1 complex (ATG5-ATG12-
ATGI16L) is recruited to the isolation membrane, where it binds
PE to LC3 [134]. Lipidated LC3 molecules associate with the isola-
tion membrane and remain attached once the autophagosome is
closed [133]. How the isolation membrane closes is still poorly
understood.

Alterations in tethering proteins have an impact on autophago-
some formation. The absence of MFN2 or PACS2 at the MAM
impedes STX17-mediated ATG14 recruitment to this area in HeLa
cells [20]. MFN2 and PACS2 seem to be crucial for autophago-
some biogenesis; nevertheless, their role in this process has not
been described yet. Moreover, the tightening of mitochondria-ER
contact sites by overexpression of VAPB and PTPIPSI results in
decreased autophagosome formation after torin-1 or rapamycin
stimulus in HeLa and HEK293T cells [135]. Conversely, the oppo-
site effect is observed when PTPIPS] and VAPB are ablated in
HeLa and HEK293T cells [135]. Future work will unravel what is
the precise role of the MAM in autophagosome formation and
which MAM proteins recruit the autophagosome biogenesis
machinery. Moreover, since membrane contact sites from other
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organelles have also been proposed as autophagosome factories
[20,136-138], a remaining open question in the field is whether
autophagosomal content to be degraded is influenced by the origin
of the autophagosome.

Consequences of metabolic challenge in
mitochondria-ER contacts

Human, animal, and cellular studies have revealed that metabolic
alterations can perturb mitochondria-ER contact sites. In this
section, we review the observations that document the impact of
altered metabolic homeostasis on the architecture and functioning
of MAMs, and also the impact of nutrient availability and lysosomal
storage disorders.

The impact of metabolic disorders on the architecture and
functioning of mitochondria—ER contacts

Some studies have reported alterations in mitochondria-ER
contacts in liver and in muscle cells upon metabolic dysregulation.
Surprisingly, there is considerable discrepancy in the data avail-
able. Thus, liver analysis of ob/ob obese mice and mice subjected
to a high-fat diet (HFD) showed an increased abundance of MFN2,
IP3R, and PACS2 in MAM fractions, in parallel to increased
mitochondria-ER contacts, and an excess of mitochondrial Ca?*
accumulation [29]. Moreover, a forced increase in the mitochon-
dria-ER contacts, induced by expression of an artificial linker in
livers from control mice, caused an increased mitochondrial Ca®*
uptake and impaired glucose homeostasis [29]. Conversely, Ip3rl
knockdown in obese mice caused a reduced Ca®* flux, and simi-
larly, Pacs2 knockdown led to a decreased physical interaction
between the ER and mitochondria, and to improved glucose home-
ostasis [29].

In contrast to the results obtained by Arruda et al, Tubbs et al
[27] detected that mitochondria-ER contacts (measured by quantify-
ing VDACI-IP3R1 interaction) were decreased in hepatocytes
isolated from mice subjected to diet-induced diabetes and from ob/
ob mice. Moreover, the overexpression of CypD in these hepatocytes
increased mitochondria-ER contacts and improved the effects of
insulin. A third study revealed that HepG2 hepatoma cells treated
with palmitate showed reduced mitochondrial Ca** flux, lower
mitochondria-ER contacts, and impaired insulin sensitivity [139].
Under these conditions, Mfn2 overexpression ameliorated the
mitochondria-ER contact area and insulin sensitivity. We do not yet
know whether the opposite observations are a consequence of dif-
ferences in the methodology used (proximity ligation assays or
transmission electron microscopy, or tissue sections versus isolated
hepatocytes), or whether they are based on subtle differences in the
nutritional state of the animals studied. Regarding the impact of
metabolic alterations in liver ER stress and ER Ca?* homeostasis,
the main studies of the field show more consensus. Livers of obese
mice show increased ER stress [140,141] and reduced cellular
SERCA2D levels [140] or impaired SERCA activity in the ER [141].
Glucose tolerance was increased and ER stress was alleviated in
obese and diabetic mice by liver exogenous expression of SERCA2b
[140,141].

In the skeletal muscle of ob/ob mice or in mice subjected to a
high-fat, high-sucrose diet, Tubbs et al found impaired insulin
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signaling and decreased levels of MAM proteins, accompanied by
a decrease in mitochondria-ER contacts (measured by quantifying
VDACI-IP3R1 interaction). In human myotubes from healthy
patients, mitochondria-ER contacts were also diminished after
palmitate treatment [142]. Mitochondrial Ca** concentration was
somewhat decreased compared to untreated cells. Mfn2 or Grp75
overexpression reversed the effects of palmitate on MAM proteins
and on insulin signaling [142]. Moreover, myotubes from obese
patients and from obese patients with type 2 diabetes showed
decreased mitochondria-ER contacts compared to those of healthy
patients [142]. In contrast to these results, Arruda et al [29] found
an increase in the MAM proteins MCU and RyR in soleus muscles
from ob/ob and HFD-fed mice, suggesting an enrichment in MAMs
under these conditions. In line with these results, Thoudam et al
[15] found increased levels of IP3R1, VDACI, and GRP7S in the
MAM fraction of skeletal muscle of HFD-fed mice and ob/ob mice.
Furthermore, they observed increased levels of MFN2 in HFD-fed
mice. Moreover, using proximity ligation assays, they detected
increased IP3R1-GRP75-VDACI interactions in HFD-fed mice and
ob/ob mice [15]. Transmission electron microscopy of muscle
MAM surface revealed increased MAM area in HFD-fed mice
compared to animals on a chow diet [15]. Interestingly, the
authors quantified the distance between juxtaposed ER and mito-
chondria and found that in HFD-fed mice the proportion of loose
contacts between the ER and mitochondria was increased. As
mentioned in the liver studies, we do not know whether the dif-
fering observations detected in muscles of obese mice are due to
differences in the methodology used or to differences in the nutri-
tional state of the animals studied. In any case, further studies are
required to clarify the nature and kinetics of the changes that
occur in mitochondria-ER contacts during metabolic dysregulation
in muscle and in liver.

Insulin-resistant conditions such as obesity and type 2 diabetes
are characterized by altered muscle expression of MFN2, which may
participate in the alterations in mitochondria-ER contacts. Thus,
Mfn2 is repressed in the muscles of obese Zucker rats [143]. Obesity
induced by a HFD during 40 weeks also reduces MFN2 and MFN1
expression in muscle [144]. In addition, the muscles of obese
subjects also show a reduced expression of MFN2 compared with
lean subjects [143,145]. In contrast, bariatric surgery-induced body
weight loss was reported to increase MFNZ2 gene expression in the
skeletal muscle of morbidly obese subjects [146-148] in parallel
with increased insulin sensitivity [146-148]. Type 2 diabetic patients
also show reduced MFN2 expression in the skeletal muscle
compared with control subjects [145,149], and this occurs both in
obese and non-obese type 2 diabetic patients [145]. The dysregula-
tion of MFN2 is unlikely to be a consequence of reduced insulin
action because the expression of this gene in lean, obese, or type 2
diabetic subjects is not altered in response to 3 h of hyperinsuline-
mia during clamp studies. Neither is the expression of this protein
affected when cultured muscle cells are chronically incubated in the
presence of insulin [145,150]. Induced insulin resistance in rats by
high sucrose diet provokes slower contraction and elongation of
cardiomyocytes [151]. ER Ca®" uptake by SERCA is impaired in
these cardiomyocytes although the levels of this protein remain
unchanged [151].

Studies in beta-cells also indicate the existence of alterations in
response to metabolic stress. Thivolet et al [152] reported an
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increased IP3R2 and decreased VDACI1 expression, accompanied by
reduced mitochondria-ER contact sites in beta-cells from type 2
diabetic patients. In addition, Min6-B1 beta-cells exposed to palmi-
tate show ER stress, reduced mitochondria-ER contacts, and
impaired insulin secretion [152]. Zhang et al [153] reported
increased VDAC1 abundance accompanied by mislocalization of
part of VDAC1 to the plasma membrane. INSI1E beta-cells also
respond to elevated glucose concentrations in the culture medium
by upregulating VDAC1 [154]. High glucose environment increases
Bax mRNA levels and stimulates BAX-dependent apoptosis in
mouse islets [155].

POMC neurons respond to a HFD by reducing the number of
mitochondria-ER contacts compared to mice on a regular diet [156].
Under these conditions, MFN2 levels are reduced in HFD mice
[156]. In HFD-fed mice, stimulation of DRP1-dependent mitochon-
drial fission in the dorsal vagal complex induces ER stress and
insulin resistance [157], and inhibition of DRP1 restores ER stress,
insulin resistance, and hepatic glucose metabolism.

An increase in mitochondria-ER contacts, increased expression
of IP3R1, IP3R2, and PACS2 protein levels, and greater mitochon-
drial Ca®* uptake and apoptosis has been documented in oocytes
from HFD-treated mice [158]. These changes compromise oocyte
maturation.

In conclusion, available data suggest that metabolic stress linked
to insulin resistance, obesity, or type 2 diabetes affects mitochondria-
ER contacts, and may occur in various cells or tissues. Liver and
muscle have been deeply analyzed in this context, and the observa-
tions annotated by the authors differ across the studies that we have
discussed. Whether the consequence of this metabolic stress in liver
and muscle is to increase or to reduce the surface of contact
between the ER and the mitochondria is still under debate. More-
over, current data regarding the expression levels of the tethering
proteins MFN2, IP3R, VDAC, and GRP75 under conditions of insulin
resistance, obesity, or type 2 diabetes annotated across several stud-
ies are not uniform. As a consequence, the functional impact of the
modification of these contacts is not known. An example that illus-
trates this lack of consensus is the persistent discrepancy on the
observations regarding Ca®* influx into mitochondria under meta-
bolic stress conditions. In order to solve this puzzle, there is need of
a precise characterization of the molecular mechanisms involved in
the response to metabolic stress as well as the establishment of stan-
dard procedures to perform this characterization.

The adaptation of mitochondria—ER contact sites to

nutrient availability

Mitochondria-ER contact sites respond to changes in nutrient
availability by modifying Ca®* signaling, initiating autophagy or
activating the UPR. The first evidence for this response was
observed by Sood et al [159] in postprandial mouse livers. Five
hours postprandial livers showed larger mitochondria-ER contact
sites than 2 h postprandial livers. In agreement with this study,
livers of fed mice show reduced mitochondria-ER contacts
compared to those of overnight fasted mice, and this occurs with-
out a significant modification of the ER or mitochondrial content
[160]. The interactions between VDACI and IP3R1 are reduced in
fed compared to fasted mice. VDAC1 and GRP75 are also
decreased upon feeding in mouse liver, whereas IP3R1 protein
expression remains unchanged [160]. In a different study, mice
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refed after 22 h of fasting showed a 50% decrease in hepatic
IP3R1 levels compared to fasted animals [161]. Interestingly,
primary hepatocytes cultured in the presence of high glucose
(17 mM) also show a reduced VDAC1-IP3R1 interaction compared
to cells cultured in the presence of 5 mM glucose. In conclusion,
these data suggest that glucose availability is a key signal in the
regulation of mitochondria-ER contacts in liver cells.

Genetic obesity appears to alter the dynamics of mitochondria-
ER contacts. Thus, the livers of obese ob/ob mice do not reproduce
the mitochondria-ER uncoupling during fed to fasted transition.
MAMs are reduced in fasting conditions in ob/ob compared to lean
mice, and no differences are detectable compared to obese mice
analyzed during fed conditions [160]. Moreover, the interaction
between IP3R1 and VDACI is reduced in fasted ob/ob mice
compared to lean mice and no significant differences are observed
in ob/ob mice when comparing fed and fasted states [160]. In keep-
ing with these data, ob/ob hepatocytes cultured in the presence of
high glucose do not show a reduced VDAC1-IP3R1 interaction
compared to cells cultured in the presence of 5 mM glucose, again
indicating that obesity disrupts glucose-induced control over
mitochondria-ER contacts.

Nutrient deprivation causes the inhibition of mTOR activity,
which activates autophagy [162] and promotes the formation of
autophagosomes. In this regard, autophagosomes originate at
mitochondria-ER contact sites [20], and the disruption of MAMs by
depletion of Mfn2 or Pacs2 results in impaired autophagosome
formation [20,163]. Moreover, glucose and amino acid deprivation
causes mitochondrial elongation [66], which occurs through inhibi-
tion of DRP1 and activation of MFN1, thus protecting mitochondria
against autophagic degradation. In all, available data allow us to
propose that the modulation of mitochondria-ER contact sites is
linked to the modulation of autophagosome formation and mito-
chondrial morphology through mechanisms that require extensive
research efforts. It is likely that signals such as mTOR, and ER stress
response, which are modulated by nutrient availability [164,165],
participate in mitochondria-ER contacts during fed to fasted transi-
tions.

In summary, ER and mitochondria contact surface increases in
response to lack of nutrients. This adaptive increase in contact sites
is impaired under obesogenic conditions. However, it is still uncer-
tain whether these changes in the MAM are accompanied by a modi-
fication in the expression levels of tethering proteins. Enhanced
autophagosome formation and ER-stress response are probably the
functional consequences of MAM enlargement.

Metabolic impact of alterations in proteins participating
in mitochondria-ER contacts

The concept that metabolic homeostasis is determined by modula-
tion of mitochondria-ER contact sites arose after several reports
documenting that Mfn2 deficiency disrupts metabolism in cells
and in animal models [97,156,166,167]. In addition, the metabolic
effects caused by Mfn2 deficiency differ to those detected upon
Mfnl ablation, thereby indicating that they are probably due to
compromised mitochondria-ER contacts rather than to impaired
mitochondrial fusion. Subsequent mouse studies have revealed
that ablation of proteins participating in mitochondria-ER contacts
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causes three distinct phenotypes, namely (i) reduced glucose toler-
ance and insulin signaling; (ii) improved glucose tolerance; and
(iii) disrupted lipid metabolism. In this chapter, we analyze the
data currently available with respect to these three categories
(Fig 4).

Proteins whose depletion causes deficient insulin signaling and
glucose intolerance

There is extensive evidence of a major metabolic role of MFN2 in
mouse tissues. Thus, muscle-specific ablation of Mfn2 causes age-
dependent glucose intolerance and deficient insulin signaling
[166,167] (Fig 4A). Mfn2-deficient muscles also show reduced
muscle autophagy, muscle atrophy, and loss of muscular function
[167]. Mfn2 repression in cultured muscle cells also reduces insulin
signaling [142].

Mfn2 deficiency in liver is also associated with disrupted insulin
signaling, enhanced hepatic glucose production, enhanced expres-
sion of gluconeogenic genes, and glucose intolerance [166]. Mfn2
repression also reduces insulin signaling in human liver cells [27].
Notably, the phenotype linked to Mfn2 deficiency is opposite to
what occurs in mice upon ablation of Mfn1, which show protection
against HFD-induced insulin resistance, and enhanced mitochon-
drial respiration [168]. These observations suggest that the mecha-
nisms linked to Mfn2 deficiency are not a consequence of
alterations in mitochondrial fusion but are rather linked to its tether-
ing function. Mfn2 ablation in adipose tissues obtained by crossing
Mfn2"P/10*P mice with mice expressing the Cre recombinase under
the adiponectin promoter leads to enhanced body weight and fat
mass, which was linked to a reduction in energy expenditure and in
BAT thermogenesis [3]. In keeping with these data, BAT-specific
Mfn2 deletion through UcpI-Cre causes BAT lipohypertrophy and
cold intolerance [169]. The effects linked to Mfn2 ablation in
adipose depots are not detected upon ablation of Mfnl [3]. These
findings thus support the notion that the alterations detected in BAT
are not dependent on mitochondrial fusion, but on a different func-
tion of MFN1 and MFN2.

Specific ablation of Mfn2 in pro-opiomelanocortin (POMC)
neurons of the hypothalamus results in defective POMC processing,
leptin resistance, hyperphagia, reduced energy expenditure, and
obesity [156]. These data establish MFN2 in POMC neurons as an
essential regulator of systemic energy balance. Along the same
lines, interfering with mitochondrial fusion mechanisms in Agrp
neurons by selectively knocking down Mfn2 results in altered mito-
chondrial size and density in these cells. Agrp-specific Mfn2 knock-
out mice gain less weight when fed a HFD due to decreased fat
mass [170]. Available data in POMC neurons also indicate that the
effects caused by Mfn2 ablation differ greatly from what is detected
for Mfnl ablation. Thus, mice lacking MFN1 in POMC neurons
exhibit attenuated hypothalamic gene expression programs during
the fast-to-fed transition [171]. This loss of mitochondrial flexibility
in POMC neurons alters glucose sensing, causing abnormal glucose
homeostasis as a result of defective insulin secretion by pancreatic
B cells [171]. In conclusion, available data in conditional knockout
mouse models indicate that Mfn2 ablation causes defects in metabo-
lism that are very different to those effects that result from ablation
of Mfnl. These observations are compatible with MFN2 exerting
metabolic effects in tissues via modulation of the mitochondria-ER
contact sites.
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In connection with the effects of the ER triggered by Mfn2 defi-
ciency, a potent UPR has been documented both in cells and in
tissues [97,156,166]. Thus, Mfn2 ablation in liver or in skeletal
muscle causes chronic activation of the UPR, which involves the
three UPR arms, i.e., the PERK, IRE-1a, and the ATF6 pathways
[166]. Furthermore, treatment of liver-specific Mfn2 knockout mice
with an ER stress blocker restores insulin sensitivity and glucose
homeostasis [166], thereby suggesting that the functional link
between MFN2 and the UPR has metabolic relevance.

Ablation of GRP7S, the bridge between IP3R and VDAC, has been
reported to cause a reduction in VDAC1/IP3R1 interactions in
human liver cells and in myotubes [27,142]. Moreover, GRP75 defi-
ciency reduces insulin signaling and insulin action in HuH7 liver
cells [27,142] (Fig 4A). The depletion of GRP7S in medullary thyroid
carcinoma cells induces the MEK/ERK pathway and increases oxida-
tive stress [172]. Both in GRP75 knockdown SH-SY5Y bone marrow
neuroblasts and in fibroblasts derived from a Parkinson’s disease
patient with GRP75 loss of function, increased mitochondrial UPR
(UPRMT) was reported [173].

Hepatocyte-specific deletion of the tethering protein BAP31 is
linked to metabolic defects in mice. Bap3I-deficient mice show
enhanced body weight, increased food intake, and greater liver
steatosis after exposure to a HFD [174]. Another study with these
mice reported the same effects upon tunicamycin treatment, as well
as increased levels of ER-stress markers [175]. In Bap31-deficient
mice, although not statistically significant, a trend toward increased
p-elF2a, ATF4, and CHOP signaling was observed [175]. Moreover,
hepatocytes of these mice show increased lipogenic gene expression
and SREBP1C expression, and activation of SREBP signaling. Bap31-
deficient mice show impaired glucose tolerance and reduced insulin
responsiveness under normal diet or a HFD challenge (Fig 4A).

