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ABSTRACT
Objectives

Apoptosis-Inducing Factor (AIF) is a protein invet in mitochondrial electron transport chain
assembly/stability and in programmed cell deathe fidlevant role of this protein is underlined by
the fact that mutations altering mitochondrial Alproperties result in acute pediatric
mitochondriopathies and tumor metastasis. By géingran original AlF-deficient mouse strain,
the present study sought to analyze, in a singladogm, the cellular and developmental metabolic
consequences of AlF loss and the subsequent oxedaliosphorylation (OXPHOS) dysfunction.

Methods

We developed a novel AlF-deficient mouse strain asdessed, by molecular and cell biology
approaches, the cellular, embryonic, and adult phEnotypic alterations. Additionally, we carried
out ex vivoassays with primary and immortalized AIF knockoonbuse embryonic fibroblasts
(MEFs) to establish the cell death characteristios the metabolic adaptive responses provoked by

the mitochondrial electron transport chain (ET@akdown.
Results

AIF deficiency destabilized mitochondrial ETC andoyoked supercomplex disorganization,
mitochondrial transmembrane potential loss, anth gneration of mitochondrial reactive oxygen
species (ROSWAIF" MEFs counterbalanced these OXPHOS alterationsitnpchondrial network
reorganization and a metabolic reprogramming towaadaerobic glycolysis illustrated by the
AMPK phosphorylation at Thrl72, the overexpressainthe glucose assimilation transporter
GLUT-4, the subsequent enhancement of glucose eptaid the anaerobic lactate generation. A
late phenotype was characterized by the activaifdA53/P21-mediated senescence. Interestingly,
about 2% ofAIF”Y MEFs diminished both mitochondrial mass and RG@8l&and spontaneously
proliferated. These cyclingIF”Y MEFs were resistant to caspase-independent caihdeducers.
The AlF-deficient mouse strain was embryonic lethetween E11.5 and E13.5 with energy loss,
proliferation arrest, and increased apoptotic lev€ontrary toAlF”Y MEFs, the AIF KO embryos
were unable to reprogram their metabolism towansesobic glycolysisHeterozygousAlF™
females displayed a progressive bone marrow, thyarus spleen cellular loss. In addition, about
10% of AIF™* females developed perinatal hydrocephaly chaiaetérby brain development
impairment, meningeal fibrosis, and medullar heimages; those mice died around 5 weeks of age.
AIF™ with hydrocephaly exhibited loss of ciliated epiitbm in the ependymal layer. This
phenotype seemed triggered by the ROS excess. dngdy, it was possible to diminish the
occurrence of hydrocephalddF™ females by supplying dams and newborns with aipxidant

in drinking water.



Conclusion

In a single knockout model and at three differemtls (cell, embryo, and adult mice) we
demonstrated that, by controlling the mitochonddxIPHOS/metabolism, AIF is a key factor
regulating cell differentiation and fate. Additidiyaby shedding new light on the pathological
consequences of mitochondrial OXPHOS dysfunction hew findings pave the way for novel
pharmacological strategies.
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1. INTRODUCTION

Mitochondria are wide-ranging organelles that, @iadative phosphorylation (OXPHOS), play a
key role in the cell by providing energy in therfoof ATP and by generating the reactive oxygen
species (ROS), which regulate differentiation aate f1-6]. During OXPHOS, fuel substrates are
oxidized and electrons transferred through the chibodrial electron transfer chain (ETC), a
branched chain of multi-protein complexes (compldr V). This process is chemiosmotically
coupled to the phosphorylation of ADP to ATP by thEP synthase (complex V). Mitochondrial
ROS arise from the 0.1-2% of electrons that estame the ETC [7]. Currently, the more accepted
model of ETC organization is the so-called “plasgianodel’, which proposes different stable
interactions between complexes (such as | anadll, Il and IV) in entities named mitochondrial
supercomplexes (SCs) [8; 9].

AIF is a bi-functional protein, encoded Byfm1 (Pdcd§ on the X-chromosome, implicated
in maintaining a functional mitochondrial OXPHOSdamfter its translocation to the nucleus, in
programmed cell death (PCD) [10-24]. The role oFAh mitochondrial complexes assembly
seems to relate to its interaction with CHCHD4 0mponent of the mitochondrial protein import
machinery [12; 13]. In this way, AIF or CHCHD4 mtitss are concomitant with OXPHOS
deficiency-related mitochondriopathies (encephalopanfantile motor neuron disease, and early
prenatal ventriculomegaly) [25-28]. Moreover, ieses that the mitochondrial role of AIF is critical
for inhibiting tumor metastasis [29] and that Aeoexpression aggravates hypoxic-ischemic brain
injury in neonatal micg30].