Depletion of the modulator of the permeability transition pore,
CypD, in mice has been reported to enhance hepatic gluconeogene-
sis, as assessed by the pyruvate tolerance test [27]. In addition,
CypD deficiency is associated with deficient insulin signaling and a
reduced number of VDAC1/IP3R1 interactions in human liver cells
[27]. The metabolic effects detected under conditions of CypD defi-
ciency in mice and in human liver cells were characterized by
UPRER [176]. In conclusion, these data are coherent with a model in
which CYPD plays an important role in the maintenance of
mitochondria-ER contact sites, which, upon dysregulation, trigger
ER stress and metabolic alterations, namely deficient insulin signal-
ing and insulin resistance (Fig 4A).

A shared feature of the absence of MFN2, GRP75, BAP31, or
CYPD is the activation of UPR [97,156,166,173,175,176]. ER stress
was initially proposed as a mechanism that drives insulin resis-
tance-related diseases [177], and altered reticulum proteostasis
alteration has also been in the spotlight as a possible driver of meta-
bolic diseases [178]. Insulin resistance observed upon ablation of
MFN2, GRP75, BAP31, or CYPD may arise as a result of altered
mitochondria and/or ER protein homeostasis. The signaling path-
ways activated upon loss of protein homeostasis in both organelles
converge in ATF4 and CHOP upregulation [179,180]. JNK activation
is as well a consequence of ER stress that impairs insulin signaling,
eventually leading to insulin resistance [177]. ER stress provokes
hyperactivation of JNK, which phosphorylates and inhibits the
insulin receptor IRS1 [177]. MFN2, BAP31, and CYPD ablation
provoke an increase in activated JNK [156,175,176]; however, there
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Figure 4. Metabolic impact of alterations in proteins participating in mitochondria—ER

(A) GRP75, MFN2, BAP31, or CypD depletion leads to deficient insulin signaling and glucose intolerance. The lack of GRP75, MFN2, BAP31, or CypD at mitochondria—ER contact
sites causes deficient insulin signaling and glucose intolerance, probably through a mechanism that involves "®UPR or ™UPR. (B) IP3R1, VDACL, FUNDC1, or PACS2 ablation
results in enhanced insulin signaling and improved glucose tolerance. The lack of IP3R1, VDACI, FUNDCI, or PACS2 at mitochondria-ER contact sites potentiates insulin
signaling and improves glucose tolerance. The mechanism by which FUNCD1 or PACS2 causes these effects is mediated by the release of FGF21. As a result of decreased
mitochondrial Ca?* accumulation, IP3R1 or VDAC1 ablation may result in enhanced insulin signaling and improved glucose tolerance. (C) Mitochondria—ER contacts
response to protein ablation. The deletion of proteins that participate in the MAM results in the activation of signaling pathways that either enhance or impair insulin
sensitivity and glucose tolerance. It has been proposed that these signaling pathways are related to UPR, FGF21, and an adaptive mitochondrial response that may lead to an
improved or to a worsened response to insulin and glucose handling. (D) ORP8 or ATAD3A deficiency causes lipid metabolism alterations. Various alterations in lipid
metabolism are observed upon ORP8 and ATAD3A ablation. ORP8 deficiency causes an increase in circulating HDL, cholesterol, triglycerides, and phospholipids. On the other
hand, a lack of ATAD3A results in impaired cholesterol and lipid metabolism, reduced cholesterol esters, and decreased steroidogenesis.
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are no data available on the levels of activated JNK in the absence
of GRP75. Another common pathway that could be involved in
insulin resistance upon depletion of Mfn2, Grp75, Bap31, or CypD is
the MEK/ERK signaling cascade. MFN2 is a repressor of the MEK/
ERK signaling pathway by its interaction with RAS [181]. ERK is
hyperactivated upon Mfn2 ablation in MEFs [182]. Ablation of
GRP75 stimulates the MEK/ERK signaling pathway in medullary
thyroid carcinoma cells [172]. Moreover, the ERK signaling pathway
is more active in CypD knockout mice hearts than in hearts of
control animals [183]. Moreover, BAP31 depletion in human embry-
onic stem cells leads to a mild increase in ERK phosphorylation
[184]. Active ERK phosphorylates PPARy, which in turn stimulates
the expression of genes related to diabetes [185,186].

Proteins whose depletion enhances insulin signaling and improves
glucose tolerance

In addition to participating in mitophagy, FUNDC1 mediates the
formation of mitochondria-ER contact sites and promotes Ca** flux
from the ER to mitochondria through binding to IP3R2 in cardiac
cells [76]. Cardiomyocyte-specific ablation of Fundcl results in
decreased mitochondrial and cytosolic Ca** levels [76]. Fundcl
ablation in mouse muscle causes mitochondrial dysfunction charac-
terized by lower ATP and enhanced ROS [187]. In addition, FundclI-
ablated muscles show a reduced capacity to exercise, probably as a
consequence of reduced fat oxidation [187]. Nevertheless, Fundcl
knockout mice show improved glucose tolerance, insulin respon-
siveness, and less adiposity upon treatment with a HFD (Fig 4B).
The process responsible for this reduced susceptibility to obesity is
the activation of adaptive thermogenesis of adipose tissue driven by
ROS-dependent muscle expression of FGF21 [187].

The downregulation of hepatic Pacs2 in ob/ob mice increases
maximal mitochondrial respiration and reduces JNK [29]. Under
these conditions, Pacs2 deficiency improves glucose tolerance and
increases hepatic insulin signaling [29]. In oocytes from obese mice,
genetic repression of Pacs2 decreases Ca®" influx into mitochondria
and ROS production [158]. In Pacs2 knockout mice, liver expression
of FGF21 is increased and mice are resistant to diet-induced obesity
[188] (Fig 4B).

FGF21 is a systemic regulator of energy homeostasis and insulin
sensitivity [189]. Its expression is activated upon detection of low
protein and high carbohydrate levels. In mouse models of diabetes,
this protein improves insulin sensitivity and reduces circulating
glucose and triglyceride levels [190]. FGF21 upregulation in Fundcl-
and Pacs2-deficient mice explains the improvement in glucose hand-
ling and insulin signaling observed in these mice.

The inhibition of the anti-apoptotic protein BCL2 mimics glucose
stimulation by increasing mitochondrial activity and ATP produc-
tion in pancreatic b-cells [191]. Pancreatic islets isolated from
Bcl2™/~ mice show enhanced insulin secretion in response to
glucose stimulation [191]. The knockout of Bak and Bax in B-cells
does not involve metabolic changes, indicating a role for BCL2 in
metabolism besides its anti-apoptotic function [191]. In keeping
with these results, induced insulin resistance in HepG2 cells upregu-
lates BCL2 [192]. How Bcl2 suppression leads to improved response
to glucose has not been elucidated.

In contrast to the above data on the ablation of the Ca®>* channel-
ing protein GRP75, adenoviral-induced hepatic deficiency of Ip3rI
enhances mitochondrial respiration, lowers JNK activity, enhances
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insulin signaling, and improves glucose tolerance in mice [29]
(Fig 4B). Analysis of the Ip3rl heterozygous mutant (opt/C) mouse
indicates defects in beta-pancreatic cells, with reduced beta-cell
mass, and impaired glucose tolerance [193]. In oocytes from obese
mice, genetic repression of Ip3rl reduces Ca*" influx into mitochon-
dria and also leads to a decrease in ROS production [158].

In line with these results, the downregulation of VDACI in
pancreatic beta-cells has a protective effect against high glucose
concentrations and maintains cellular reductive capacity [153].
VDACI depletion in cancer cells has been shown to reprogram
metabolism toward a decrease in energy production, accompanied
by growth arrest [194,195]. Moreover, insulin release and ATP
production in response to high glucose concentrations are improved
in VDACI-depleted cells [153]. In pancreatic islets from db/db mice,
VDACI inhibition leads to enhanced ATP generation and glucose-
stimulated insulin secretion in response to high glucose levels [196]
(Fig 4B).

To explain the hepatic increase in IP3R1-observed obese mice, in
2014 Arruda et al hypothesized that excessive Ca** accumulation in
mitochondria was the cause of impaired glucose metabolism and
insulin sensitivity. In the same study, they showed improved
glucose tolerance when they knocked down IP3R1 [29]. Since the
ablation of VDACI in pancreatic cells also has a protective effect
against high glucose concentrations [153], it is possible that
decreased mitochondrial Ca** accumulation drives an improvement
in insulin signaling.

Another important player in insulin signaling at the MAMs is
mTORC2. mTORC2 signaling is essential for an adequate response
to insulin [197]. Moreover, mTORC2 is implicated in the regulation
of MAM integrity and its ablation results in decreased MAM forma-
tion and insulin resistance [90,197]. Insulin enhances mTORC2
localization at the MAMs [90]. Here, mTORC2 activation induces
inhibitory phosphorylation of IP3R and PACS2 by AKT [90]. PACS2
ablation and IP3R ablation could have a synergistic effect with
mTOCR?2 signaling in response to insulin stimuli.

Surprisingly, current data indicate that the repression of some
proteins involved in mitochondria-ER contacts enhances glucose
tolerance and insulin sensitivity by inducing the expression of
FGF21, and perhaps by an independent mechanism related to an
adaptive response of mitochondria which implies reduced mito-
chondrial Ca®>* or mTORC2 signaling. Further studies are required
to determine whether those processes are indeed independent or
whether they share common mechanisms.

Why the deletion of certain proteins that participate in
mitochondria-ER contacts results in enhanced or in impaired
insulin sensitivity and glucose tolerance is not known yet. We
believe that the absence of these proteins stimulates several signal-
ing pathways that are related to UPR, FGF21, and an adaptive
mitochondrial response (Fig 4C). The final output, i.e., the
observed phenotype, will depend in each case on the sum of all
the pathways that have been activated. We propose that a sum of
stimuli that results in UPR and therefore JNK activation will
provoke impaired response to insulin and glucose handling. On
the other hand, if the combination of all the stimuli leads to
increased circulating FGF21 and/or an adaptive mitochondrial
response (which would include decreased mitochondrial ca*t
accumulation), the phenotype observed will be an improved
response to insulin and glucose tolerance.
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Proteins whose depletion alters lipid metabolism

Skeletal muscle-specific Atad3 knockout mice show muscle atrophy
in combination with mitochondrial abnormalities that include lack
of cristae, reduced OXPHOS complexes and OPA1 expression, and
progressive mtDNA depletion [198]. Fibroblasts derived from
patients suffering from ATAD3 gene cluster deletions show impaired
cholesterol metabolism and mtDNA damage, as well as impaired
lipid metabolism [199] (Fig 4D). In agreement with these data,
muscle ATAD3 deficiency reduces the levels of cholesterol esters in
muscle, probably due to reduced Acetyl-CoA acetyltransferase
[199]. The effects of ATAD3 ablation on substrate handling have
not been analyzed. Moreover, ATAD3 ablation decreases steroidoge-
nesis in a mouse cell line derived from Leydig cell tumor [200].

ORPS and ORPS depletion leads to altered mitochondria morphol-
ogy and function in HeLa cells [43]. The global ablation of Orp8 in
mice causes a marked elevation of high-density lipoprotein (HDL)
cholesterol and phospholipids, which occurs in the absence of
changes in apolipoprotein A-I [201]. Moreover, the secretion of
nascent HDL particles is enhanced in primary ORP8-deficient hepa-
tocytes, thereby suggesting altered biosynthesis of HDL [201]
(Fig 4D). No information on the impact of ORP8 depletion on
glucose homeostasis is available.

In conclusion, available data suggest that some proteins of
mitochondria-ER contacts play a pivotal role in the modulation of
lipid metabolism. Future studies should address the mechanisms by
which given proteins specifically modulate lipid metabolism in the
absence of changes in energy metabolism.

Architectural, functional, and metabolic aspects of
mitochondria-LD contact sites

Mitochondria and LDs are in active communication in highly meta-
bolic tissues such as BAT, skeletal muscle, and heart [3,202-204]. It
has been reported that the properties of the mitochondria surround-
ing LDs differ to those of mitochondria in the cytoplasm [2,205],
which suggests a context-specific metabolic behavior of mitochon-
dria. A study conducted by Benador et al [2] in BAT revealed that
mitochondria surrounding LDs oxidize pyruvate, generate ATP, and
use fatty acids for triacylglycerol (TAG) synthesis, whereas cytosolic
mitochondria oxidize fatty acids. In addition, it has been reported in
cultured cells that, under nutrient deprivation conditions, mitochon-
dria and LDs interact in order to favor fatty acid oxidation
[206,207]. This observation is in keeping with prior findings

Table 2. Mitochondria-LD contact sites proteins.
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indicating that lack of nutrients enhances fatty acid oxidation [208].
The variable impact of the interaction of LD with mitochondria on
beta-oxidation will require a precise molecular explanation.

Proteins involved in mitochondria—LD contacts

The protein components of mitochondria-LD contact sites have
been only partially characterized (Table 2). A tethering complex
identified to operate in BAT is MFN2-PLIN1 [3] (MFN2 is located in
the mitochondria and PLIN1 in LDs; Fig 5). Another mitochondrial
protein that interacts with LD proteins is ACSL1 (acyl-CoA synthase
long chain family member 1). BioID technology has revealed the
interaction between ASCL1 and SNAP23 and VAMP4 in LDs [209]
(Fig 5). The LD protein SNAP23 was first suggested to mediate the
interaction between mitochondria and LDs since it was observed
that its ablation reduced the contacts between these two organelles
[210]. Moreover, SNAP23, together with VAMP4, is involved in LD
fusion [211]. The LD protein PLINS has been described to localize at
mitochondria-LD contacts; however, the mitochondrial partner of
this protein is unknown [212,213]. PLINS interacts with ATGL and
ABDHS [214] on the LD surface (Fig 5).

Functional implications of the interaction between mitochondria
and LDs

The associations between mitochondria and LDs influence LD size
and mitochondrial dynamics. Thus, the interaction of mitochondria
with LDs promotes the expansion of the latter [2]. PLINS overex-
pression increases mitochondrial recruitment to LDs and LD total
area relative to control cells [2]. Mitochondrial morphology is also
somehow regulated by interaction with LDs [2]: Mitochondria asso-
ciated with LDs are more elongated than free mitochondria and
contain reduced levels of DRP1 and cleaved OPA1 [2]. In turn, mito-
chondrial dynamics also influence LD size and distribution. Thus,
impaired mitochondrial fusion causes an heterogeneous distribution
of lipids throughout the mitochondrial network, greater accumula-
tion of fatty acids in LDs, and increased fatty acid release from the
cell [206]. This increase in fatty acids accumulation and release
probably occurs due to impaired fatty acid oxidation in fragmented
mitochondria.

PLINS is likely to promote the mitochondrial uptake of fatty acids
since it interacts with adipose triglyceride lipase (ATGL) and its acti-
vator ABHDS on the LD surface [214], leading to enhanced lipolysis.
During glucose deprivation, ACSL1 interacts with SNAP23 and
VAMP4 and thus increases mitochondria-LD contact sites [209].
Under these conditions, ACSL1 promotes the synthesis of acyl-CoA

Protein Location Function in the mitochondria-LD contacts

ABDH5 LD Lipolysis [214] (coupled to fatty acid transport into mitochondria?)

ACSL1 oMM Mitochondria—LD tether (?)

ATGL LD Lipolysis [214] (coupled to fatty acid transport into mitochondria?)

MFN2 oMM Mitochondria—LD tether [3] (?), Fatty acid transport into mitochondria [3] (?)
PLIN1 LD Mitochondria—LD tether [3] (?), Fatty acid transport into mitochondria [3] (?)
PLINS LD, OMM Fatty acid transport into mitochondria [214] (?)

SNAP23 LD Mitochondria—LD tether [210] (?), LD fusion [211]

VAMP4 LD Mitochondria-LD tether (?), LD fusion [211]

© 2019 The Authors
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Figure 5. The architecture of mitochondria-LD contact sites.

Mitochondria establish contacts with lipid droplets (LDs). Although these
contacts are poorly studied, several proteins have been found to participate in
them. MFN2 in mitochondria interacts with the LD protein PLIN1. Mitochondrial
ASCL1 has been found to form a complex with SNAP23 and VAMP4, both present
on the LD surface. Moreover, PLINS has been found both on the surface of LDs
and in the OMM. It is known that PLINS interacts with ATGL; however, the
protein complex through which PLIN5 anchors LDs to mitochondria is still
uncharacterized.

from fatty acids released by LDs, which are then channeled through
mitochondrial beta-oxidation. Such a process may sustain the ther-
mogenic capacity of BAT during its activation [215].

The MFN2-PLIN1 complex may be key for the maintenance of
fatty acid oxidation in BAT and thus for thermogenesis [3]. More-
over, proteomic analysis of the LD-enriched fraction of BAT has
identified the mitochondrial thermogenic protein UCP1 upon cold
treatment [205], thereby suggesting increased cooperation of mito-
chondria and LDs for heat production.

Mitochondria—LD contacts respond to metabolic alterations
Mitochondria-LD contacts are modulated by nutrient availability in
various tissues. Thus, glucose deficiency promotes LD interaction
with mitochondria in monkey kidney Vero cells and in mouse
primary hepatocytes [209,216]. The interaction of ACSL1 with
SNAP23 and VAMP4 is enhanced upon glucose deprivation in
mouse primary hepatocytes [209]. In agreement with these observa-
tions, SNAP23 expression increases in rat livers during fasting
[217]. Proteomic analysis of purified LDs from mouse livers
revealed that PLIN5 and ACSL1 proteins are more abundant in
fasted mice [218]. It is likely that the enhanced mitochondria-LD
contacts favor fatty acid oxidation in mitochondria under conditions
of nutrient deprivation or during physiological fasting.
Mitochondria-LD contacts are also modified in BAT under condi-
tions of thermogenic activity. In this regard, Benador et al (2]
reported a 50% decrease in mitochondria contacts with LDs in
primary cultures of BAT from mice maintained at 6°C compared to
BAT of mice under thermoneutral conditions. In contrast, Boutant
et al [3] observed that PLIN1-MFN2 interaction is enhanced upon
treatment with an adrenergic agonist in brown adipocytes. In
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agreement with the latter findings, Yu et al [205] detected increased
expression of PLINIT and ATGL in BAT of mice subjected to cold. No
explanation for the reduced mitochondria-LD interaction upon cold
exposure, under conditions which are linked to greater beta-oxida-
tion, has been put forward to date.

The effects of a HFD, obesity, diabetes, and exercise on
mitochondria-LD apposition have not been studied in depth.
However, it has been reported that these conditions have an impact
on proteins that operate at the interface of these two organelles.
PLIN1 protein levels are decreased in the WAT of mice on a HFD in
comparison with that of animals on a normal chow diet [219]. In
skeletal muscle, two independent studies found that PLINS protein
expression is increased in mice upon exposure to a HFD [220,221].
These findings are in agreement with a study performed in human
muscle biopsies, in which PLINS protein levels were higher in obese
and diabetic patients compared to those of healthy subjects [222].

Exercise influences the expression of proteins located at the
mitochondria-LD interface. Both control and HFD-fed mice
subjected to chronic exercise show increased levels of muscle PLIN1
[221]. Furthermore, the levels of this protein are higher in trained
HFD-fed mice compared to trained mice under a normal diet. Inter-
estingly, triglycerides tended to accumulate more in the muscle of
trained animals and of those on HFD.

In turn, PLINS is upregulated in the primary myotubes of physi-
cally active subjects upon lipolytic stimulation [223]. In agreement
with this, PLINS-positive LDs are higher in muscle sections from
trained individuals and total PLINS is higher in these subjects [222].
Upregulation of PLIN1 and PLINS in skeletal muscle of trained
subjects may participate in the increased contacts that occur
between mitochondria and LDs.

Metabolic impact of alterations in proteins participating in
mitochondria-LD contacts

Disruption of the contacts between mitochondria and LDs may
affect metabolism. However, information in this regard is scarce.
Some animal and cellular models lacking proteins involved in these
contacts have been generated, but the effects observed may not be
fully attributable to the disruption of mitochondria-LD contact sites.

The specific ablation of Mfn2 in BAT in mice impairs lipolysis,
fatty acid oxidation, and respiration, and thus decreases the thermo-
genic capacity of this tissue [3]. Moreover, that study showed that
the lack of MFN2 disrupts fatty acid flux into mitochondria, proba-
bly as a result of impairment of mitochondria and LD contacts.
Mfn2-deficient BAT shows an enhanced expression of FGF21 when
mice are subjected to a HFD, leading to increased circulating levels
of FGF21. Whether FGF21 induction is due to cellular stress that is
specifically dependent on alterations in mitochondria-LD contacts
or to other biological effects of MFN2 remains unknown. However,
under these conditions, the enhanced levels of FGF21 protect Mfn2
knockout mice against lipid accumulation in the liver and lead to
improved hepatic fatty acid oxidation.

Liver-specific Plin5 knockout mice show reduced mitochondria—
LDs contacts in hepatocytes, decreased fatty acid oxidation, and
reduced triglyceride secretion [224]. Treatment of these mice with
a HFD induces greater accumulation of TAG, the activation of
JNK, and insulin resistance. Partial ablation of Plin5 in muscle
leads to insulin resistance with improved insulin responsiveness
under HFD feeding [220]. Complete ablation of Plin5 in skeletal
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muscle results in glucose intolerance, insulin resistance in adipose
tissue, and reduced circulating insulin levels [225]. After HFD
feeding, PlinS knockout animals show decreased ER stress markers
(p-IREla, spliced XBP1, Atf4), reduced activation of JNK, and
diminished levels of proinflammatory markers (Tnfa, 16, Ccl2), as
well as decreased levels of muscle, circulating, and hepatic FGF21
compared to wild-type mice. These metabolic alterations are
reversed upon injection of recombinant FGF21. Moreover, in
agreement with these findings, PlinS overexpression in skeletal
muscle causes increased energy metabolism and accumulation of
more TAG in skeletal muscle under conditions of normal glucose
and insulin tolerance [226]. Upon HFD, the expression of
inflammatory markers in the liver is lower and muscle and plasma
levels of FGF21 are increased. Moreover, when mice overexpress-
ing PlinS are subjected to a HFD, they show upregulation of
browning markers (Ucpl, Cidea, Adiponectin, Cebpa) in WAT, in
comparison with wild-type mice. In line with these results,
another study found that overexpression of PLINS reduces lipolysis
and fatty acid oxidation and increases glycogen synthesis and
glucose oxidation in human primary myotubes [220]. Neverthe-
less, augmented energy demand by forskolin application increases
lipid oxidation in conditions of PLINS overexpression to a higher
rate than in control myotubes. Laurens et al proposed that higher
energy demands increase the contacts between mitochondria and
LDs in order to optimize fatty acid oxidation and that HFD uncou-
ples LD from mitochondria.

Total Plin1 knockout mice are resistant to insulin [219]. Livers of
Plin] knockout mice show spontaneous hepatosteatosis, impaired
glucose metabolism, increased synthesis of TAG, and decreased
fatty acid oxidation [227]. Furthermore, these mice suffer from
hypertrophic cardiomyopathy [228] and increased atherosclerosis
[229]. The depletion of Plinl causes increased circulating levels of
proinflammatory cytokines, TAGs, and free fatty acids accompanied
by white adipose tissue inflammation with higher M1 macrophage
infiltration [219]. This proinflammatory phenotype is driven by
enhanced lipolysis in adipocytes, which leads to increased produc-
tion and the release of prostaglandins.

Snap23 knockdown in HL-1 cardiomyocytes causes insulin resis-
tance in vitro [211]. In the same study, wild-type HL-1 cells exposed
to oleic acid showed increased recruitment of SNAP23 to LDs and
insulin resistance. Insulin resistance was rescued by Snap23 overex-
pression. Since SNAP23 also localizes to the plasma membrane
where it translocates GLUT4, insulin resistance might be caused by
the absence of this protein in the plasma membrane.

Functional and metabolic aspects of mitochondria—
lysosome contact sites

The interaction between mitochondria and lysosomes has been
widely studied upon stress or mitochondrial damage conditions.
Damaged mitochondria are degraded by selective autophagy (mi-
tophagy), and this process implies the fusion of the mitophagosome
with a lysosome (reviewed by Nguyen et al [230]). Moreover, mito-
chondria generate vesicles that trigger lysosomes, mitochondria-
derived vesicles (MDVs), and this process is considered as a way
for mitochondria to degrade proteins or oxidized components (re-
viewed by Sugiura et al [231]). Besides these studies performed
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under stress conditions and revealing indirect interaction between
mitochondria and lysosomes, little is known about physical apposi-
tion of mitochondria and lysosomes in basal conditions. In this
section, we review the recent advances on this field and we analyze
the functional aspects of the apposition between lysosomes and
mitochondria and its crosstalk with metabolism.

Composition and functions of contacts between mitochondria

and lysosomes

Over the past decade, although physical interaction between mito-
chondria and lysosomes had not yet been described, there was
evidence for mitochondria and lysosome crosstalk since disruption
of mitochondria affects lysosomal function and dynamics and lyso-
somal damage triggers mitochondrial homeostasis impairment (re-
viewed by Raimundo etal [232]). Recently, cutting-edge
microscopy studies have detected the establishment of physical
contacts between lysosomes and mitochondria in healthy cells in
the absence of damage stimulus [1,233]. Besides, the latest discover-
ies in the field point to RAB7 as a master coordinator of these
contacts [6,7,234-236] (Fig 6).

Lysosome-mitochondria contacts are promoted by GTP-bound
lysosomal RAB7 [6]. When a constitutively active GTP-bound RAB7
mutant is expressed, contacts between lysosomes and mitochondria
increase and these are more stable over time. TBC1D15 is a GTPase
activating protein that governs RAB7 activity [237]. Recruitment of
TBC1D15 to mitochondria by FIS1 favors GTP hydrolysis and sepa-
rates lysosomes from mitochondria [6] (Fig 6). TBC1D15 inactive
mutants can still be recruited to mitochondria; however, they do not
uncouple mitochondria from lysosomes and lysosomes become
larger [6]. Interaction between RAB7 and TBC1D15 has not been
described yet. Confocal microscopy has revealed colocalization
between lysosomes and sites for mitochondrial division [6] in which,
as we described before, ER tubules participate [58]. These findings
suggest that the interface between these two organelles plays a major
role in the regulation of mitochondrial and lysosomal dynamics.

It has been discovered in retinal ganglion cells of Xenopus laevis
embryos that late endosomes can associate with ribosomes in axons
through RAB7 and RABS and protein translation can occur at the
endosomal membrane [235]. Some mitochondrial proteins such as
VDAC2 can be translated at the surface of these late endosomes and
then be transferred to mitochondria [235] (Fig 6). Mutations in rab?
associated with Charcot-Marie-Tooth disease cause downregulation
of mitochondrial protein translation, mitochondrial elongation, and
diminished mitochondrial membrane potential in the axons [235].
Currently, the proteins in the interorganellar surface that contribute
to mitochondrial incorporation of the newly synthesized peptides
remain unknown.

Melanogenesis is a process influenced by the apposition between
melanosomes and mitochondria [7]. Melanosomes, which are lyso-
somal related organelles that accumulate melanin in pigmented
cells, establish contacts with mitochondria through MFN2 in mela-
nocytes [7] (Fig 6). However, the melanosomal component of these
junctions remains unknown. MFN2 ablation decreases the interac-
tion between mitochondria and melanosomes and arrests melano-
genesis activation [7].

The interface between mitochondria and lysosomes could play a
role in autophagy. It is known that MFN2 interacts with RAB7 in
mouse hearts [234] (Fig 6). This interaction increases upon
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Several processes take place at the contacts between mitochondria and lysosomes: (A) Regulation of mitochondrial and lysosomal dynamics by RAB7, TBC1D15, and
FIS1 coordination; (B) mitochondrial protein translation in ribosomes anchored to the endosomal surface by interaction with RAB7 and RABS in close proximity to
mitochondria; (C) melanogenesis in melanosomes that interact with mitochondria through MFN2; (D) autophagosome to lysosome fusion, which is supported by MFN2-RAB7
interaction; and (E) possible phospholipid exchange through VPS13A interaction with RAB7.

autophagy induction by starvation and has been proposed to be key
for autophagosome-lysosome fusion [234].

A recent study indicates that lysosomal RAB7 immunoprecipitates
and partially colocalizes with mitochondrial VPS13A in HeLa cells
and that the absence of VPS13A causes impaired lysosomal degrada-
tion [236]. Moreover, a different study has identified a hydrophobic
cavity in the structure of this protein and has proved its capacity to
bind and transfer phospholipids between two membranes [238].
However, it has not been elucidated whether mitochondria and lyso-
somes exchange phospholipids in a non-vesicular manner (Fig 6).

A long DRP1 isoform present in mitochondria, lysosomes, and
plasma membrane is highly enriched in mitochondrial contacts with
lysosomes [239]. This isoform is mainly expressed in the brain and
conserves mitochondrial division capacity [239]. When overexpressed
in MEF, DRP1 long isoform colocalizes with RAB7; nevertheless, it is
not known whether RAB7 and DRP1 interact [239]. GTPase activity
and oligomerization capacity of DRP1 long isoform are necessary for
its localization to lysosomes [239]. The role of this isoform of DRP1 in
membrane junctions remains uncharacterized, although a role in lyso-
somal dynamics has already been discarded [239].

Besides the participation of mitochondria-lysosome contacts in
organelle dynamics regulation, mitochondrial protein translation
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and melanogenesis, and their possible contribution to autophagy
and phospholipid exchange, communication between mitochondria
and lysosomes has been associated with iron translocation to mito-
chondria [240] and lipofuscin deposit formation in lysosomes [241].
Nevertheless, mechanisms for these processes are poorly described
and it is not known whether they take place in a vesicular or non-
vesicular manner.

The effects of mitochondria—lysosome contact modification

on metabolism

Little is known about how the modification of the contacts between
mitochondria and lysosomes affects metabolism. RAB7 role in fat
storage has been reported in C. elegans, in which neuronal silencing
of rab7 results in reduced fat storage [242]. Rab7 knockdown in
mouse bone marrow cells decreases glucose consumption and ROS
excess [243]. The knockout of TBC1D15 decreases glucose uptake in
L02 human fetal hepatocytes [244]. Moreover, TBCID1S ablation
reduces GLUT4 mRNA and protein levels and this effect is more
dramatic in the presence of insulin [244]. In the absence of
TBC1D15, GLUT4 colocalizes with lysosomes, where it could be
degraded [244]. The authors suggest that TBC1D15 is necessary for
GLUT4 translocation to the plasma membrane. There are no studies
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Box: In need of answers

() What is the precise composition of tethering (and spacer)
complexes responsible for the contacts of mitochondria with other
organelles (ER, lipid droplets, lysosomes, Golgi, peroxisomes, etc.)?

(i) How do the tethering (and spacer) complexes undergo modulation

in a tissue-specific manner in response to hormonal or nutritional

alterations? What are the mechanisms involved?

Do the tethering complexes functionally interact with other teth-

ering/spacer complexes or with functional proteins present in

contacts? If so, what is the nature of the mechanisms involved?

Identification of the precise functions operating in the different

contact sites, and characterization of the complexes involved in

the catalysis present in those contacts. Analysis of the modes of
regulation of the functional complexes in response to hormonal
and/or nutritional cues.

(v) What are the mechanisms by which mitochondria within a speci-

fic cell type show a heterogeneous interaction with specific orga-

nelles such as lipid droplets?

Because some of the proteins involved in tethering or in function

in contact sites are present in multiple locations in cells, there is a

need to design strategies to identify the specific function of the

protein located in the contact site rather in other locations.

(vii) How do alterations in proteins present in contact sites impact on
metabolic homeostasis? Why do some proteins mediate enhanced
anabolism whereas others mediate inhibited anabolism, and other
alterations in lipid metabolism? What is the physiological mean-
ing, and what the mechanisms in place?

(iii

(iv)

(vi

linking these observations on RAB7 and TBC1D15 with mitochondria—
lysosome interaction.

Impact of metabolism on mitochondria—lysosome contacts

The influence of metabolic homeostasis on mitochondria-lysosome
contacts in mammalian cells is an unexplored field. Related findings
have been discovered in yeast [245]. Yeast vacuoles interact with
mitochondria through Ypt7, the yeast homologue of RAB7, and
Vps39 in the vacuole [245] and Tom40 in the mitochondria [246].
In the absence of glucose, vacuole-mitochondria contacts are lost,
but upon addition of glucose to the growth medium, these contacts
slowly reappear [245]. This study is the first evidence that glucose
levels modulate mitochondria-lysosome contacts in yeast cells;
nevertheless, more insight is necessary into how glucose depriva-
tion affects these contacts in mammalian cells.

Under insulin or amino acid stimuli in mammalian cells, lysoso-
mal mTOCRCI is activated and stimulates mitochondrial oxidative
pathways and mtDNA synthesis [247]. RAB7 interacts with mTOR
in mouse bone marrow cells [243]. It is not known whether this
interaction occurs in other cell types. Given the importance of
mTOR in response to nutrient availability and RAB7 in the interac-
tion between mitochondria and lysosomes, this complex is a poten-
tial candidate to modulate mitochondria-lysosome contacts in
response to metabolism.

Contacts of mitochondria with peroxisomes and the
Golgi apparatus

Peroxisomes and mitochondria establish physical contacts, and
this interaction influences cell metabolism [1,8,248]. ECI2, a
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peroxisomal enoyl-CoA isomerase, is so far the only protein estab-
lished as part of a mitochondria—peroxisome tethering complex [8].
A proximity ligation assay has revealed that peroxisomal ECI2 and
mitochondrial TOM20 interact in MA-10 Leydig-like cells [8],
although more precise analyses of this interaction such as co-immu-
noprecipitation or two-hybrid screening have not been performed.
Overexpression of ECI2 results in increased steroid biosynthesis [8],
a metabolic process that takes place in mitochondria. Moreover,
MAMs associate with peroxisomes during antiviral immune signal-
ing [249,250]. Beta-oxidation needs the interplay between both
compartments: Very long chain fatty acids (> 16 carbons) are short-
ened in peroxisomes (to 6-8 carbons fatty acids) and then preferen-
tially translocated to mitochondria for complete oxidation [251].
How shortened fatty acids are shuttled from peroxisomes to mito-
chondria remains unknown.

Golgi apparatus and mitochondria also communicate with each
other by physical interaction [1,4]. Nevertheless, the key players of
this apposition remain unknown. The existence of Ca’" gradients
from the Golgi apparatus to mitochondria has been discovered in
pancreatic acinar cells [4], although the existence of calcium chan-
nels for active or passive calcium transport has not been clarified
yet.

Future perspectives

The interaction between organelles is an emerging field that is
gaining importance due to the physiological implications of orga-
nelle contact sites. In this regard, mitochondria contacts with the
ER are the better characterized ones to date and their functional
and metabolic aspects have already been highlighted. Neverthe-
less, the full composition of tethering complexes still needs to be
discovered. Mitochondria interacting with lipid droplets show dif-
ferent metabolic behavior compared with those mitochondria that
are free in the cytosol. Studies on the interaction of LD and mito-
chondria have generated two hypotheses: The first hypothesis is
that mitochondria-LD interaction favors beta-oxidation, and the
second hypothesis is that mitochondria-LD interaction results in
increased TAG synthesis. More insight is needed to determine
whether metabolic behavior of mitochondria associated with LDs
depends on the energetic demands of the tissue or the whole body.
Lysosome-mitochondria contacts in mammalian cells are still
poorly described but currently in the spotlight of research.
Whether reciprocal dynamics regulation exerted between mito-
chondria and lysosomes has any metabolic implications is yet to
be discovered. The key players in the communication between
mitochondria and peroxisomes have not been deciphered. Future
characterization of this interaction will be metabolically relevant
since peroxisomes and mitochondria interact during beta-oxidation
of fatty acids. Although several studies have revealed an interac-
tion between mitochondria and the Golgi apparatus, the functional
and structural features of this interaction remain unknown. How
Ca®" is transferred from the Golgi apparatus to mitochondria and
what Ca** flux between these organelles signals for has not been
discovered yet. It is possible that metabolic features of mitochon-
dria could depend on their interaction with other organelles, which
we hypothesize would be determined by the organ or tissue ener-
getic requirements. A tissue-/cell-specific characterization of
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contact sites is lacking, but it will be fundamental for a better
understanding of contact sites influence on metabolism. Future
discoveries on organelle contact sites will fill these gaps and trans-
form our understanding of cellular physiology and metabolism
regulation and likely will provide us with new tools for targeting
metabolic disorders.
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SUMMARY

Non-alcoholic fatty liver is the most common liver
disease worldwide. Here, we show that the mito-
chondrial protein mitofusin 2 (Mfn2) protects against
liver disease. Reduced Mfn2 expression was de-
tected in liver biopsies from patients with non-
alcoholic steatohepatitis (NASH). Moreover, reduced
Mfn2 levels were detected in mouse models of stea-
tosis or NASH, and its re-expression in a NASH
mouse model ameliorated the disease. Liver-specific
ablation of Mfn2 in mice provoked inflammation,
triglyceride accumulation, fibrosis, and liver cancer.
We demonstrate that Mfn2 binds phosphatidylserine
(PS) and can specifically extract PS into membrane
domains, favoring PS transfer to mitochondria and
mitochondrial phosphatidylethanolamine (PE) syn-
thesis. Consequently, hepatic Mfn2 deficiency re-
duces PS transfer and phospholipid synthesis,
leading to endoplasmic reticulum (ER) stress and
the development of a NASH-like phenotype and liver
cancer. Ablation of Mfn2 in liver reveals that disrup-
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tion of ER-mitochondrial PS transfer is a new mech-
anism involved in the development of liver disease.