AIF role has been mainly assessed in the hypomotgarlequin (Hg) mice strain, which is
not an AIF KO mouse but presents about 70 % ulbgsiteduction in AlF expression [10]. Among
others, the Hq strain exhibits T-cell developmesitadlts, chronic neurodegeneration, progressive
cerebellar ataxia, Purkinje cell degeneration,mptact dysfunction, early fur abnormalities, and
hypertrophic cardiomyopathy [10; 16; 17; 31-33Judés on AIF have been complemented by the
characterization of tissue-specific knockout modésit corroborated T-cell developmental
alterations, delayed neurogenesis, skeletal masdehy, and dilated cardiomyopathy [14; 15; 34].
Finally, in a novel mouse model in whichifml was ablated early during hematopoiesis, we
observed hematopoietic stem cells (HSC) loss, tippiesis blockade, and delayed development of
the T-cell, B-cell, and erythroid lineages [35; .36]

Here, by generating bona fideAIF KO mouse strain, we illustrate in a single rabthe
consequences of the mitochondrial OXPHOS dysfuncassociated with the loss of AIF at
cellular, embryonic, and adult mice levels. The egation of veritable AIF KO mice uncovers
new metabolic and phenotypic adaptive responsesal®a greater role for AIF and mitochondrial

OXPHOS in mouse development, and clarifies the ftietion in caspase-independent PCD.
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2. METHODS

2.1 Mice

Mice were housed at the Cordeliers Center animailitia under strictly controlled, specific-
pathogen-free conditions (agreement B75-06-12) eErpents were performed in accordance with
ARRIVE ethical guidelines and with the approvakioé French Ministry of Agriculture (agreement
1675). Animals were maintained with a rodent dR03, Scientific Animal Foo& Engineering
Diets) and water was made availabatelibitumin a vivarium with a 12-h light-dark cycle at 2@°?

In specific experiments, dams and newborns wereafédgh fat ketogenic diet (HFD; Research

Diets) supplied or not with riboflavin (5mg/100 min)drinking water.

Aifm1 floxed mice were generated by flanking the exonofl Aifm1 with LoxP sequences using
standard gene-targeting techniques (Genoway, Fraftfter fifteen backcrosses into the C57BL/6J
background,Aifm1 floxed males Aifm1""; AIF"") were crossed to PGK-Cre females (kindly
provided by Yvan Lallemand, Pasteur Institute).sTaiossing induced an excision of exon 11 in
Aifm1 that resulted in drameshift mutation and the creation of a stop codo exon 12. The
resultingAifm1”" (AIF"") females were identified by genomic PCR assessiiseet Supplemental
Fig. 1C). For hematological analysis, females waméhanized at 6 months old. Spleens, lymph
nodes, thymus, and bone marrow were sampled inr dod@repare single cell suspensions by

mechanical disruption and passage through a calhst. Absolute cell counts were then assessed.

In embryo studiesAIF*" females were crossed withifm1”" (AIF"Y) males. E7.5 to E13.5
embryos were dissected with the help of a steremstope (M80; Leica) and pictures were

obtained with an IC80 HD camera (Leica).
2.2 Generation ofAl F”Y mouse embryonic fibroblasts (MEFs)

To generatdlF"" MEFs, AIF"Y females were crossed Rpsa26-CreERThales (provided by Dr.
Anton Bernes, NCI, Amsterdam, The Netherlands) [&8@}l MEFs were generated from triple
E12.5 transgenic male embryo. To obtaif”" cells, MEFs were treated overnight with tamoxifen
(4-OHT; 1 pM).