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) represents a clinical
spectrum ranging from simple steatosis and non-alcoholic
steatohepatitis (NASH) to cirrhosis and hepatocellular carci-
noma (HCC) (Chalasani et al., 2012). NASH is accompanied
by inflammation, cell death, and fibrosis and is characterized
histologically by the presence of ballooning hepatocytes and
lobular inflammation with or without perisinusoidal fibrosis
and steatosis (Yeh and Brunt, 2014). In the course of the
inflammatory process, liver hepatocytes frequently die by pro-
grammed cell death. The persistent cycle of “necro-inflamma-
tion” and hepatocyte regeneration is believed to enhance the
risk of genetic mutation in hepatocytes, promoting survival
and expansion of initiated cells. The result is increased cell
growth, also referred to as compensatory proliferation, which
can lead to tumor development (Aravalli et al., 2008). In this
context, epidemiological and clinical studies have provided
convincing evidence that chronic inflammation leads to carci-
nogenesis (Mantovani et al., 2008).
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Several potential factors influencing NASH progression are
known to interact (Tilg and Hotamisligil, 2006) such as endo-
plasmic reticulum (ER) stress, oxidative stress, mitochondrial
dysfunction, and lipotoxicity. Mitochondrial function is governed
by the preservation of a normal lipid composition (Schenkel and
Bakovic, 2014), which is dependent on the capacity of mitochon-
dria to synthesize phospholipids, and by the traffic of lipids from
the ER to mitochondria (Osman et al., 2011). Specifically, phos-
phatidylserine (PS) is primarily synthesized in the ER and is
imported into mitochondria by transient membrane contact
between mitochondria-associated ER membranes (MAMs) and
the mitochondrial outer membrane (Vance and Vance, 2004). In
mitochondria, PS is converted into phosphatidylethanolamine
(PE), which is then imported into the ER for conversion to phos-
phatidylcholine (PC). Accordingly, MAMs are key sites for syn-
thesis and traffic of phospholipids (Flis and Daum, 2013).

Mitofusin 2 (Mfn2) is a mitochondrial membrane protein with a
role connecting ER membranes to mitochondria (de Brito and
Scorrano, 2008; Leal et al., 2016), and its depletion causes ER
stress and plays a relevant role in the maintenance of mitochon-
drial metabolism, insulin signaling, and energy homeostasis
(Bach et al., 2003; Pich et al., 2005; Mufioz et al., 2013; Schnee-
berger et al., 2013; Sebastian et al., 2012). Cancer cells of
different origin show a low expression of Mfn2 (Cheng et al.,
2013; Rehman et al., 2012). In addition, Mfn2 levels are signifi-
cantly downregulated in HCC tissue compared with correspond-
ing adjacent normal tissue, and there is a negative correlation
between Mfn2 levels and the prognosis of cancer (Wu et al.,
2016; Zhou et al., 2016). Mfn2 overexpression in hepatocellular
carcinoma or colorectal cancer cells reduces cell proliferation
and induces spontaneous apoptosis (Wang et al., 2012).
However, it is unknown whether Mfn2 downregulation is a cause
or a consequence of cancer, and there are no data linking Mfn2
to NALFD progression.

Here, we show that hepatic Mfn2 is downregulated both in pa-
tients with NASH and in subjects’ borderline for NASH. Further,
mouse models of hepatic lipid accumulation or NASH present
lower levels of Mfn2 in liver, and the re-expression of Mfn2 in liver
ameliorates the NASH phenotype. We also demonstrate that
hepatic Mfn2 ablation causes a NASH-like phenotype that pro-
gresses to liver cancer with age. We show that Mfn2 binds to
and participates in the transfer of PS. Accordingly, hepatic
Mfn2 deficiency causes a reduced transfer of PS from ER to
mitochondria, which leads to reduced PS synthesis and ER
stress, in turn causing inflammation, fibrosis, and liver cancer.
Overall, our data strongly suggest that Mfn2 constitutes a new
target for the treatment of NALFD.

RESULTS

1 1eohalic Steatoh e

Human Liver Samg of Non-,
Present Low Levels of Mfn2

To investigate whether Mfn2 is dysregulated in NASH, we
compared its expression in liver biopsies from patients with stea-
tosis or NASH. Clinical, anthropometric, and biochemical data of
this cohort have been reported previously (Ferreira et al., 2011).
Results showed that Mfn2 levels were significantly lower in liver
from patients with NASH than in subjects with simple steatosis

882 Cell 177, 881-895, May 2, 2019
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(Figure 1A). We also analyzed human liver biopsies from a sec-
ond cohort of subjects without NASH (NAS index <3) and close
to borderline NASH (NAS index >5). NAS scoring was per-
formed according to Takeda et al. (2013). Clinical characteristics
of these patients are shown in Table S1. Both Mfn2 mRNA and
protein levels were significantly decreased in patients with
borderline NASH (Figures S1A-S1C). We did not discriminate
whether the reduction in Mfn2 expression was different in
women and in men due to insufficient statistical power. By
contrast, expression of the Mfn2 homolog Mfn1 was unaltered
in this group (Figure S1D). Overall, these data show that Mfn2
is downregulated in human liver during progression from steato-
sis to NASH.

Mouse Models of Non-alcoholic Liver Disease Have Low
Hepatic Levels of Mfn2

To document the possible involvement of Mfn2 in NALFD, we
studied its expression in C57BL6/J mice with steatosis induced
by high-fat diet (HFD) over 3 weeks, a time sufficient to trigger
hepatic steatosis (Gaemers et al., 2011). Mfn2 protein expres-
sion in liver was significantly lower in the HFD group than in con-
trols (Figures 1B and S1E). Because mice on HFD show fatty liver
and obesity but not fibrosis, we used a well-established mouse
model of NASH consisting of a methionine and choline-deficient
diet combined with 45% HFD and supplemented with 0.1%
L-methionine in drinking water to avoid weight loss (Matsumoto
et al., 2013) (hereafter termed MCD). C57BL6/J mice on MCD
diet for 3 weeks showed substantial fat accumulation and liver
fibrosis (Figure 1C). Further, liver triglyceride (TAG) and mRNA
levels of inflammatory and the fibrotic marker transforming
growth factor B (TGF-B) were significantly higher in mice on
MCD diet than on control diet (Figures 1D, S1F, and S1G). Under
these conditions, Mfn2 levels were diminished (Figures 1E and
S1H), and this decrease was greater in mice on MCD diet than
on HFD (Figures 1B and 1E). Consistent with the data in human
biopsies, Mfn1 protein levels were unaltered in mice on MCD diet
(Figure S1l). These results are consistent with a specific progres-
sive repression of Mfn2 in mouse liver disease.

Mfn2 Ablation Causes Chronic Hepatic Inflammation

and Abnormal Lipid Metabolism

To substantiate the role of Mfn2 in liver as a trigger of the NASH-
like phenotype, we analyzed liver-specific Mfn2 knockout mice
(L-KO) generated in our laboratory (Sebastian et al., 2012). Under
normal chow diet, 8-week-old L-KO mice showed a significant
increase in the abundance of hepatic and plasma pro-inflamma-
tory cytokines (Figures 1F, S1J, and S1K), expression of hepatic
pro-inflammatory genes (Figure S1L), and a modest but signifi-
cant accumulation of TAG (Figure 1G). This occurred in the
absence of changes in body weight, food intake, or circulating
lipids (Figures STM-S1Q). Further analysis of lipid metabolism
in hepatocytes isolated from L-KO and control mice revealed
that the esterification of oleate into diacylglycerol and triacylgly-
cerol was enhanced in the former, but their incorporation into
phospholipids was decreased (Figure 1H). Under these condi-
tions, oleate B-oxidation was decreased in Mfn2-deficient hepa-
tocytes (Figure S1R). Further, the expression of de novo lipogen-
esis and esterification genes was modestly elevated in liver from
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Figure 1. Mfn2 Is Reduced in NASH and Liver-Specific Mfn2 Ablation in Mice Causes a NASH-like Phenotype

(A) Mfn2 protein in liver biopsies from steatotic (n = 7 patients) and NASH (n = 8 patients).

(B) Mfn2 protein in liver from mice on chow diet (C) or high-fat diet (HFD) (n = 4 mice).

(C) H&E and Sirius red staining images in liver sections from C57BI6/J mice fed either a C diet or a methionine and choline-deficient diet combined with HFD and
supplemented with 0.1% L-methionine in drinking water (MCD) (scale bar, 200 pm).

(D) Liver TAG from mice on C and MCD (n = 5 mice).

(E) Liver Mfn2 protein from C (n = 5 mice) and MCD mice (n = 4 mice).

(F) Hepatic pro-inflammatory factors in control (C) and liver-specific Mfn2 KO (L-KO) (n = 8 mice).

(G) TAG levels in C and L-KO mice (n = 8-12).

(H) Oleate incorporation in hepatocytes isolated from C and L-KO mice (n = 4 mice; each experiment performed in triplicate).

(1) Sirius red staining and TEM images in liver sections from 27-week-old C and L-KO mice fed a normal diet (scale bars, 200 um in Sirius Red and 5 um in TEM
images).

(J) Hepatic expression of genes involved in collagen synthesis in C and L-KO mice (n = 5 mice).

(K) Images and tumor quantification of liver from 24 month-old C and L-KO (n = 5 mice).

In (A), data are expressed as mean + SD. In (B)-(K), data are mean + SE. *p < 0.05 versus control group in each case.

See also Figures S1, S2 and S3 and Table S1.

L-KO mice (Figure S1S). In sum, L-KO mice show a pattern
typical of disturbances in hepatic lipid metabolism.

Mfn2 Ablation Causes Apoptosis, Increased Cell

Growth, Fibrosis, and Liver Cancer

It is known that chronic hepatic inflammation is associated with
enhanced apoptosis, leading to compensatory cell proliferation
and fibrosis, which are known risk factors for liver cancer (Malhi
et al., 2010; Sun and Karin, 2012). Given the chronic inflamma-
tion detected in L-KO mice, we analyzed whether Mfn2
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deficiency leads to liver cancer progression. Under normal con-
ditions, apoptosis was higher in liver from L-KO mice than from
controls, as demonstrated by increased levels of cleaved
PARP-1 and cleaved caspase-3 (Figures S2A and S2B), and
was accompanied by a higher number of Ki67-positive cells (Fig-
ure S2C), indicating enhanced proliferation. Furthermore, the
expression of genes encoding fibrotic markers was also elevated
in L-KO livers (Figure 1J), and Sirius red staining and transmis-
sion electron microscopy revealed a marked accumulation of
extracellular collagen in livers at 27 weeks of age (Figure 1l).
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We next explored whether Mfn2 deficiency promotes liver
cancer as a consequence of the natural progression of liver dis-
ease. Accordingly, L-KO and control mice on normal diet were
examined for liver tumors at 24 months of age. Analysis showed
that the number of tumors and volume were significantly higher
in L-KO than in control mice (Figures 1K and S2D). To validate
these results, we investigated whether L-KO mice showed a
predisposition to the liver-specific carcinogen diethylInitros-
amine (DEN). Treatment of mice with DEN triggers a well-known
cascade of events in liver that include DNA damage and
apoptosis of centrilobular hepatocytes, production of proinflam-
matory cytokines, and compensatory proliferation (Herranz
et al.,, 2010). As a first approach, we induced liver DNA damage
with a single high-dose intraperitoneal injection of DEN
(50 mg/kg) to assess the acute liver response. Immunohistolog-
ical examination of livers 48 h after DEN revealed a stronger DNA
damage response in centrilobular regions in L-KO mice than in
controls, and this accompanied by greater levels of compensa-
tory proliferation (Figures S2E-S2G). We next treated control
and L-KO mice with a single lower dose of DEN (5 mg/kg), fol-
lowed by continued exposure to HFD. After 7 months, L-KO
mice subjected to DEN-HFD showed a larger number of tumors
and greater tumor size compared to control treated mice (Fig-
ure S2H). Thus, our data indicate that hepatic Mfn2 ablation
leads to apoptosis, increased cell proliferation, fibrosis, and a
greater susceptibility to develop liver cancer.

Mfn2 Re-expression Restores Normal Liver Metabolism
in L-KO Mice
To assess whether the alterations detected in Mfn2-deficient
livers were attributable to Mfn2 loss-of-function or to compensa-
tory mechanisms, we re-expressed Mfn2 in L-KO mice by intra-
venous administration of adenoviruses encoding either Mfn2 or
LacZ (AdC, used as a control). Upon Mfn2 re-expression (Fig-
ure S3A), hepatic and plasma cytokines returned to control
levels (Figures S3B-S3D), and the expression of fibrosis and
pro-inflammatory genes were markedly downregulated (Figures
S3E and S3G). Moreover, TAG levels were normalized (Fig-
ure S3F), and oleate B-oxidation was enhanced (Figure S3H).
We have previously reported that L-KO mice present an
elevated unfolded protein response (UPR) (Sebastian et al.,
2012). Thus, we surveyed the impact of Mfn2 re-expression on
ER stress markers. Results showed that Mfn2 re-expression
normalized the different UPR parameters (Figure S3l). These
data strongly suggest that Mfn2 is directly responsible for the
liver abnormalities found in L-KO mice.

Normalization of ER Stress Triggered by Mfn2

Defici y Ameliorates Infl tion and Fibrosis, but
Not the Impaired Lipid Metabolism

The upregulation of UPR proteins, such as CHOP, is sufficient to
promote liver apoptosis, inflammation, compensatory prolifera-
tion, fibrosis, and liver cancer (DeZwaan-McCabe et al., 2013).
We then examined the contribution of ER stress to these pro-
cesses in the L-KO model. We blocked ER stress by overex-
pressing a critical regulator of UPR signaling, BIP (GRP-78).
Because hepatic BIP gain-of-function in control mice has been
shown to cause hypoglycemia and sudden death, even upon
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administration of very low levels of adenovirus, in models that
do not present UPR activation (data not shown and previous re-
ports) (Lee, 2001), we expressed BIP by adenoviral intravenous
injection only in L-KO mice, which show chronic ER stress.

Acute BIP overexpression decreased UPR signaling in L-KO
mice (Figures 2A and S3J). Moreover, liver and plasma pro-
inflammatory cytokines were normalized by BIP (Figure 2B,
and 2C), and the expression of genes encoding pro-inflamma-
tory or fibrotic factors was also markedly lower than that seen
in equivalent controls (Figures 2D and S3K). Similarly, apoptosis
and cell proliferation were decreased in L-KO mice expressing
BIP (Figures S3L and S3M). In the context of mitochondrial meta-
bolism, BIP expression enhanced oleate oxidation (Figure S3N)
and reduced ROS production (Figure S30), thereby recovering
mitochondrial function, which is in keeping with previous data
(Munoz et al., 2013). Intriguingly, BIP overexpression failed to
restore TAG levels (Figure 2E) or the incorporation of oleate
into lipids (Figure 2F). These data indicate that the mitochondrial
dysfunction, inflammation, fibrosis, apoptosis, and increased
proliferation detected in L-KO mice lies downstream of ER stress
and UPR signaling.

Mfn2 Plays a Crucial Role in Hepatic Phospholipid
Metabolism

It has been reported that an aberrant phospholipid composition
of the ER membrane is a potent activator of the UPR (Fagone and
Jackowski, 2009; Fu et al., 2011). Accordingly, we studied the
total hepatic phospholipid content in L-KO mice in an attempt
to identify mechanisms linking Mfn2 deficiency and UPR. Results
from lipidomics analysis showed that L-KO mice had a
decreased abundance of total hepatic PE and PC species (Fig-
ure 3A; Table S2). Consistent with these data, the lipidomics pro-
file of hepatic MAMs and mitochondrial fractions from L-KO and
control mice was different (Figures S4A and S4D), with a
decrease in the abundance of PE and PC species in the former
(Figures S4B, S4C, S4E, and S4F; Table S3). Because Mfn2
and some proteins of phospholipid synthesis are localized in
mitochondria-ER contact sites (schematic shown in Figure 3B)
(de Brito and Scorrano, 2008; Stone and Vance, 2000), we moni-
tored the incorporation of radiolabeled L-serine (L-Ser) into PS,
PE, and PC in MAM fractions from control and L-KO mice. We
found that this incorporation was significantly decreased in
MAM fractions from L-KO mice (Figures 3C-3E).

We next questioned whether ER stress plays a role in the de-
fects detected in phospholipid synthesis by analyzing BIP-
expressing L-KO mice. BIP failed to improve the incorporation
of L-Ser into PS, PE, or PC (Figure 3F); however, re-expression
of Mfn2 completely rescued L-Ser incorporation into phospho-
lipids (Figure 3G). Overall, our data indicate that hepatic Mfn2
depletion alters phospholipid synthesis and that these effects
are not a consequence of ER stress.

Phospholipid metabolism in mammalian cells depends on
the activity of many enzymes including phosphatidylserine syn-
thase 1 (PSS1), phosphatidylserine synthase 2 (PSS2), and PE
N-methyltransferase (PEMT), which are localized in MAMs and
the ER, and PS decarboxylase (PISD), which is found in mito-
chondria (Flis and Daum, 2013; Osman et al., 2011). We therefore
analyzed whether loss of Mfn2 altered the expression of these
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Figure 2. Normalization of ER Stress Ameliorates Inflammation and Fibrosis, but Not Lipid Metabolism, in L-KO Mice
Data are expressed as values relative to control LacZ group (shown as a discontinuous line) (n = 4 mice).

(A) Protein expression of hepatic ER stress markers.
(B) Hepatic pro-inflammatory factors.

(C) Plasma levels of interleukin (IL)-1B.

(D) Expression of genes involved in collagen synthesis.
(E) TAG levels.

(F) Oleate incorporation in isolated hepatocytes. Data are expressed as mean + SE. *p < 0.05 L-KO versus C mice, *p < 0.05 L-KO+AdBIP versus L-KO+AdC mice.

See also Figure S3.

proteins. Analysis by western blotting showed that the hepatic
expression of PSS1 and PSS2 proteins was significantly lower
in L-KO than in control mice (Figure 3H), whereas no changes
were observed for PEMT (Figure S4G) or PISD (data not shown).
We next assessed the protein composition in MAMs by exam-
ining the abundance of MAM-enriched proteins in liver upon sub-
cellular fractionation (Figures 31 and S4H). Western blotting of
MAM fractions revealed a 50% reduction in PSS1 expression in
L-KO mice (Figure 3l), whereas no changes were found for PSS2
whose expression was barely detectable (Figures 3l and S4l).
Moreover, levels of PACS-2, Sig1R, and calnexin were elevated
in MAMs from L-KO mice (Figures 3l, S4H, and S4l), which resem-
bles the alterations in MAM composition in models of insulin resis-
tance and aberrant lipid metabolism (Arruda et al., 2014; Fu et al.,
2011). Thus, our results suggest that Mfn2 regulates phospholipid
biosynthesis through PSS1 and PSS2 protein levels.

Alterations of Lipid Metabolism in L-KO Mice Are
Independent of the Distance between ER and
Mitochondria

Given the role of Mfn2 in tethering ER to mitochondria, we
explored whether the distance between mitochondria and ER
might regulate phospholipid synthesis in L-KO mice. To do

¥ 334

this, we used a recombinant adenovirus construct encoding
a synthetic linker (RFP-linker) that increases the number ER-
mitochondria contact sites, thus forcing ER-mitochondria inter-
actions in L-KO mice (Arruda et al., 2014). Western blot analysis
of RFP expression confirmed the expression of the linker (Fig-
ure S5A). L-KO mice expressing this linker showed a normaliza-
tion of L-Ser incorporation into PS (Figure S5B); however, it failed
to correct the PE or PC synthesis, TAG levels, ER stress, or PSS1
expression (Figures S5B-S5F). Under these conditions, PSS2
abundance was actually enhanced in L-KO mice (Figure S5F),
which may explain the normalization of PS synthesis (Fig-
ure S5B). These results indicate that altered ER-mitochondria
contact does not explain the lower synthesis of PE and PC in
MAMs of Mfn2-deficient livers.

Downregulation of Hepatic PSS1/2 Phenocopies Mfn2
Ablation

In light of the above findings, we hypothesized that a decrease in
phospholipid synthesis in MAMs causes TAG accumulation and
ER stress in liver. To test this, we induced downregulation of
either PSS1 or PSS2 in wild type mice. Silencing of PSS1 by
intravenous injection of a specific shRNA adenovirus caused
the upregulation of hepatic PSS2 and vice versa (Figures S6A
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and S6B), observations that are in agreement with previous data
(Steenbergen et al., 2006; Stone and Vance, 1999). On the basis
of these findings, which point to a strong adaptation process, we
silenced both PSS1 and PSS2 in wild type mice using two spe-
cific short hairpin RNA (shRNA) adenoviruses, which decreased
the hepatic expression of both proteins by ~90% (Figures 4A
and S6C). Analysis of MAM fractions showed a significant
decrease of PSS1 in PSS1/2 knockdown (hereafter termed KD)
mice (Figure 4B). This resulted in a decrease in the incorporation
of L-Ser into PS and PE (Figure 4C) and an increase in TAG and
oleate incorporation into lipids (Figures 4D and S6D). KD mice
also showed ER stress (Figures 4E and S6E) and a higher expres-
sion of pro-inflammatory and fibrosis genes (Figures 4F and
S6F). In keeping with these observations, levels of hepatic
pro-inflammatory cytokines were elevated in KD livers (Fig-
ure S6@G); however, mitochondrial function (oleate oxidation or
liver hydrogen peroxide production) was unaltered (Figures
S6H and S6l).

Analysis of MAMs protein composition revealed alterations in
response to PSS1/2 silencing, with a significant decrease of
Mfn2 expression in KD mice (Figure 4G). PACS-2, Sig1R, and
calnexin proteins were more abundant in MAMs from KD mice
(Figures S6J-S6L), thus mirroring the alterations in MAMs
composition in Mfn2 L-KO mice. Overall, these results indicate
that hepatic PSS1/2 deficiency recapitulates many of the alter-
ations caused by Mfn2 ablation. We next attempted to counter
the liver alterations in L-KO mice by overexpressing PSS1 (Fig-
ure 4H). PSS1 overexpression led to an upregulation of Ptdss2
mRNA in L-KO mice (Figure 4l). As expected, we also found an
increase in the synthesis of PS (Figure 4J), and surprisingly, the
normalization of liver TAG (Figure 4K). By contrast, PSS1 overex-
pression failed to rescue the synthesis of PE or PC (Figure 4J) or
ameliorate the UPR (Figures 4L and S6M). Taken together, our
data show that Mfn2 depletion causes a fundamental defect
that prevents the synthesis of PE from PS.

Mfn2 Is a PS-Binding Protein and Generates PS-Rich
Domains in Membranes

A key process in the synthesis of phospholipids in MAMs is the
transfer of PS and PE between the ER and mitochondria. To
determine whether Mfn2 was involved in PS transfer, we first
investigated whether it binds phospholipids by assaying binding
of Mfn2 to lipid strips. Mfn2 was specifically isolated under dena-
turing immunoprecipitation conditions with a polyclonal anti-
body. Mfn2 specifically bound phosphatidate (PA) and PS but
not phosphatidylinositol (Pl), PE, or PC (Figure 5A). To validate
this binding to phospholipids and to exclude the possibility that

it was due to transmembrane domains, we constructed a trun-
cated version of Mfn2 lacking the transmembrane domains
and the C-terminal cytosolic portion (1-613), but preserving
some metabolic characteristics of the full-length protein
(Segalés et al., 2013). L-KO mice were tail vein injected with an
adenoviral vector permitting the hepatic expression of this short
form containing a 6 x His tag at the N terminus. We then purified
the recombinant Mfn2 protein under denaturing conditions by
affinity chromatography. Results showed that Mfn2 (1-613)
could also specifically bind PS and PA (Figure 5B). To determine
its potential in vivo role on phospholipid synthesis, we analyzed
the effects on phospholipid synthesis by monitoring the
incorporation of labeled L-Ser. Data revealed that Mfn2 (1-613)
enhanced the incorporation of L-Ser into PS, PE, and PC
(Figure 5C).

For in vitro analysis, Mfn2 (1-613) was re-cloned, expressed in
E. coli, and purified by affinity chromatography to >60% purity as
assessed by a Coomassie blue-stained protein SDS-PAGE (Fig-
ure 5D). Eluted Mfn2 (1-613) was also identified by mass spec-
trometry and contaminants were detected at very low levels
(Table S5). When we analyzed the capacity of the recombinant
protein to bind phospholipids, we observed specific binding to
PS and to PA in lipid strip assays (Figure 5E), consistent with
the results in liver. To exclude false positive binding due to phos-
pholipid positioning in the strip, we performed liposome flotation
assays, which confirmed that Mfn2 (1-613) mainly bound PS
conjugated to a fluorophore (NBD) and also natural PS (Figures
5F and S7A) in liposomes. Overall, these data indicate that
Mfn2 shows a capacity to selectively bind PS with minimal bind-
ing to natural PA and PI.

We next determined whether Mfn2 participates in the transfer
of PS between membranes. We first evaluated its capacity to
extract PS from liposomes, which may account for the alterations
in the synthesis of PE in L-KO liver, even upon PSS1 overexpres-
sion. Phospholipid extraction was performed as described
(Kawano et al., 2018). Purified Mfn2 (1-613) was incubated
with liposomes containing labeled phospholipids (NBD-PS or
NBD-PE), and the mixture was then separated by gradient centri-
fugation (Figure 5G). Subsequently, we analyzed the liposome-
containing fraction and the non-liposome-containing fraction.
Analysis of the distribution of NBD fluorescence in the presence
of Mfn2 revealed that the fluorescence of NBD-PS decreased in
the liposome fraction and increased in the non-liposome fraction
(Figure 5H), whereas the distribution of NBD-PE fluorescence
was unchanged in the presence of Mfn2 (Figure S7B).

In accord with these data, confocal microscopy revealed that
Mfn2 (1-613) induced the formation of rigid domains containing

Figure 3. Mfn2 Ablation Alters Hepatic Phospholipid Metabolism Independently of ER Stress

(A) Hepatic phosphatidylcholine (PC) and phosphatidylethanolamine (PE) content measured by lipidomics in C (n = 11 mice) and L-KO (n = 13 mice). Data are
expressed as fold-change versus C mice. Significant compounds are shown in the heatmap (p < 0.05) out of 128 phospholipids analyzed.

(B) Graphical scheme of phosphatidylserine (PS), PE, and PC synthesis in MAMs.

(C-E) ®H- L-serine incorporation into PS (C), PE (D), and PC (E) in MAMs fractions from C and L-KO mice (n = 5-7).

(F and G) ®H- L-serine incorporation into PS, PE, and PC (n = 4 mice), BIP overexpression (F) and Mfn2 re-expression experiment (G). Data are expressed as

values relative to C+AdC group (shown as a discontinuous line).
(H) Hepatic expression of PSS1, PSS2 and PEMT proteins (n = 4 mice).

(1) Hepatic expression of MAM proteins from C and L-KO mice (n = 4 mice). Data are expressed as mean + SE. *p < 0.05 L-KO versus C mice, *p < 0.05 versus

L-KO+AdC mice.
See also Figures S4 and S5 and Tables S2 and S3.
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Figure 4. Deficiency of Hepatic Phosphatidylserine Synthase 1 and 2 Phenocopies Mfn2 Ablation
(A) Hepatic protein expression of PSS1 and PSS2 with control LacZ (C) or Ptdss1/Ptdss2 (KD) siRNA adenoviruses (n = 5 mice).

(B) PSS1 protein in MAM fractions obtained from C or KD mice (n = 5 mice).
(C) *H-L-serine incorporation into PS and PE (n = 4).

(D) TAG levels (n = 4 mice).

(E) Protein expression of ER stress markers (n = 4 mice).

(F) Hepatic expression of genes involved in inflammation (n = 5 mice).

(G) Mfn2 protein in MAMs.

(H) Scheme of PSS1 overexpression in mice.

(I) mRNA levels of Ptdss1 and Ptdss2 from control, and L-KO mice (n = 3-5 mice).

(J) *H-L-serine incorporation into PS, PE, and PC (n = 3-5 mice).
(K) TAG levels (n = 4 mice).

(L) Protein expression of ER stress markers (n = 3-5 mice). Data are expressed as values relative to C+AdC group (shown as a discontinuous line). Data are

expressed as mean + SE. *p < 0.05 versus C mice, $p < 0.05 versus L-KO+AdC
See also Figure S6.

exclusively NBD-PS from liposomes containing both NBD-PS
(green) and Rhodamine-PE (red) (Figure 5I). Lipid domains were
not generated when Mfn2 (1-613) was exposed to liposomes con-
taining NBD-PC and Rhodamine-PE (Figure S7C). Given the unex-
pected capacity of Mfn2 (1-613) to generate PS-rich domains in
membranes, we evaluated whether this capacity showed time-
dependence and if it occurred with different types of liposomes.
We incubated control and Mfn2 (1-613) proteins with a mix of
donor liposomes (containing NBD-phospholipids and Rhoda-
mine-PE) and acceptor liposomes (non-fluorescent). The pres-
ence of Mfn2 (1-613) induced the release of NBD fluorescence
in a time-dependent manner in liposomes containing NBD-PS
but not NBD-PE (Figures 5J and S7D). Similar results were
obtained using liposomes containing fluorescent TopFluor

888 Cell 177, 881-895, May 2, 2019

mice.

(TopFluor-PS or TopFluor-PE) derivatives of phospholipids, which
are smaller in size than NBD-phospholipids (Figures S7E and
S7F). Our results support the view that Mfn2 binds PS and has
the capacity to isolate it from membranes and to form rigid
domains enriched in PS. These findings are consistent with a
role for Mfn2 in exchanging lipids from different membranes or
remodeling them in membranes, which may be due to lipid
rearrangement.

PS-Dependent Remodeling Activity of Mfn2 Requires an
Intact N-Terminal Region

To address the specificity of Mfn2 functions, we tested whether
Mfn1 has the same activities. To evaluate similar protein frag-
ments in Mfn1 and in Mfn2, a recombinant truncated version of
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Figure 5. Mfn2 Binds Phosphatidylserine and Generates Phosphatidylserine-Rich Domains in Membranes

(A) Binding of Mfn2 protein isolated from liver to Membrane Lipid Strip.

(B) Binding of a truncated form of Mfn2 (1-613) isolated from liver to Membrane Lipid Strip.
(C) ®H-L-serine incorporation into PS, PE, and PC (n = 4 mice). Data are expressed as values relative to the C+AdC group (shown as a discontinuous line).
(D) Coomassie-stained gel of the purification of Mfn2 (1-613) expressed in E. coli.

(E) Binding of Mfn2 (1-613) expressed in E. coli to Membrane Lipid Strip.

(F) Blot against Mfn2 after the liposome flotation assay with fluorescent (NBD) phospholipids.

(G) Scheme of the NBD-Phospholipid liposome extraction assay.

(H) NBD-PS liposome extraction assay with Mfn2 (1-613) expressed in E. coli (n = 6 different protein batches).
(I) Confocal microscopy images of liposomes showing the formation of the NBD-PS rigid domain with Mfn2 (1-613).
(J) Kinetic FRET assay with NBD-PS and Rhod-PE (n = 6 different protein batches). Data are expressed as mean + SE. (H) *p < 0.05 versus C ®p < 0.05 versus

L-KO+AdC. (J) *p < 0.0001.
See also Figure S7 and Table S4.

Mfn1 (1-592) was re-cloned, expressed in E. coli, and purified
under identical conditions as Mfn2 (1-613) (Figure 6A). We first
determined whether Mfn1 (1-592) had phospholipid-binding ac-
tivity. Liposome flotation assays revealed that, in contrast to
Mfn2 (1-613), Mfn1 bound PC, PE, and PS to a similar extent
(Figure 6B). In a second analysis, lipid extraction assays revealed
that Mfn1 (1-592) failed to extract NBD-PS from liposomes (Fig-
ure 6C), but it did extract NBD-PE (Figure 6D), pointing to distinct
functions for Mfn1 and Mfn2.

To better understand the basis for the differential capacity of
Mfn1 and Mfn2 to bind and extract phospholipids, we examined
the amino acid sequences of the two proteins (Figure 6E). Align-
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ment analysis revealed that the N-terminal (20 aa residues)
sequence of Mfn2 was absent in Mfn1. A mutant form of Mfn2
lacking this fragment (referred to as Mfn2 21-613) was re-cloned
and overexpressed in E.coli and then purified under identical
conditions as Mfn2 (1-613) (Figure 6F). After liposome flotation
assays, results showed that Mfn2 (21-613) bound to PS, PE,
and PC (Figure 6G). Notably, lipid extraction assays revealed
that purified Mfn2 (21-613) extracted both NBD-PS and NBD-PE
from liposomes (Figures 6H and 6l). Thus, the Mfn2 (21-613)
mutant combines the properties of both Mfn1 and Mfn2, sug-
gesting that the N-terminal fragment is key to confer selectivity
to extract PS.

Cell 177, 881-895, May 2, 2019 889

Cell



Publications | 9

Purification of Mfn1 (1-592)
expressed in E. coli

Input Elution PS extraction assay PE extraction assay
A B Liposome flotation assay C D .
Mfn1 (1-592) w
@
& & 80
PS PE PC PA PI ] 2 &
3 60 3 60
Min1 OB H §
g 4o g %
= s & g
- [ - d=
® ®
0.
C Mfn1(1-592) G Mfn1(1-592) C Mfn1(1-692) C Mfn1 (1-692)
ToP BOTTOM ToP BOTTOM
MFN1_HUMAN - ~--~MAEP VSR V./\K)\'. A FV S| 39
MFN2_HUMAN M KNKRHMAEVNASEI Y TG AYIQESA 60
Purification of Mfn2 (21-613)
expressed in E. coli
F Elution G R R H PS extraction assay ! PE extraction assay
Liposome flotation assay 166 i
Mfn2 (21-613) w @
% go R
PS PE PC_PA PI 2 @
z
Mfn2 § 60 g 60 *
n; TOP g * * H *
g 40 g 40
g 5
Mfn2 s
n: BOTTOM e 2 2
= =

C Mfn2(21-613) C Mfn2(21-613)

C Mfn2(21-613) C Mfn2 (21-613)

ToP BOTTOM ToP BOTTOM
Figure 6. Phosphatidylserine Binding and Extraction Activities of Mfn2 Require an Intact N-Terminal Region

(A) Coomassie-stained gel of the purification of a short form of Mfn1 (1-592) expressed in E. coli.

(B) Blot against histidine showing Mfn1 protein after the liposome flotation assay with non-fluorescent phospholipids.

(C) Quantification of NBD-PS liposome extraction assay with Mfn1 (1-592) expressed in E. coli (n = 3).

(D) Quantification of NBD-PE extraction assay with Mfn1 (1-592) expressed in E. coli (n = 3 different protein batches).

(E) Mfn2 and Mfn1 human sequence alignment.

(F) Coomassie-stained gel of purification of Mfn2 (21-613) expressed in E. coli.

(G) Blot against histidine showing Mfn2 (21-613) protein after the liposome flotation assay with non-fluorescent phospholipids.

(H) NBD-PS liposome extraction assay with Mfn2 (21-613) (n = 3 different protein batches).

(I) NBD-PE liposome extraction assay with Mfn2 (21-613) (n = 3 different protein batches). Data are expressed as mean + SE. *p < 0.05 versus C.

Re-expression of Mfn2 in Mice on MCD Diet Alleviates
Liver Disease

After establishing the unique action of Mfn2 on phospholipid
partition and metabolism, we next examined the consequences
in liver under conditions of reduced Mfn2 expression during
NASH. Specifically, we assessed whether the reduced Mfn2
levels in mice on MCD diet was linked to impaired PS transfer
and it was key to the pathological alterations. We also investi-
gated the possible role of ER stress in this scenario. Mice
were placed on MCD or chow diet for 2 weeks and were then
intravenously injected with a control or with adenoviruses
encoding Mfn2 or BIP, and livers were studied 1 week later.
Mfn2 expression was normalized in MCD mice upon injection
of Mfn2 adenoviruses (Figures S7G, and S7l), whereas BIP
failed to recover Mfn2 levels (Figures S7H and S71). Compared
with the control diet, MCD induced an enhanced incorporation
of radiolabeled L-Ser into PS, and a low synthesis of PE and PC

890 Cell 177, 881-895, May 2, 2019

in MAMs (Figure 7A). Mfn2 re-expression normalized the
incorporation of L-Ser into PE and PC, whereas BIP did not
ameliorate as Mfn2 the low levels of phospholipid synthesis
(Figure 7A).