2.3 Southern blot

Genomic DNA from WT (Co) and AlF-deficientA(F”Y) MEFs (4 days post-treatment with
tamoxifen; 4-OHT) was extracted using Wizard GeromNA purification kit (Promega) and
digested with Pcil. Obtained genomic DNA fragmemsiuding those encompassing exons 7 to 13
of Aifml, were separated on a 0.8% agarose gel and treetsfier hybond membrane. Membrane
was baked 2 h at 80°C to fix DNA, then hybridizedhwa probe labeled with Gene Images



AlkPhos direct labeling and detection system kitrirGE Healthcare. The probe, specific to the
3’end of AIF genomic DNA, was freshly prepared b@ARP amplification of genomic DNA using

sense (intron 12 nucleotides 33070-33098) and sevémtron 13 nucleotides 33433-33459)
primers. Membrane was then washed, and the hyhtidiz pattern revealed using CDP star

(Amersham). Images were acquired on a MF-ChemiB2S[ENR Bio-Imaging Systems).
2.4 Mitochondrial and cellular analysis

For mitochondrial ROS, mitochondrial mass, @t¥m measurements, MEFs were incubated with
MitoSOX (5uM), Mitotracker Green (100 nM), or Mitatker Red (100 nM) (ThermoFisher
Scientific) respectively before assessment in a $8énto Il (BD Biosciences) in the total
population (10,000 cells). Data were analyzed usilogvJo software and were expressed as MFI
(mean fluorescence intensity), which referred fthorescence intensity of each event on average.
Additionally, lysed 15 x 1DWT andAIF" MEFs or 1 x 18 cells from embryos dissociated in
trypsin were tested for ATP content with a lucifeliiciferase kit (Abcam) and expressed as
ATP/ADP ratio or RLU (relative light units). In sa@mexperiments, MEFs were pre-treated with
oligomycin (10 uM) before ATP assessment. Measwe® performed in an Infinite M100 PRO
plate reader (Tecan).

To analyze glucose assimilation, MEFs were incub&@min; 37°C) in glucose-free DMEM with
2-NBDG (100uM; ThermoFisher Scientific) prior to flow cytometrgssessment in the total
population (10,000 cells).

Glycolytic and GLUT-4 dependency was verified in MEtreated or not with indinavir (50 uM,;
Selleckchem) or 2-Deoxy-D-Glucose (2-DG; 10 mM); RKI dependency was verified in MEFs
pretreated or not with dorsomorphin (Compound CuR& Selleckchem); the induced cell death
rate was assessed by an Annexin-V-APC (0.1 pg/@IBBsciences) and propidium iodide double
labeling on a FACSCanto Il in the total populat{@0,000 cells).

In cell cycle analyses, MEFs were incubatedr(®®; 37°C) with BrdU (10uM). After fixation and
partial DNA denaturation, cells were co-stainedhvan anti-BrdU-FITC antibody (25 pg/mL; BD
Bioscience¥ and propidium iodide prior to flow cytometric meesment in the total population
(20,000 cells).

Senescence was recorded in MEFs treated with cuore diphosphate (300 puM, 2 h) to induce
lysosomal alkylinisation. Then,:&~DG (Thermofisher Scientific) was added at 33 pNMrdy2 h

and cells were washed twice with PBS before perifagrthe cytofluorometric quantification.

Cell death was assessed by flow cytometry in the fwopulation (10,000 cells) using Annexin-V-
APC (assessment of phosphatidylserine exposurgi@rhl) and propidium iodide (cell viability)
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co-labeling. In some experiments, WT akieF’¥ MEFs were pretreated during 30 min with MNNG
(250 mM, 9 h), staurosporine (STS; 1 uM, 6f3),apachone (4 uM; 18 h), or etoposide (20 uM, 6
h) before flow cytometry assessment of cell de&thcaspase-dependent control experiments,
MEFs were pretreated during 30 minutes with QVD.@PaM) before etoposide treatment.

For lactate measurement in MEFs, cells were cutdoy 2 h in a serum-free medium and
centrifuged. The amounts of lactate in the supamtatwere quantified in the Infinite M100 PRO
plate reader using the L-lactate kit from Caymame@ical. Lactate was also quantified in embryos
dissociated in 50 pL of the L-lactate kit assayfdufAfter centrifugation, the quantity of lactate

10 pL of the supernatant was assessed.
2.5 Clark electrode

Oxygen consumption was measured in 5 X\A@ andAIF”Y MEFs as previously described [38].
In non-permeabilized cells, respiration was measwneder basal conditions in DMEM medium
and in response to the sequential addition of aligon (10 uM), fluoro-carbonyl cyanide
phenylhydrazone (FCCP; 5 uM), amytal (2 mM), andl@{5 mM). In digitonin-permeabilized
cells (1 pg/pL, 5 min), respiration was measuredreasponse to the sequential addition of
glutamate/malate (10 mM/4 mM), ADP (2 mM), Amyt&l inM), Succinate (10 mM), Malonate
(10 mM), Glycerol-3-Phosphate (15 mM), MyxothiaZ6l5 uM), Tetramethyl-phenylenediamine
(TMPD)/ascorbate (0.5 mM/2mM) and Azide (5 mM).