Analysis of fibrosis in liver sections of MCD mice showed that
Mfn2-re-expressing mice had less fibrosis than mice treated with
control adenovirus (Figure 7B), whereas the expression of BIP
only partially diminished fibrosis (Figure 7B). Similarly, TAG
accumulation in liver was decreased upon Mfn2 re-expression
as assessed by H&E staining (Figure 7B) and by quantification
(Figure 7C). By contrast, BIP expression failed to normalize
hepatic TAG in MCD mice (Figures 7B and 7C). As expected,
the expression of inflammatory and fibrosis markers was mark-
edly decreased by Mfn2 re-expression but not by BIP overex-
pression (Figure 7D). Finally, both BIP and Mfn2 treatments
normalized all UPR markers upregulated in MCD mice (Fig-
ure S7J). Overall, our data strongly suggest that Mfn2 repression
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(legend continued on next page)
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plays a key role in the development of steatosis, inflammation,
and fibrosis in a mouse model of NASH.

DISCUSSION

We report that Mfn2 deficiency markedly impairs phospholipid
metabolism and this lies upstream of the UPR. Our results also
indicate that loss of hepatic Mfn2 changes phospholipid meta-
bolism by: (1) reducing the transfer of PS from the ER to mito-
chondria, and (2) inhibiting PS synthesis as a consequence of
a compensatory reduced expression of PSS1 and PSS2.

Importantly, we describe a new molecular function of Mfn2 in
the maintenance of phospholipid metabolism. Mfn2 binds PS
in vitro, and causes partitions of PS into rigid membrane do-
mains. These activities are specific for PS and are not found
with other phospholipids such as PE or PC. In addition, our ob-
servations provide molecular insights into the steps involved in
the transfer of PS from ER to mitochondria. We propose that
Mfn2 participates in the generation of PS-enriched domains at
the ER-mitochondria contact sites and they favor the activity of
potential PS transport proteins such as the oxysterol-binding
protein (OSBP)-related proteins or VAT-1. ORP5/8 binds PS
in vitro (Maeda et al., 2013) and mediates PI4P/PS counter trans-
port between the ER and the plasma membrane (Chung et al.,
2015). These proteins have also been identified in MAMs
(Galmes et al., 2016) and therefore may participate in the transfer
of PS between ER and mitochondria.

The observation of a link between Mfn2 and phospholipids is
highly relevant because of their influence on membrane-
dependent cellular functions, antioxidant, anti-inflammatory,
anti-fibrotic properties, and cellular signaling (Gundermann
et al., 2011; Chakravarthy et al., 2009). Thus, obesity has been
reported to increase the hepatic PC/PE ratio that inhibits SERCA
activity. In addition, genetic inhibition of PEMT, which catalyzes
the conversion of PE to PC, relieves ER stress and improves sys-
temic glucose homeostasis in obesity (Fu et al., 2011; Jacobs
et al., 2010). Mfn2 levels are increased in MAMs in obese mice
(Arruda et al., 2014) under conditions in which enhanced PC pro-
duction has been reported. Furthermore, low levels of phospho-
lipids in bile due to the disruption of membrane transporters are
linked to liver disease (Tanaka et al., 2012). Another important
feature of our work is the observation that hepatic Mfn2 ablation
provokes MAMs remodeling similar to that detected in HFD or
genetic obesity. This is also relevant because remodeling of
MAMs interactions in liver in obesity has been shown to result
in undesirable side effects such as TAG accumulation and insulin
resistance. Specifically, hepatic MAMs shows an enhanced
abundance of protein markers such as PACS2, IP3R1, and
IP3R2 during obesity (Arruda et al., 2014), which is consistent
with the pattern of changes detected in Mfn2-deficient livers.
Accordingly, we propose that alterations in Mfn2 expression
have an impact on MAM reorganization, perhaps through
changes in the phospholipid composition in ER-mitochondrial
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contact sites. These observations also reveal that changes to
Mfn2 levels may alter the composition of tethers at ER-mito-
chondrial contact sites, and this may be dependent on the cell
context. In addition, those data complement the observations
that disruption of individual MAM components seem to be suffi-
cient to alter phospholipid synthesis in disorders such as Alz-
heimer disease and Lenz-Majewski syndrome (Area-Gomez
and Schon, 2014).

In contrast to the function of Mfn2, Mfn1 shows a broader
phospholipid binding activity but it does not generate PE- or
PC-rich domains. The N-terminal region (20 amino acid residues)
of Mfn2 (not present in Mfn1) is key for PS specificity, because
elimination of this region generates a mutant form of Mfn2 incor-
porating the capacities of Mfn1 and Mfn2, indicating a hybrid
behavior. Further studies will be needed to understand the mo-
lecular basis for the PS binding and extraction activities of Mfn2.

In conclusion, our data support the view that Mfn2 sustains PS
transfer to the mitochondria for conversion to PE. The effects on
phospholipid metabolism may explain the role of Mfn2 in the
maintenance of MAMs and proper lipid metabolism and ER
homeostasis. We did not discriminate whether the reduction in
Mfn2 expression was different according to sex due to insuffi-
cient statistical power, it will be relevant to analyze whether the
downregulation of Mfn2 in NASH is similar in men and women.
Thus, we propose Mfn2 as a potential therapeutic target
for counteracting the development of liver disease related to
NASH and liver cancer.
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Antibodies

Mouse monoclonal anti-Mitofusin 2 Abcam Cat#ab56889; RRID:AB_2142629
Mouse monoclonal anti-Mitofusin 1 Abcam Cat#ab57602 RRID:AB_2142624
Rabbit anti cleaved Caspase-3 Cell Signaling Cat#9661 RRID:AB_2341188
Rabbit monoclonal anti-PARP Cell Signaling Cat#9532 RRID:AB_10695538
Mouse monoclonal anti--actin Sigma-Aldrich Cat#A1978 RRID:AB_476692
Rabbit monoclonal BIP (C50B12) Cell Signaling Cat# 3177, RRID:AB_2119845
Rabbit monoclonar Phospho-PERK Cell Signaling Cat# 3179, RRID:AB_2095853
(Thr980) (16F8)

Rabbit Anti-PERK (C-terminal) Sigma-Aldrich Cat# P0074, RRID:AB_1841092
Rabbit anti-phospho-elF2a (Ser51) Cell Signaling Cat# 9721, RRID:AB_330951
Rabbit anti-elF2 alpha Cell Signaling Cat# 9722, RRID:AB_2230924

Rabbit anti-GADD 153 (F-168)
Rabbit anti-IRE1 (phospho S724)
Rabbit monoclonal anti-IRE1-alpha (14C10)

Mouse monoclonal ATF6 (Full-length and
Active/Cleaved Forms) (Clone 70B1413.1)

Rabbit PTDSS1 (phosphatidylserine synthase 1)
Rabbit PTDSS2 antibody - N-terminal region
Rabbit PEMT antibody

Rabbit Anti-PACS2

Rabbit OPRS1 (SIGMA1R)

Rabbit Calnexin (H-70)

Rabbit monoclonal anti-FACL4 antibody
[EPR8640]

Mouse monoclonal Phospho-SAPK/JNK
(Thr183/Tyr185) (G9)

Rabbit SAPK/JNK

Mouse monoclonal 6X His tag antibody [HIS.H8]
Rabbit anti-Histone H2a.x (H2AFX)

Mouse monoclonal anti Ki67

Rabbit Rabbit Anti-PDI (H-160)

Rabbit ATP2A2/SERCA2

Mouse Anti-Tim44 Monoclonal Antibody,
Unconjugated, Clone 24

Mouse monoclonal RFP antibody

Santa Cruz Biotechnology
Abcam

Cell Signaling

IMGENEX

Aviva Systems Biology
Aviva Systems Biology
Biorbyt

Sigma-Aldrich

Abcam

Santa Cruz Biotechnology
Abcam

Cell Signaling

Cell Signaling

Abcam

Acris Antibodies GmbH
GeneTex

Santa Cruz Biotechnology
Cell Signaling

BD Biosciences

ChromoTek

Cat# sc-575, RRID:AB_631365
Cat# ab48187, RRID:AB_873899
Cat# 3294, RRID:AB_823545
Cat# IMG-273, RRID:AB_316610

Cat# ARP47068_P050, RRID:AB_2047657
Cat# ARP49960_P050, RRID:AB_10713472
Cat# orb28133, RRID:AB_10933957

Cat# HPA001423, RRID:AB_2156757

Cat# ab53852, RRID:AB_881796

Cat# sc-11397, RRID:AB_2243890

Cat# ab155282, RRID:AB_2714020

Cat# 9255, RRID:AB_2307321

Cat# 9252, RRID:AB_2250373

Cat# ab18184, RRID:AB_444306

Cat# AP02761PU-N, RRID:AB_1617150
Cat# GTX10913, RRID:AB_367707
Cat# sc-20132, RRID:AB_653974

Cat# 4388, RRID:AB_2227684

Cat# 612582, RRID:AB_399869

Cat# 3f5-100, RRID:AB_2336063

Bacterial and Virus Strains

Ad-m-PTDSS1-shRNA
Ad-m-PTDSS1
Ad-m-PTDSS2-shRNA
Ad-Control RFP
Ad-Linker

Ad-Mfn2

Ad-BIP

Ad-Mfn2 (1-613)
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Vector BioLabs

Vector BioLabs

Vector BioLabs

Arruda et al., 2014
Arruda et al., 2014
Schneeberger et al., 2013

Laboratory of Jennifer
Rieusset

Segalés et al., 2013

shADV-269726
ADV-269726
shADV-269727
N/A

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Ad-LacZ Unitat de Vectors Virals UPV-871
Ad-null Unitat de Vectors Virals UPV-929
Rosetta (DE3) pLysS E. coli cells Novagen Cat# 70956

Biological Samples

Human liver biopsies
Human liver biopsies

Hospital Sant Joan de Reus
Ferreira et al., 2011

project code: INFLAMED/15-04-30/4prog7
N/A

Chemicals, Peptides, and Recombinant Proteins

N-diethylnitrosamina
Nycodenz
Ni-NTA Agarose

Dulbecco’s Modified Eagle’s Medium (DMEM)

Fetal Bovine Serum (FBS)
Insulin

D-[U]-"*C-Oleate
collagen solution
dexamethasone

Power Broth

SIGMA ALDRICH

Progen Biotechnik GmbH
Quimigen S.L.

Life Technologies

Life Technologies

Sigma

Amersham Biosciences
SIGMA ALDRICH

SIGMA ALDRICH
Molecular Dimensions

Cat# 73861

Cat# 1002424

Cat# 50930230
Cat# 21969035
Cat# 26400-036
Cat# 11882-100MG
Cat# CFA243

Cat# C8919-20MG
Cat# D2915-100MG
Cat# MD12-106-1

Collagenase Type | Worthington Biochemical Cat#46K286

Hanks’ Balanced Salt solution SIGMA ALDRICH Cat#H6648

Medium 199 SIGMA ALDRICH Cat#M2154

Bovine Serum Albumin SIGMA ALDRICH Cat#A8806

Critical Commercial Assays

Triglycerides (GLYCEROL PHOSPHATE BioSystems Cati#t 11528

OXIDASE/PEROXIDASE)

Ultra Sensitive Mouse Insulin ELISA Kit Crystal Chem Cat# 90080

Cholesterol BioSystems Cat# 11805

EnzyChrom Free Fatty Acid Assay Kit BioAssay Systems Cat# EFFA-100

Tnf (Mouse) ELISA Kit Abnova Cat# KA0257

Ketone Body Assay Kit Scharlab Cat# 700190

Glucagon EIA Cosmo Bio Cati# YII-YK090-EX

Mouse IL-1 B ELISA Kit Merck Cat# RAB0275

Mouse IL-6 ELISA Kit Merck Cat# RAB0308

Membrane Lipid Strips Echelon Biosciences Cat# P-6001

PierceTM BCA Protein Assay kit Thermo scientific Cati# 23225

Membrane Lipid Arrays Echelon Biosciences Cat# P-6003

RNeasy Mini Kit QIAGEN Cat# 74104

SuperScript RTIII kit ThermoFisher Cat# 18080093

Deposited Data

Lipidomics data This paper https://www.ebi.ac.uk/metabolights/securedredirect;
jsessionid=E96393BE180562C60B5A3FDB0A1823A5?
url=MTBLS845

Experimental Models: Cell Lines

Male primary cultured hepatocytes This paper N/A

Experimental Models: Organisms/Strains

STOCK Mfn2'™3P¢/Mmucd MMRRC 029902-UCD, RRID:MMRRC_029902-UCD

C57BL/6JRj

ALB-Cre mice

Mouse Mutant Core Facility
IRB Barcelona

Laboratory of Carme Caelles

Derived from Janvier

Derived from Jackson Laboratory
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Oligonucleotides

Table S5 N/A N/A

Recombinant DNA

pUC19hMfn1 Sino Biological Inc Cat# HG19341-U

pCDNA3hMfn2 Laboratory of Antonio Zorzano N/A

pOPINI vector Oxford Protein Production N/A
Facility, UK

Software and Algorithms

GraphPad Prism GraphPad Software, San Version 7

Diego USA

ImageJ NIH https://fiji.sc/

MZmine software Katajamaa et al., 2006; version 6.0
Pluskal et al., 2010

MassHunter Suite Software Agilent Technologies N/A

LipidBlast software N/A N/A

LipidMatch software N/A N/A

MZmine software Katajamaa et al., 2006; version 6.0
Pluskal et al., 2010

LAS AF software Leica N/A

Other

TopFluor PC SIGMA ALDRICH 810281 (LIPID)

TopFluor PE SIGMA ALDRICH 810282 (LIPID)

TopFluor PS SIGMA ALDRICH 810283 (LIPID)

16:0 Liss Rhod PE SIGMA ALDRICH 810158

16:0-16 Doxyl PC SIGMA ALDRICH 810604 (LIPID)

16:0-12:0 NBD PS

Avanti Polar Lipids

810193 (LIPID)

16:0 PC-d62 INSTRUCHEMIE 860355
16:0 1,2-dipalmitoyl-sn-glycero-3- SIGMA ALDRICH 850705
phosphoethanolamine

16:0 PS 1,2 dipalmitoyl-sn-glycero- SIGMA ALDRICH 840037

3phospho-L-serine
16:0-12:0 NBD PE
16:0-12:0 NBD PC
E.COLI TOTAL LIPID EXTRACT

Avanti Polar Lipids
INSTRUCHEMIE
INSTRUCHEMIE

810154 (LIPID)
810131
100500

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Antonio
Zorzano (antonio.zorzano@irbbarcelona.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal care, generation of animal models, and diet treatments

All animal work was approved and conducted according to guidelines established. This project has been assessed favorably by
the Institutional Animal Care and Use Committee from Parc Cientific de Barcelona (IACUC-PCB) and the IACUC considers that
the above-mentioned project complies with standard ethical regulations and meets the requirements of current applicable legislation
(RD 53/2013 Council Directive; 2010/63/UE; Order 214/1997/GC). C57BL/6 mice were purchased from Harlan Europe. Mfn2/ox/ox»
mice were provided by Dr. David C. Chan (Chen et al., 2007) through the Mutant Mouse Regional Resource Center. To generate L-KO
mice, ALB-Cre mice were crossed with Mfn2/®P/° mice. Colonies were maintained by breeding ALB-cre; loxp/loxp mice with
loxp/loxp mice. Control and L-KO mice were littermates. Male mice of 8 weeks old were used unless is stated. Mice were kept under
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a 12 h dark-light period and provided a standard chow-diet and water ad libitum. Eight-week-old C57BI6/J males were fed a standard
or a high-fat diet for 3 weeks (60% calories from fat, D12451 and D12492 from Research Diets, New Brunswick, USA). To MCD ex-
periments: Eight-week-old C57BI6/J males were fed a standard of methionine choline deficient diet combined with high fat diet
(A06071305 MCD with 45% HFD from Research Diets) and supplemented with 0.1% L-methionine on drinking water during 3 weeks.
At the times indicated in the figure legends, mice were anesthetized using isoflurane and sacrificed by cervical dislocation.

Human liver biopsies

Liver biopsies were obtained from NAFLD patients undergoing bariatric surgery; liver biopsies from normal individuals were not
collected due to ethical issues. Biopsies were processed conventionally for diagnostic purposes, histological grading, and staging,
as described previously (Ferreira et al., 2011). Exclusion criteria were the presence of other causes of liver disease, including alcohol
ingestion superior to 20 g/day, chronic infection with hepatitis B and/or C virus, a-1 anti-trypsin deficiency, primary biliary cirrhosis,
haemochromatosis, auto-immune hepatitis and Wilson’s disease, as well as the use of anti-obesity, glucose-lowering and/or lipid-
lowering pharmacological treatments. In the second cohort, all liver specimens were evaluated by an experienced pathologist,
blinded to clinical data, and following the NAFLD histology scoring system. The severity of steatosis was graded from 0 to 3, inflam-
mation from 0 to 3, hepatocellular ballooning from none to many, and fibrosis from 0 to 4. Each liver specimen was assessed for the
presence or absence of NASH by pattern recognition, and for NAFLD activity score (NAS score), defined as the sum of steatosis,
inflammation and hepatocyte ballooning. Patients with a NAS score of > 5 were considered as likely to have NASH (Kleiner et al.,
2005; Neuschwander-Tetri and Caldwell, 2003). Stratification analysis was not performed.

All patients gave written informed consent. The study protocols conformed to the Ethical Guidelines of the 1975 Declaration of Hel-
sinki, revised in 2000, as reflected in a priori approval by the Hospital de Santa Maria (Lisbon, Portugal), by the Hospital Sant Joan de
Reus (Institutional Review Board, project code: INFLAMED/15-04-30/4prog7) and Human Ethics Committee. For the cohort of patients
with morbid obesity (OME), the inclusion criteria are those recommended by the Guidelines for Clinical Application of Laparoscopic Bar-
iatric Surgery and Guidelines from the National Institute for Health and Clinical Excellence. Exclusion criteria included lack of informed
consent, insufficient collaboration (irregularity in follow-up appointments), liver disease of non-metabolic etiology, infectious or chronic
inflammatory diseases, and cancer. The medical or surgical complications that appear during the follow-up are excluding factors if they
are resolved in a short time. In addition, patients in whom reliable data on important variables cannot be obtained were also excluded.

We did not discriminate whether the reduction in Mfn2 expression was different in women and in men due to insufficient statisti-
cal power.