2.6 Mitochondrial supercomplex (SC) assessment

Mitochondria were purified from control (0) or 4-OHreated MEFs (4 to 16 days post-treatment)
and permeabilized by digitonin. Solubilized com@s)and supercomplexes were separated by 1D
BN-PAGE and revealed by the NADH dehydrogenaseeinagtivity (0.1 mg/ml NADH and 2.5
mg/ml Nitrotetrazolium Blue chloride). Alternatiwelthe mitochondrial complexes I, I, 1V, and
SCs were visualized by immunoblot using antibodagsinst NDUFA9 (20C11B11B11, Life
technologies), UQCRC2 (13G12AF12BB11, Abcam), or X2@2 (20E8C12, Abcam).
Immunoreactive proteins were detected using HRRugaited secondary antibodies and visualized
with the ECL chemiluminescence kit (Thermo Scieéckifimages were acquired using the MF-
ChemiBIS 4.2 imager.

2.7 Immunofluorescence

MEFs seeded on coverslips wdneed in paraformaldehyde (PFA; 2%) and incubateath whe
mitochondrial marker Mitotracker Red (20 nM; Therfisher) and the nuclear dye Hoechst 33342.
Slides were imaged using a LSM 710 Zeiss confodafascope and analyzed using the image J

software.



2.8 Electron microscopy

Control (DO) or tamoxifen-treated MEFs (12 to 1§slpost-treatment) were fixed at 4° C for 2 h in
2.5 % glutaraldehyde in 0.1 M phosphate buffer {p8), postfixed for 1 h in 1 % buffered osmium
tetroxide, dehydrated through a graded ethanoésedand embedded in Epon 812. The ultrathin
sections were counterstained with 2% aqueous uetate for 30 min, then with lead citrate for
10 min and finally viewed under a Philips 100X #&len microscope. Alternatively, freshly
dissected E9.5 WT andllIF"Y embryos were fixed, processed for ultrathin sesticounterstained,

and examined as above.
2.9 Lentiviral transduction

An in-frame c-terminal tag encoding the V5 epitopes first added to the AlF-wt cDNA (plasmid
pcDNA3.1 mAIFV5). The resulting cDNA was then subetd into the pLVX-IRES-Zs-Green
lentiviral vector (Clontech-Takara Bio Europe, SdBermain-en-Laye, France). Viruses were
produced into 293T cells by CaCtransient transfection of the lentiviral consteu@nd the
packaging plasmids pCMV-VSV-G and pCMV-dR8.2 dvpaddgene plasmids 8454 and 8455,
respectively) [39]. Forty-eight hours after tramsien, lentiviral supernatants were harvested,
clarified by filtration, and used immediately faxIF"" MEFs transduction with fg/ml of
polybrene. Seventy-two hours after transductionP Giesitive cells were sorted, expanded, and

AIF location and mitochondrial network distributieisualized by immunofluorescence as above.
2.10 Immunoblotting

MEFs or freshly dissected embryos were lysed irfeoufontaining 50nM Tris pH7.5, 150mM
NaCl, ImM EDTA, 1% Triton X-100, and the protease/phosabatinhibitor cocktail from Roche.
Protein concentration was determined using the 8&ibRrotein Assay. Equal amounts of total
proteins (50 pg) were loaded on linear SDS-PAGEs gaid transferred onto a PVDF or
nitrocellulose membrane. Membrane blocking andbaudly incubations were performed in TBS
0.1% Tween 20 plus 5% non-fat dry milk. The primantibodies used were: AIF (D-20, Santa
Cruz), NDUFA9 (20C11B11B11, Life technologies), NB83 (3F9DD2, Life technologies),
SDHA (2E3GC12FB2AEZ2, Life technologies), UQCRC2GI2AF12BB11, Abcam), COX1 (35-
8100; Thermo Fisher), COX4l2 (20E8C12, Abcam), ABP&GD5AB1, Life technologies),
AMPKalpha (Cell signaling) and phospho-AMPKalphah(I72, Cell signaling), p21Cipl (C-19,
Santa Cruz), Phospho-Rb (Cell Signaling), #réctin (AC15, Sigma). Immunoreactive proteins
were detected using HRP-conjugated secondary alib@nd visualized with SuperSignal West
Dura chemiluminescence kits (Thermo Scientific)miumoblot images were acquired in the MF-
ChemiBIS 4.2 imager.