Isolation of primary hepatocytes

Collagenase perfusion was used to isolate primary cultured hepatocytes from control and liver-specific Mfn2 knockout male mice
(25-28 g), as described (Massagué and Guinovart, 1977). The phenotype of the liver isolated hepatocytes were authenticated by
western blot against Mfn2. To isolation: liver perfusion was initiated with Hank’s Cap-free buffer (pH 7.4, 38.5C) containing 5 mM
glucose, at 40 ml/min. After perfusion with 250 mL buffer, collagenase was added to a final concentration of 0.4 mg/ml (Worthington
Biochemical, Type |, Lots CLS 46K283P and CLS 46K286) and bovine serum albumin (Fraction V) (Sigma Chemical) was added to a
final concentration of 15 mg/ml. The recirculating perfusion with the enzyme was carried out at 60 ml/min for 12- 15 min. The liver was
then removed and gently teased apart in Hank’s Ca*+-free buffer. The resulting cell suspension was washed three times and cells
were suspended in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 10 mM glucose, 10% (v/v) fetal bovine serum
(FBS), 100 nM insulin (Sigma), and 100 nM dexamethasone (Sigma), and then seeded at a final density of 4 x 106 cells/cm2 onto
60-mm diameter plastic plates treated with 0.001% (w/v) collagen solution (Sigma). Media were replaced with fresh M199 media-
free serum, 1% BSA, and cells were incubated for 12-14 h.

E. coli strain used for protein purification

The strain for protein expression and purification was Escherichia coli (E. coli) Rosetta (DE3) pLysS (Novagen), and all constructs
were fully sequenced prior to use. For the protein expression, Rosetta (DE3) pLysS E. coli cells (Novagen) were transformed with
the expression vectors and selected overnight at 37°C on Luria Bertani (LB)-agar plates supplemented with 1% w/v glucose,
35 pg/mL chloramphenicol and 50 pg/mL carbenicillin. Single colonies were picked and grown overnight in 5 mL Power Broth
(PB-Molecular Dimensions, UK) supplemented with 1% w/v glucose, 35 pg/mL chloramphenicol and 50 pug/mL carbenicillin at
37°C with shaking. The pre-cultures were then diluted 1:50 in PB with 1% w/v glucose, 35 ug/mL chloramphenicol and 50 pg/mL
carbenicillin, and grown as multiple 5ml cultures in 24 deep-well plates for 3h at 37°C with shaking. The culture temperature was
then lowered to 20°C and after 30 minutes IPTG was added to a final concentration of 0.5mM. Cultures were grown for a further
20h at 20°C and then collected in 2ml aliquots at 5,000 g for 10 min at 25°C.

METHOD DETAILS
DEN treatment

To further characterize the protector effect of Mfn2 in liver, we assessed an acute treatment with a high dose of the carcinogen Di-
ethylnitrosamine (DEN). Then, we treated 16 week-old control and L-KO mice for 48h with a single injection of DEN at 50 mg/kg. Liver
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sections from DEN-treated or untreated mice were stained with anti-Ki67 and anti-yH2AX as well as Hematoxilin and Eosin staining.
DNA damage and compensatory proliferation were assessed by microscopy on paraffin-embedded sections (Herranz et al., 2010). In
addition, to corroborate the susceptibility of Mfn2 ablation to develop liver cancer we used DEN combined with high fat diet (HFD) to
induce liver cancer in mice (Wu et al., 2010; Herranz et al., 2010). To this end, 5 days-old mice were injected with a single dose of DEN
(5 mg/kg) and put on HFD immediately after weaning. After 7 month of treatment the mice were sacrificed and tumors in each liver
lobule were counted and measured with a caliper.

Plasma measurements

Plasma concentrations measured by commercial kits: insulin (crystal chem), (NEFA BioAssay systems), glucagon (Cosmo bio co.,
LTD), ketone bodies (Scharlab), triglycerides (BioSystems), cholesterol (BioSystems), IL6 (Merck), TNFa. (Abnova) and IL-1 (Merck)
were measured following the manufacturer’s instructions.

Liver subcellular fractionation and MAM purification

Liver fractions were purified as previously described (Wieckowski et al., 2009; Tubbs et al., 2014). Briefly, after homogenization of
about 1 g of liver with a Teflon potter in Isolation Buffer (225 mM mannitol, 75 mM sucrose, 0.5% BSA, 0.5 mM EGTA and 30 mM
Tris-HCI, pH7.4), cellular debris and nucleus were removed with two centrifugations at 740 x g for 5 min. A small volume of super-
natant was taken, this was called the homogenate fraction. Crude mitochondria were collected by centrifugation at 9,000 x g for
10 min, and the pellet was resuspended in Mitochondria Buffer (MB) (250 mM mannitol, 5 mM HEPES and 0.5 mM EGTA, pH
7.4). The supernatant was conserved for ER purification. Pure mitochondria and MAM fractions were obtained from the crude mito-
chondria fraction with a Percoll medium centrifugation at 95,000x g for 30 min in a SW40 rotor (Beckman). Pure mitochondria (pM) at
the bottom of the tube were collected, washed twice by centrifugation at 6,300 x g for 10 min, and resuspended in RIPA buffer. MAMs
were collected from a white band in the middle of the tube. They were then diluted in MB and centrifuged at 6,300 x g for 10 min to
remove mitochondrial contamination, pelleted with a 1-h centrifugation at 100,000 x g in a 70Ti rotor (Beckman), and finally resus-
pended in MB. The ER was purified by two centrifugations at 20,000 x g and 100,000 x g for 30 min and 1 h respectively. Finally, the
ER pellet was washed once in MB with a 10 min centrifugation at 9,000 x g and resuspended in RIPA buffer. In order to estimate
the amount of each fraction within the liver, proteins were determined using the PierceTM BCA Protein Assay kit (Thermo scientific).
Purification yield was expressed as mg of protein/g of liver and the amount of MAM was then normalized by the amount of pure
mitochondrial (pM) protein.

Adenoviral transduction

The following adenoviruses were used in this study: Ad-LacZ, Ad-Mfn2A-Histidine (encoding for a truncated form of Mfn2 = Mfn2
(1-613)) (Pich et al., 2005; Segalés et al., 2013). Ad-Mfn2 was cloned by recombination into the pAdeno-CMV-V5 adenoviral vector
(Invitrogen) using the Gateway system. Adenoviruses were generated by transfection of the adenoviral expression vectors in human
embryonic kidney cell line (HEK293). The adenoviruses generated were then amplified at the Unitat de Produccio de Vectors
Virals-CBATEG (Universitat Autonoma de Barcelona). Ad-Ptdss1, Ad-Ptdss2 shRNAs and Ad. Ptdss1 (Vector Biolabs), AdControl
and AdLinker (a gift from Dr. Gokan Hotamisligil, Harvard University), and Ad-BIP (a gift from Dr. Jennifer Rieusset, INSERM Lyon)
were also used.

Cells

Isolated hepatocytes were grown in DMEM 10% FBS. On the day of the experiment, they were infected at a multiplicity of infection
(moi) of 50 pfu/cell, and all the experiments were performed 48 h after infection. After infection, cells were incubated for a further 16 h
in infection medium before performing the experiment.

Animals

Adenovirus transductions of mice were performed between 8 and 10 weeks of age, and 1 x 10° IFU/mouse were injected via the tail
vein. Mice were randomly assigned to the different adenoviral treatments. Livers were isolated after 5 days of adenovirus infection.

Oleate B-oxidation in isolated hepatocytes

Isolated hepatocytes were pre-incubated for 30 min at 37°C in 2 mL of Krebs-Ringer bicarbonate HEPES buffer containing 2% bovine
serum albumin (fatty acid free-BSA; Sigma, St Louis, MO, USA) and 5 mmol/I glucose (incubation medium). The medium was gassed
continuously with 95% O,, 5% CO,. The medium was then removed and replaced by 2 mL of fresh incubation medium, containing
1 nCi/ml D-[U]-"*C-Oleate (Amersham Biosciences). The hepatocytes were incubated for 180 min at 37°C. The test plates were her-
metically sealed with parafilm with a center well that contained a piece of filter paper saturated with 200 pL of 1M KOH (Sebastian
et al.,, 2007). At the end of the incubation, the medium was acidified with 0.3 mL of 0.5N H,SO,4 and gaseous 14C0, released after the
acidification was trapped in the filter paper. The vials were incubated at 37°C for 60 min, and the filter papers were removed and
transferred to vials for liquid scintillation counting (Sebastian et al., 2007).

Oleate incorporation into lipids in isolated hepatocytes
Isolated hepatocytes were pre-incubated for 30 min at 37°C in 2 mL of Krebs-Ringer bicarbonate HEPES buffer containing 2% bovine
serum albumin (fatty acid free-BSA; Sigma, St Louis, MO, USA) and 5 mmol/I glucose (incubation medium). The medium was gassed
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continuously with 95% O,, 5% CO,. The medium was then removed and replaced by 2 mL of fresh incubation medium, containing
1 uCi/ml D-[U]-"*C-Oleate (Amersham Biosciences). The hepatocytes were incubated for 16 h at 37°C (95% O,, 5% CO,). At the end
of the incubation, the medium was removed and plates were washed 3 times PBS 1X. The lipids were extracted using the Folch
Method, dried by N2, and run in a TLC. Total lipids that were dissolved in 30 puL of chloroform were separated by thin-layer chroma-
tography to measure the incorporation of labeled fatty acid into phospholipids, diacylglycerol (DAG), triacylglycerides, nonesterified
labeled palmitate (NE palm), and cholesterol esters (CEs). Phosphatidyl-serine, dipalmitoyl-glycerol, glyceryl tripalmitate, cholesteryl
palmitate, and labeled control palmitate were used as migration references. Plates were developed with hexane:diethylether:acetic
acid (70:30:1, vol/vol/vol) and quantified with a Storm 840 Laser scanning system (Molecular Dynamics; Amersham Pharmacia
Biotech) (Sebastian et al., 2007).

Histological sample preparation and analysis

For light microscopy, sections were stained with hematoxylin and eosin. For neutral lipids, liver slices were stained with Oil Red O
following Roy Ellis (Woodville, South Australia). For the preparation of livers for electron microscopy, samples were sectioned in small
fragments with a razor blade to 1 mm and then fixed in 2.5% glutaraldehyde 2% paraformaldehyde solution 0.1 M at 4 C for 2 h. The
samples were washed three times with 0.1 M phosphate buffer. Following post-fixation in 1% osmium tetroxide in 0.1 M phosphate
buffer at 4°C for 2 h, they were then washed with highly pure water and kept overnight in 0.1 M phosphate buffer. Afterward, samples
were dehydrated at 4°C under shaking in graded solutions of acetone (50%, 70% and 90%) in highly pure water. They were then
gradually infiltrated with Eponate 12 Resin (TED PELLA 18010), and polymerization of the resin was processed for 48 h at 60°C.
Thin sections (50-nm) were cut using a Leica EM UC6 (Leica, Vienna) and mounted on bare 200-mesh copper grids. Sections
were stained with uranyl acetate 2% for 30 min, then washed with highly pure water and finally incubated for 5 min with lead citrate
and air-dried. Soleus samples were prepared at equal lengths along the long axis of the muscle. Sample sections were viewed on an
FEI CM-12 transmission electron microscope.

Western blotting and i P ip ion y

Homogenates for western blot analyses were obtained from either cell cultures or tissues. Cells were collected in ice-cold PBS 1X
and homogenized with a douncer in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA, 2 mM sodium or-
tovanadate, 50 mM NaF, 20 mM sodium pyrophosphate and protease inhibitors cocktail tablet, Roche) and centrifuged at 700 x g for
10 min to remove nuclei, cell debris, and floating cells. Tissues samples were homogenized in 10 volumes of lysis buffer using a
polytron. Homogenates were rotated for 1 h at 4°C in an orbital shaker and centrifuged at 13,000 rpm for 15 min at 4°C. Proteins
from total homogenates were resolved in 10% or 15% acrylamide gels for SDS-PAGE and transferred to Immobilon membranes
(Millipore). The following antibodies were used: Mfn2, p-IRE1 and IRE1(1/1000, Abcam), p-elF2a, elF2a, BiP, p-PERK, PERK,
pJNK, JNK (1/1000, Cell Signaling), CHOP, PSS1 and PSS2 (1/1000, Santa Cruz), ATF6 (1/1000, Imgenex), -actin (1/10000, Sigma),
a-tubulin (1/8000, Sigma), and porin (1/5000, Calbiochem). Proteins were detected by the ECL method (Enrique-Tarancon et al.,
2000) and quantified by scanning densitometry.

RNA extraction and real-time PCR

Mice were killed by cervical dislocation, and tissues were immediately frozen for RNA isolation. RNA from liver tissues was extracted
using a protocol combining TRIzol reagent (Invitrogen, Carlsbad Ca, USA) and RNeasy® minikit columns (QIAGEN, Alameda, CA,
USA), following the manufacturer’s instructions. RNA was reverse-transcribed with the SuperScript RTIII kit (Invitrogen, Carlsbad
Ca, USA). PCRs were performed using the ABI Prism 7900 HT real-time PCR machine (Applied Biosystems, USA) and the
SYBR® Green PCR Master Mix or the Tagman Probes 20X (Applied Biosystems, USA). All measurements were normalized to B-actin
and ARP.

Hepatic triglyceride measurements

Levels of mouse liver triglycerides were quantified using the Triglyceride Determination Kit TRO100 with appropriate standards
(Sigma-Aldrich, St. Louis, MO). Frozen liver samples were weighed, put into 2 mL of a chloroform:methanol mixture (2:1, v/v), and
incubated for 2 h at room temperature with occasional shaking. Following the addition of 0.2 volumes of water, vortexing, and centri-
fuging at 2,500 x g, the lower phase containing the lipids was collected and dried under vacuum in a rotary evaporator for 5-6 h. The
dried pellets were resuspended in the reaction buffer provided in the kit. Results were expressed as mg/g tissue.

Lipidomic analysis from liver

Lipidomic analysis was done as described previously (Nygren et al., 2011; Kotronen et al., 2010). Briefly, liver samples were cryo-
homogenized (Covaris, CryoPrep CP02, MA) and weighed (5 mg). An aliquot (20 pL) of an internal standard mixture containing
PC(17:0/0:0), PC(17:0/17:0), PE(17:0/17:0), PG(17:0/17:0)[rac], Cer(d18:1/17:0), PS(17:0/17:0), PA(17:0/17:0) (Avanti Polar Lipids,
Alabaster, AL), MAG(17:0/0:0/0:0)[rac], DAG(17:0/17:0/0:0)[rac] and TAG(17:0/17:0/17:0) was added to the sample, and the lipids
were extracted using a mixture of HPLC-grade chloroform and methanol (2:1; 400 pL). 50 pl of 0.9% NaCl was added, and the lower
phase (200 plL) was collected and 20 pL of an internal standard mixture containing labeled PC (16:1/0:0-D3), PC(16:1/16:1-Dg) and
TAG(16:0/16:0/16:0-'3C3) was added.
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Lipid extracts were analyzed on a Waters Q-Tof Premier mass spectrometer combined with an Acquity Ultra Performance LCTM
(UPLC). The column (at 50°C) was an Acquity UPLC BEH C18 1 x 50 mm with 1.7-um particles. The solvent system included A.
ultrapure water (1% 1 M NH4Ac, 0.1% HCOOH,) and B. LC/MS grade acetonitrile/isopropanol (5:2, 1% 1M NH4Ac, 0.1% HCOOH).
The gradient started from 65% A / 35% B, reached 100% B in 6 min and remained there for the next 7 min. The flow rate was
0.2 ml/min and the injected amount was 1.0 uL (Acquity Sample Organizer). Reserpine was used as the lock spray reference com-
pound. The lipid profiling was carried out using ESI+ mode, and the data were collected at mass range of m/z 300-1200 with a scan
duration of 0.2 s. The data were processed using MZmine software version 6.0 (Katajamaa et al., 2006; Pluskal et al., 2010) and
normalized using lipid class-specific internal standards. Lipid species identification was done using an internal spectral library or
tandem mass spectrometry.

QTOF-based untargeted lipidomics of liver subcellular fractionation

For protein precipitation three volumes of acetone were added to each sample (containing 100 ug of protein). After acetone addition
the samples were vortexed for 10's, incubated at 4°C for 30 min and centrifuged at 100 g, at 4°C for 10 minutes. Then, the supernatant
was recovered and evaporated using a Speed Vac (Thermo Fisher Scientific, Barcelona, Spain).

After supernatant evaporation, 250 pl of methanol were added and vortexed for 10 s. Then, 500 pl of chloroform (containing internal
standard) were added and vortexed for 10 s. Finally, 200 pl of KCI 0.7 % were added and vortexed for 10 s and samples centrifuged at
1000 g at 4°C for 15 min. The chloroform phase (lower) was recovered in a glass tube and aliquoted in chromatographic vials.

For LC-Q-TOF-based lipid molecular species analyses, lipid extracts were subjected to liquid chromatography-mass-spectrom-
etry using a HPLC 1290 series coupled to ESI-Q-TOF MS/MS 6520 (Agilent Technologies, Barcelona, Spain) as previously described
(Sandra et al.). Four microliters of lipid extract were injected onto an XBridge BEH C18 shield column (100 mmL x 2.1 mm ID x
1.7 um; Waters, Milford, MA, USA) kept at 80°C. The mobile phases, delivered at 0.5 ml/min, consisted of ammonium formate
(20 mM at pH 5) (A) and methanol (B). The gradient started at 50% B and reached 70% B in 14 min and was followed by a slow
gradient of 70%-90% B over 50 min and an isocratic separation at 90% B for 15 min. The mobile phase B subsequently reached
100% over 5 min and was maintained for an additional 5 min. Data were collected in positive electrospray ionization-TOF operated
in full-scan mode at 100-3000 m/z in an extended dynamic range (2 GHz) (MassHunter Data Adquisition Sofware, Agilent Technol-
ogies, Barcelona, Spain), using N2 as nebulizer gas (5 L/min, 300°C). The capillary voltage was 3500 V with a scan rate of 1 scan/s.