Brains from WT,AIF™* andAIF™* HC females dissected and frozen in liquid nitrogeme used
for protein carbonyls detection. After generatidrib@in homogenates (2 mg), biotin-hydrazide (60
mM), sodium cyanoborohydride (30 mM), and trichkeetic acid (10 %) were successively added
to the samples. After centrifugation, pellets wevashed with 1:1 ethanol/ethyl acetate and
dissolved in Laemmli buffer. Then, equal amountsotdl proteins (50 pug) were loaded on linear
SDS-PAGE gels and transferred onto a PVDF membRrodein carbonyls were visualized, using
streptavidin-HRP, revealed by chemiluminescencal quantified using the Multi Gauge 3.0
software (Fujifilm Life Sciences). The optical daépsvas normalized according to an endogenous

background and was expressed relative to the dasened in untreated cells (= 1.0).

2.11 Quantitative RT-PCR

Total RNA from cells, embryos or brain was extrdctesing the Nucleospin® RNA Il kit
(Macherey-Nagel). cDNA was prepared using Supet®rill reverse transcriptase (Life
Technologies). Quantitative RT-PCR was performadguthe TagMan® Gene Expression Assays
(Life Technologies) foMfn1 (mitofusin 1),Mfn2 (mitofusin 2),0pal (mitochondrial dynamin like
GTPase); Fisl (mitochondrial fission 1 protein)Dnmll (dynamin-related protein 1)Mff
(mitochondrial fission factor)Sodl1(Super oxide dismutase 13pd2(Super oxide dismutase 2),
Glut-1 (Slc2al solute carrier family 2 (facilitated glucose tsaorter), member 1§lut-4 (Slc2a4,
solute carrier family 2 (facilitated glucose traogpr), member 4)Tp53 (tumor protein p53),
Cdknla (cyclin-dependent kinase inhibitor 1A; P21),Rgcla (Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha). PCR reacticere performed in triplicate using TagMan
Fast advanced Master Mix (Life Technologies). Thadpcts were amplified in a ViiA7 Real-time
PCR System (Life Technologies) at 60°C for 40 cyc[@ata were evaluated using the comparative

threshold cycle method. The housekeeping expresdib8Swas utilized to normalize the data.

2.12 Histology

We developed a specific method of embedding witlpoior macroscopic dissection of the brain in
order to be able to observe both neural tissue lriéin envelope and the skull bone on the same
histology slide. Wild-type (WT) andIF”™ hydrocephalus (HC) females were fixed by perfusion
4% PFA. After decalcification with 0.1 N nitric acand paraffin embedding, #m thick sections
were stained with hematoxylin-eosin. Some tissuesewprocessed without paraffin embedding
before vibratome sectioning (for 100 pm thick flngtsections). E9.5 WT arnalF"Y embryos were
fixed in 4% PFA, embedded in acrylic resin (hissimeacrylic® Leica) before 3 um sectioning and
hematoxylin-eosin staining. Images were obtaineagus Leica photomicroscope.
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2.13 Immunohistochemistry

Brains of WT andAIF"" HC females were fixed in PFA (4 %). After decatzifion, free-floating
brain sections (100 um) were fixed in PFA befordgening the immunostaining with anti-lbal
(1:100e Dako). We used a long incubation proceds hR after deterging the lipid with high
concentration triton X (1%). Nuclei were counteirstal with the nuclear dye Hoechst 33342. Slides

were imaged using a LSM 710 Zeiss confocal micrps@nd analyzed using the image J software.