MassHunter Qualitative Analysis Software (Agilent Technologies, Barcelona, Spain) to obtain the molecular features of the
samples, representing different, co-migrating ionic species of a given molecular entity using the Molecular Feature Extractor
(MFE) algorithm (Agilent Technologies, Barcelona, Spain). MassHunter Mass Profiler Professional Software (Agilent Technologies,
Barcelona, Spain) and Metabolanalyst Software (Xia and Wishart, 2016; Chong and Xia, 2018) was used to perform a non-targeted
lipidomic analysis over the extracted features. Only those features with a minimum abundance of 5000 counts and 2 ions as a min-
imum were selected. After that, the molecular characteristics in the samples were aligned using a retention time window of 0,1% =+
0,25 min and 20,0 ppm + 2,0 mDa. Quality control-based correction was performed in order to correct the sample intensities accord-
ing to injection order. A LOESS regression was performed for each QC metabolite, using polynomials of second degree and with an
optimum smoothing parameter each time. Sample values were predicted and the relation between real values and predicted values
was obtained, based on (Broadhurst et al., 2018; Dunn et al., 2011). To avoid background, only common features (found in at least
70% of the samples of the QC) were taken into account to correct for individual bias. Multivariate statistics (Partial Least-squares
Discriminant Analysis (PLS-DA) and Hierarchical Analyses) were done using Metaboanalyst software (Chong and Xia, 2018; Xia
and Wishart, 2016). Variable importance in projection (VIP) score was calculated using Metaboanalyst software (Chong and Xia,
2018; Xia and Wishart, 2016). The masses with an important weight defining PLS-DA model and Hierarchical analyses as well as
those masses representing significant differences by Student T-Test (p < 0.05), defined by exact mass and retention time, were
searched against the LIPID MAPS database (accuracy < 20 ppm) (Fahy et al., 2007). The identities obtained were compared to reten-
tion time of the authentic standards added. Finally, identities were confirmed by MS/MS by checking the MS/MS spectrums using
LipidBlast software and LipidMatch, a R-based tool for lipid identification.

3H- L-serine incorporation into phospholipids in subcellular fractions

Liver was homogenized (use Teflon-glass homogenizer) in Isolation Buffer (225mM Mannitol, 25mM HEPES-KOH, 1mM EGTA, pH7.4
add protease inhibitors tripsins and chimotripsins) at a ratio of 4 mL of IB for every gram of tissue. The homogenate was pelleted for
10 min at 1,500 x g at 4°C. SPN was transferred to a new tube and pelleted again under the same conditions. SPN was transferred
again to a new tube and pelleted at 13,000 x g for 20 min at 4°C. This new pellet contained the crude mitochondrial fraction and was
used to measure lipid transfer because it contains mitochondria and ER-MAM. The SPN contained the ER fraction, which was pel-
leted at 100,000 x g for 1 h at 4°C. This pellet was used as a control in the assay. 1 mg of the fraction was pelleted again and resus-
pended in 200 L of Ptdser assay buffer (25 mM HEPES-KOH, 10 mM CaCl, adding 0.4 mM of *Hser (20-30 pci/umol) pH 7.4). The
mixture was incubated for 45 min at 37°C and the reaction was stopped by adding 3 volumes of chloroform: MeOH (2:1). The lipids
were extracted using the Folch Method, dried by N, and run in a TLC .The dried lipids were resuspended in a small volume of
chloroform:methanol (2:1, v/v) and spotted on a 20 x 20 thin layer chromatography (TLC) silica plate (60 A adsorption) with appro-
priate standards for all the PLs under analysis. To analyze PS, PE and PC, the chromatography is run in two phases. First, the TLC
plates are placed in a chamber containing a mix of petroleum ether:diethyl ether:acetic acid (84:16:1, v/v/v) and then in a second
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chamber containing chloroform:methanol:water:acetic acid (60:40:4:1, v/v/v/v). Note: as these solvents are toxic, the preparation of
the solvents, and the TLC step itself, should be performed in a well-ventilated chemical hood. Once the plates are run, the lipidic
species can be visualized as spots on the TLC plates by staining with iodine vapor in a third TLC chamber. lodine binds to unsaturated
bonds in lipids, so saturated lipids will not be visualized on the TLC plate. Spots corresponding to PS, PE and PC are cut carefully
from the plate and quantified in a scintillation counter. Data are represented as counts per minute of 1h per unit of total protein
(Area-Gomez, 2014).

Mfn2 immunoprecipitation for phospholipid binding assays

Liver from control mice was homogenized in 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 2 mM sodium
ortovanadate, 50 mM NaF, 20 mM sodium pyrophosphate and 1% SDS, pH 7.4. Protease inhibitors: Pepstatin A 2 uM, Leupeptin
2 uM, PMSF 1 mM or one tablet from Roche per 10 mL of fresh buffer added. These conditions cause dissociation of Mfn2 from other
potential binding partners including lipid species.

The lysate was centrifuged for 10 min at 10,000 x g at 4°C. The supernatant was warmed at 95°C for 5 min. Supernatant was diluted
10 times with homogenization buffer without SDS and placed onto 50% Protein G-Agarose beads (30ul). 10 ul of Mfn2 ab or IgG was
added and the mixture was incubated O/N at 4°C on the roller. Next day, washes were done with 300-500 ul washing buffer (5 times).
Then protein was extracted using glycine buffer elution (0.2 M glycine pH 2.0-3.0) and neutralized with Tris, pH 8.0. Protein concen-
tration was determined by the BCA Pierce assay, and the protein was used in fresh to assay the lipid strips. A small aliquot of protein
was used for western blotting.

Purification of a short Mfn2 (1-613) for phospholipid binding assays

Liver Mfn2 KO mice were injected with 1X10° pfu/bodyweight Ad-Mfn2A-Histidine through the tail vein; the adenovirus was used as
previously reported (Segalés et al., 2013). Injected mice were left in ad libitum conditions for adenoviral expression. After 5 days mice
were sacrificed and liver was extracted and immediately frozen in liquid nitrogen and stored at —80°C until the assay was performed.
Liver was homogenized in lysis buffer (25 mM Imidazol, 300 mM NaCl, 1% Triton X-100, 100 mM NaPO,4, 1 mM NazVO,, 50 nM
calyculin A and EDTA-free complete pH 7.5 and 1% SDS) and put to rotate for 1 h at 4°C. The lysate was centrifuged at 10,000 x
g for 10 min at 4°C. Then the supernatant was warmed to 95°C for 5 min. The supernatant was then diluted ten times with lysis buffer
and incubated with Ni-NTA beads (previously equilibrated with lysis buffer without SDS). The mixture was incubated O/N at 4°C under
rotation. Next day, the beads were washed 5 times with washing buffer (50 mM Imidazol, 500 mM NaCl and 1 mM NazVOy,, pH 7.5). At
the end elution buffer (250 mM Imidazol, 300 mM NaCl, pH 7.5) was added and the mixture was put into the thermomixer for 15 min at
25°C and 1150 rpm. Protein concentration was determined by the BCA Pierce assay, and the protein was used in fresh to assay the
lipid strips. A small aliquot of protein was used for western blotting.

Cloning, Expression and Purification of Mfn2 (1-613), Mfn1 (1-592) and Mfn2 (21-613) from E.coli

All three constructs were amplified with KOD polymerase (Novagen) according to the manufacturer’s instructions, using the plasmids
pUC19hMfn1 (Sino Biological) and pCDNA3hMfn2 from A. Zorzano as templates for Mfn1 and Mfn2 respectively and the following
primer pairs to add the extensions necessary for cloning:

Mfn2 (1-613) Fwd 5'- ATCATCACAGCAGCGGCatgtccctgctcttctc-3”

Mfn2 (1-613) Rev 5'- ATGGTCTAGAAAGCTTTAcctggatgtcaaggaggccag-3'

Mfn2 (20-613) Fwd 5'- ATCATCACAGCAGCGGCatggctgaggtgaatgcatccccacttaag-3’ (the reverse primer for the 1-613 construct
is re-used here).

Mfn1 (1-594) Fwd 5'- ATCATCACAGCAGCGGCatggcagaacctgtttctccactg-3’

Mfn1 (1-594) Rev 5'- ATGGTCTAGAAAGCTTTAtctagatgtaacggacgccaatcctg-3'.

The amplified fragments were purified from the PCR reactions using Ampure (Beckman Coulter) and cloned into the pOPINI vector
(Oxford Protein Production Facility, UK) previously cut with Kpnl and Hindlll (New England Biolabs), using the In-Fusion cloning
method (Clontech). This yielded the plasmids for expression of these proteins in Escherichia coli (E. coli) Rosetta (DE3) pLysS
(Novagen), with N-terminal hexa-histidine affinity tags (MAHHHHHHSSG-POI [protein of interest]), all constructs were fully
sequenced prior to use. For the protein expression, Rosetta (DE3) pLysS E. coli cells (Novagen) were transformed as explained in
Experimental model and subject details section. Protein purification: each pellet of 2 mL of culture was resuspended in 200 pl of Lysis
Buffer (25mM Imidazole, 300mM NaCl, 1mM NaVO4, 1% SDS), and incubated 1h at room temperature on a roller. At the same time
than cell lysis Ni-NTA beads (QIAGEN) were washed with lysis buffer without SDS. After the incubation the homogenate was
centrifuged 3 min at 7000 g at 4°C. The SN was diluted 10 times in lysis buffer without SDS and transferred to a new tube with
100 pl of Ni-NTA beads and was incubated at 4°C overnight rotating. The next day the tubes were centrifuged 3 min at 7000 g
and the SN was kept as flow through. Then 3 wash cycles (centrifuge 3 min at 7000 g and discard supernatant) were performed
(Wash buffer: 500mM NaCl, 50Mm Imidazole). Finally, 200 pl of elution buffer (300mM NaCl, 250mM Imidazole) were added and
thermomixed at 500 rpm 10’ at room temperature. Then the mix was centrifuged 3 min x 7000 g and the supernatant was kept as
elution 1. This step was repeated 3 times collecting 3 different elutions of each sample. Purified protein was conserved at —80°C.
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Binding to Lipid Strip assays

Membrane lipid strips were obtained from Echelon Bioscience (P-6002 and P-6003). Lipid strips were assayed, following the man-
ufacturer’s instructions. Briefly, the membrane was blocked with 3% of fatty acid-free BSA in TBS-Tween 0.1% and gently agitate
O/N at 4°C. After discarding the blocking solution, the membrane was incubated with 10 ng/ml of protein at room temperature for 1 h.
The protein solution was discarded, and the membrane washed for about 8 min with TBS-Tween 0.1% (repeated this step 4-5 times).
The membrane was then incubated with a 1:1,000 dilution of primary antibody in 3% of fatty acid-free BSA TBS-Tween 0.1%. Gently
agitated for 1 h at RT. The antibody solution was discarded, and the membrane washed for about 8 min with TBS-Tween 0.1%
(repeated this step 4-5 times). The membrane was incubated with a 1:25,000 dilution of secondary antibody in 3% of fatty acid-
free BSA TBS-Tween 0.1%. Gently agitated for 1 h at RT. The secondary antibody solution was discarded, and the membrane
washed for about 8 min with TBS-Tween 0.1% (repeated this step 4-5 times). The bound of protein to lipid was detected by
Chemiluminescent or ECL.

Lipid binding by liposome flotation assays

Phospholipids and E. coli lipids were obtained from Avanti Polar Lipids, unless is stated. Lipids in stock solution in chloroform were
prepared at 1 mM concentration (according to https://bio-protocol.org/e2169 and Apellaniz and Nieva [2015]): 80% of: E. coli
(100500P) or PC (860355P) and 20% of: PC (860355P), PS (840037P), PA (830855P), PE (850705P) or Pl (P2517-25MG). The lipid
suspension was incubated at room temperature for 1 hour. Then, it was first sonicated during 4 cycles of 3 minutes each (Ultrasonic
Cleaner; Branson 200) and then 5 freeze/thaw cycles in liquid nitrogen/warm water (26°C) were performed to break the lipid cake.
Finally the liposome mix was extruded through 400 nm polycarbonate membrane filter using a mini-extruder for large unilamellar ves-
icles (LUVs) formation.

Five ul of protein (=1.5uM) were incubated with 45 pl of E. coli or PC liposomes containing either PA, PE, PC, PS or Pl in TBS 1X
during 1 hour at room temperature as reported. After the incubation, the mixture was subjected to liposome flotation. Briefly, the
50 pL of liposome/protein mixture was put into 800 pL of an ultracentrifuge tube (Beckman Coulter, ref: 343776) and mixed with
120 puL of TBS 1X containing 60% sucrose (Sigma). The mixture was subsequently overlaid by 200 uL of TBS 1X containing 27%
sucrose and then by 150 pL of TBS 1X containing 17% sucrose. After centrifugation at 84000 rpm for 3h at 4°C, fractions were
collected from top to bottom with a Hamilton syringe, and each fraction was analyzed by western blotting as reported (Apellaniz
and Nieva, 2015).

Lipid extraction assay

To monitor PS transfer extraction from liposomes we followed the protocol proposed by Kawano et al. (2018) (Krick et al., 2012).
200 puM liposomes: 80% of PC (860355P) and 20% of NBD-PS (810193P) or NBD-PE (810154P), were hydrated in TBS 1X
(50 mM Tris-Cl, pH 7.5, 150 mM NaCl). The lipid suspension was incubated at room temperature for 1 hours. Then, it was first son-
icated during 4 cycles of 3 minutes each (Ultrasonic Cleaner; Branson 200) and then 5 freeze/thaw cycles in liquid nitrogen/warm
water (26°C) were performed to break the lipid cake. Finally the liposome mix was extruded through 400 nm polycarbonate mem-
brane filter using a mini-extruder for large unilamellar vesicles (LUVs) formation. For lipid extraction, 10 pl of protein (= 3 uM) of protein
were mixed with 90 ul of liposomes in 100ul TBS 1X and incubated at room temperature for 3 hours. After the incubation, the mixture
was subjected to liposome flotation. The mixture of liposome/protein in TBS 1X was put into 5 mL of an ultracentrifuge tube (Beckman
Coulter, ref: 344057) and mixed with 1400 pL of buffer A (20mM Tris-HCI, pH 7.4, and 150mM NacCl) and 1500 pL of buffer A contain-
ing 80% Nycodenz AG (Axis-Shield). The mixture was subsequently overlaid by 1500 uL of buffer A containing 30% Nycodenz AG
and then 900 pL of buffer A without Nycodenz AG (see Figure 4A). After centrifugation at 54000 rpm for 2h at 4°C, 2 different fractions,
top and bottom, were collected and analyzed for fluorescence with Spectra fluorimeter (SYNERGY H1M Fluorescence plate reader)
at excitation/emission 460-590nm and protein quantification by western blot.

In vitro phospholipid FRET assays
To monitor the kinetics of FRET reaction, we assessed a modified protocol reported by Potting et al. (2013) and Connerth et al. (2012).
Briefly, Donor liposomes (12,5 pM): 90% E. coli (100500P), 2% Rhod PE (810158P), 8% NBD-PE (810154P) or NBD-PS (810193P) or
NBD-PA (810174P) or NBD-PC (810131P) were resuspended in BLTS (10% sucrose in buffer BLT = 5mM Tris/HCI ph 7.4, 150mM
NaCl), and acceptor liposomes (50uM): 90% E. coli (100500P) and 10% of PC (860355P) or PS (840037P) or PA (830855P) or PE
(850705P) were resuspended in BLT buffer without sucrose. The lipid suspension was incubated at room temperature for 1 hour.
Then, it was first sonicated during 4 cycles of 3 minutes each (Ultrasonic Cleaner; Branson 200) and then 5 freeze/thaw cycles in liquid
nitrogen/warm water (26°C) were performed to break the lipid cake. Finally the liposome mix was extruded through 400 nm polycar-
bonate membrane filter using a mini-extruder for large unilamellar vesicles (LUVs) formation. The donor and acceptor liposomes were
mix with 200nM of purified recombinant protein and fluorescence of NBD was monitored during 3 hours in TECAN SAFIRE II-BASIC
at constant temperature of 25C.

To TOPFluor liposomes: 12,5 uM Donor liposomes contained: 90% E. coli (100500P), 2% Doxyl PC (810604P), 8% TopFluor PS
(810283P), or TopFluor PE (810282P) were resuspended in BLTS and mixed with the same acceptor liposomes prepared for NBD
liposomes. Next, exactly the same protocol above described for NBD to monitor kinetics was assessed.
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Liposome imaging

Donor liposomes (12,5 pM): 90% E. coli (100500P), 2% Rhod PE (810158P), 8% NBD-PC (810131P) or NBD-PS (810193P) resus-
pended in BLTS and acceptor liposomes (50puM): 90% E. coli (100500P) and 10% of PC (860355P) or PS (840037P) resuspended
in BLT were incubated with 200nM of recombinant Mfn2 (1-613) protein in 300 pL buffer TA (20 mM Tris/HCI pH 7.4, 150 mM
NaCl, 1 mM EDTA) at 25°C. After incubation the mixture was placed on ice, mixed with 100 uL buffer TA30 (30% sucrose in TA)
and incubated for 10 min. The mix was placed on an ultracentrifuge tube and overlaid with 600 pL buffer TA5 (5% sucrose in TA),
400 pL ofTA2.5 (2.5% sucrose in TA) and 75 pL buffer TA. Tubes were centrifuged at 217,000 xg for 2.5 h. Fractions fraction of
750 pL from the top middle and bottom were collected to be analyzed (Connerth et al., 2012). Liposomes were identified by confocal
following bibliographic examples of liposome imaging (Gabor, 2011; Ruozi et al., 2011). Confocal images were obtained with a
spectral confocal microscope multiphoton (Leica, Mannheim, Germany) and a Leica confocal system equipped with a 3-channel
multiband Leica scanner TCS SP5. To obtain confocal images a small drop of the extraction flotation assay sample (usually 5 pl)
was transferred to a coverslip (slide) and directly observed. Samples were scanned using a 63z Leitz objective (oil) to analyze the
liposomes using LAS AF software from Leica. The NBD was excited with the 488 laser.

QUANTIFICATION AND STATISTICAL ANALYSIS

Phospholipid content measured by lipidomics was analyzed separately using a linear model in which type of sample (control or L-KO)
and experimental batch were included as covariates. Values were previously Box-Cox transformed in order to fit the assumptions of
the model. Adjusted mean groups and fold-changes were extracted from the models and presented in their original scale. Statistical
significance was assessed using the corresponding F-test.

Data in the different experimental series including mice or cells showed a Gaussian distribution (D’Agostino-Pearson ommibus
normality test, GraphPad Prism 7.0). Those data were analyzed with Student’s t test or ANOVA followed by post hoc t tests. Data
are presented as mean + SEM unless stated. Significance was established at p < 0.05. Statistical analysis were performed using
the GraphPad Prism Version 7.0.

No statistical method was use to predetermine sample size, and replicates are shown in Figure legends. The investigators were not
blinded to allocation during experiments and outcome assessment. Animals that did not induce correctly the protein overexpressed
(Mfn2, BiP, etc) were excluded from the experimental group and they were not taken into account in the statistical analyses.

For clinical and anthropometrical variables, normal distributed data are expressed as mean value + SD, and for variables with no
Gaussian distribution values are expressed as median (interquartile range). Differences were analyzed by the unpaired t test (normal
distribution) or Mann-Whitney U test (data not-normally distributed).

DATA AND SOFTWARE AVAILABILITY

Lipidomics data on liver fractions have been deposited in the EMBL-EBI under accession code MTBLS600. Data will be accessible
upon publication of the manuscript.
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