The activities of Cyclooxygenase (COX) and suc@nd¢hydrogenase (SDH) were visualized to
explore respiratory dysfunction in embryos [40].iefly, E9.5 WT andAIF"Y embryos were
dissected, placed in plastic mold containing cgitial cutting temperature (OCT) compound and
snap-frozen in nitrogen liquid. 14 pum cryosectiooBtained using cryostat CM 3050S (Leica),
were incubated for 40 min at 37 °C with ‘3gdBaminobenzidine tetra-hydrochloride, 5@0/
cytochrome c, and bovine catalase. The sectione When washed four times at 10 min in 0.1 M
PBS (pH 7.0). Next, 1.875 mM nitroblue tetrazolighBT), 1.30 M sodium succinate, 2.0 mM
phenazine methosulfate (PMS), and 100 mM sodiurdeaniere applied for 40 min at 37 °C.
Sections were finally washed, cover-slipped, asdalized under bright field microscopy.

To evaluate proliferation in embryo, pregnant fezsalvere intraperitoneally injected with BrdU
(0.1mg BrdU/g of body weight) one hour before enolmig dissection. E8.5 and E9.5 WT ailiF

™ embryos were identified by PCR, dissected, andt kepseparated well plates in ice cold
PBS/BSA 0.4 %. After fixation in ice-cold EtOH (%0; H,O) overnight, embryos were rehydrated
with ice cold EtOH 50 % during fifteen minutes 4C4 then washed with ice cold PBS/BSA 0.4%.
Embryos were then submerged in sucrose 30% (dilutgzhosphate buffer 0.1 M, pH 7.4) until
they reached the bottom of the well. Then, embryere placed in molds containing cold OCT and
snap-frozen in liquid nitrogen. Further, 10-12 prgosections were made using the cryostat CM
3050S and processed for BrdU immunostaining. Brieféctions were quenched with®3 0.6 %
and MetOH 1 % in PBS for 1h at RT. After washinkfles were unmasked witHCI 3.7 % and
processed with sodium borate 0.1 M. After a prekilng step, an anti-BrdU antibody (BD
Biosciences) was added on top of each section aset@ndary biotinylated antibody was added.
Slides were next incubated with streptavidin-48&1 dfoechst. Images were obtained on a

fluorescent microscope Axiovert 200M (Zeiss).

For embryonic cell death detectid®8.5 and E9.5 WT andIF’Y embryos were dissected, fixed in
PFA (4 %), embedded in cold OCT and snap-frozehquid nitrogen. 10-12 um cryosections,
made with the cryostat CM 3050S, were fixed in raptit/acetic acid solution (2:1) at -20°C. After

permeabilization, TUNEL mix (Roche Diagnostics) veaied on top of each section for one hour
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at 37°C. After two washing steps, nuclei were cadoby Hoechst 33342. Images were obtained on

a fluorescent microscope Axiovert 200M (Zeiss) ggmansmitted light.
2.14 Statistics

Results, displayed as mean = SEM, were statisfieadblyzed by the Mann-Whitney or studént
tests using the GraphPad Prism software. Signifiparalues were indicated as follows: ¥X@®.05,

**p <0.01, ** p <0.001. All the experiments were independently a¢pe at least three times.

Chemicals and reagents were purchased from SigmahacAlexcept where otherwise noted.
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3.RESULTS

3.1 AIF”Y MEFs were OXPHOS defective and showed extensive ET supercomplex
disorganization.

To analyze mitochondrial and cellular alteratioesaziated with AlIF loss, we generated a primary
mouse embryonic fibroblasts knockout (KO) for AWIE” MEFs) by crossing Rosa26-CreERT2
mice [37] with our noveAifm1 floxed strain (Figure 1A and Supplemental Fig. Tlgmoxifen (4-
OHT) treatment oAIF™Y; RosaCre ERTZ MEFs provoked progressive AIF protein loss (Figure
1B), which destabilized mitochondrial ETC complexesd IV (e.g. loss of NDUFA9, NDUFS3
and COX4I12 proteins). Complexes I, Il and V (ABynthase) remained unaltered (Figure 1B).
Complementary blue native polyacrylamide gel etgatoresis (BN-PAGE) and immunoblot
assessments revealed that AlIF deficiency, in addit a strong reduction in free complex | levels,
also provoked ETC SC disorganization with a rapisslof complex,l+ complex I, and triple
complex | + complex I + complex IV structures and a more delayed disoapdf complex | +
complex Il organization (Figure 1C). These observations mraccordance with the “plasticity”
model of ETC structure in which the alteration ofdividual complexes directly affects the
supercomplex organization [8; 9; 41].

Analysis of the oxygen consumption rate confirmédttmitochondrial respiration was
significantly altered inAIF”" MEFs. As described in Supplemental Fig. 2A, coregao control
MEFs (cells before 4-OHT treatment; D@)F’Y MEFs (16 days post-tamoxifen treatment; D16)
exhibited significant reduction of oxygen consuraptin both phosphorylating (basal) and non-
phosphorylating (+ oligomycin) conditions. The tobxidative capacity, assessed by the presence
of the ionophore FCCP, was also compromised in EI&.cTreatment with the complex | inhibitor
amytal abolished the remaining oxygen consumptibdl&”" MEFs, indicating that complex |
remained slightly functional. Finally, analysis tbfe individual complex activities revealed that
complexes | to IV activities were affected by AlEfidiency (Supplemental Fig. 2B).

Mitochondrial labeling revealed that the kinetic AfF disappearance was linked to the
progressive disruption of the mitochondrial netw(iigure 1D, upper panels). Remarkably, at D12
post-tamoxifen, electronic microscopy pictures waeed elongated mitochondria, suggesting a
mitochondrial fusion development (Figure 1D, lowpanels). This is substantiated by the
guantitative RT-PCR analysis of central executisnef mitochondrial dynamics. Indeed, as
depicted in Figure 1E, in contrast to the fissiaatérs FIS1, DNM1L (DRP1) and MFF, the mRNA
of the key members of the fusion machinery MFN1,N@F and OPALl appeared significantly
overexpressed in thelF"" MEFs at D12 post-tamoxifen treatment. Thus, algiotine inhibition of
the mitochondrial fission machinery could also ciimite to the elongated mitochondrial phenotype

observed in theAlIF”" MEFs at D12 post-tamoxifen treatment, our multépaetric assessment
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points toward the prevalence of a transient mitadnal fusion process. Further, upon complete
AIF disappearance (D16 post-tamoxifen treatmentle wbserved a highly fragmented
mitochondrial network associated to cellular va@ation (Figure 1D). These alterations provoked
a significant diminution in the cellular mitochomar transmembrane potential and a high
generation of mitochondrial ROS (Figures 1F and @)e excess of ROS triggered mRNA
overexpression of mitochondrial SOD2 (Superoxidemiitase 2), a protein that partially regulated
the excess of superoxide OXPHOS products (Figurg Bdrprisingly, despite mitochondrial
dysfunction, ATP levels were relatively preserved AIF"" MEFs (Figure 1l). One possible
explanation would be that MEFs normally generatePAIy non-mitochondrial pathways.
Alternatively, it is possible that AIF KO MEFs haweprogrammed their metabolism to
counterbalance mitochondrial OXPHOS dysfunction. &aluate this dichotomy, we treated
control andAIF”Y MEFs with oligomycin, which specifically blocks e¢hmitochondrial ATP
synthase and, thus, inhibits the generation of chidadrial ATP. In control MEFs, oligomycin
treatment dramatically diminished ATP levels, irading that these cells generate most of the ATP
via mitochondria. In contrast, oligomycin margiyalmodified ATP levels inAIF”Y MEFs,
suggesting that these cells generate ATP via amtochondrial pathway (Figure 11). Those results
suggest thaAlF”" MEFs were able to modify their metabolism to congsge for mitochondrial
OXPHOS dysfunction.

The OXPHOS damage associated with AlF deficiency wsacounterbalanced by a shift towards

anaerobic glycolysis and the development of a serest phenotype.

Following our above results, we sought to analyze mechanism associated to the adaptive
metabolic features o&IF’Y MEFs. More precisely, by measuring the phosphtioieof AMPK at
Thrl72 and the mRNA expression of the main gludesesporters expressed in fetal tissues and
fibroblasts (GLUT-1 and GLUT-4), we first assessdtkether the AlF loss was accompanied by a
modification in the glucose assimilation pathwalgo&phorylation of AMPK, a central regulator of
energy homeostasis, is a point of convergence dgaboéc and genomic stress signals [42-45].
Indeed, AMPK is a major energy-sensing kinase pleats a role in cellular energy homeostasis by
activating a whole variety of catabolic processemulticellular organisms, such as glucose uptake
and metabolism. More precisely, among others, pgimstated AMPK stimulates glucose uptake
by modulating GLUT-4 plasma membrane function [£$-#As described in Figures 2A and 2B,
the loss of AIF was associated to a significant specific kinetic phosphorylation/activation of
AMPK at Thrl72 and the subsequent mMRNA overexpoessf Glut-4, not Glut-1. This suggested
an enhancement of glucose uptake mediated by GLUWhich was further substantiated by the
blockade of 2-NBDG assimilation by the specific GL¥ inhibitor indinavir (Figure 2C). The
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measurement of lactate release, a marker of ariaaglyiolysis, indicated thakIF”Y compensated
the mitochondrial OXPHOS dysfunction through thénfiacement of this glycolytic pathway
(Figure 2D). Interestingly, the anaerobic glycatyshift appeared to be sufficient not only to
maintain ATP levels (Figure 11) but also to presetvF"" viability (absence of cell death), which
surprisingly remained very close to those of cdnf®) MEFs (Figure 2E). The central role of
AMPK and GLUT-4 in the enhancement of the glucossamolism and the preservation of ATP
levels and cell viability in the AIF KO MEFs wasrcoborated by the pharmacological inhibition of
AMPK or GLUT-4 by dorsomorphin and indinavir, respeely [50; 51]. As described in
Supplemental Figure 3 and Figure 2E, AMPK inhibitjorecluded Glut-4 mRNA overexpression
and both Glut-4 mRNA downregulation and inhibitioof GLUT-4-mediated glucose
uptake/metabolism induced cell death in the AIF MEBFs. Altogether, these results corroborated
that theAIF”Y MEFs counterbalance the mitochondrial OXPHOS dystion by reprogramming

their metabolism towards anaerobic glycolysis tgiloan AMPK/GLUT-4 adaptive mechanism.

We next investigated whether the lack of cell déatAIF” MEFs was linked to cell cycle
alterations. As demonstrated by BrdU/PI co-staincantrary to what was reported in embryonic
stem (ES) cells [52], the loss of AIF provoked @sitle and cell proliferation arrest in MEFs. More
precisely, compared to control MEFs (DO), in whaitout 15-20 % of the cell population was in
the proliferative S cell cycle phase, D12 and D16 KO MEFs showed less than 5 % of the
population in S phase (Figure 2F). Surprisingle #irest of cell proliferation recorded AF"Y
MEFs appeared to be associated with the kinetigatmin of a ROS/P53/P21-mediated senescence
pathway [53; 54], as confirmed by specifig€DG senescerfi-galactosidase staining (with more
than 60 % of positive senescent labeling at D1@) mRNA overexpression of the superoxide-
induced genetic markefigp53andCdknla (Figures 2F, G, H, I, J). Note th@dknla expression is
tightly controlled byTp53 and thatCdnkla codes for P21, a potent cyclin-dependent kinase
inhibitor [55]. As expected, the kinetic Tp53 andk@lo mMRNA overexpression provoked the
progressive up-regulation of the P21 protein (Feg@d). P21 induction by means of cyclin-
dependent kinase CDK2 and CDKA4/6 inhibition leads dephosphorylation/activation of
retinoblastoma protein (pRB) (Figure 2K), a welladdished cell cycle regulator that, in non-
phosphorylated state, inhibits cell cycle progm@sgb5-58]. Indeed, ROS-induced senescence can
be identifiedin vitro by the increased expression of genes/proteinciassd with cell cycle arrest
(such as P53 and P21), the pRB dephosphorylatibrddon, and the presence of senescence-
associate@-galactosidase activity, which is attributed to thgh lysosomal content of senescent
cells[59]. All these features characterizatF”"Y MEFs.

3.2AIF"Y MEFs were resistant to caspase-independent cellaté.
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After remaining senescent for days, about 29AtF"Y MEFs spontaneously proliferated. The
analysis of these proliferating cells indicatedt titampared to the senescéiE’Y MEFs, cycling
AIF KO MEFs diminished the mitochondrial mass ahd ROS levels. This was correlated to the
loss of P21 expression and the subsequent phodatienyinactivation of pRb that favors cell cycle
progression (Supplemental Fig. 4). These resufipat the relationship between ROS generation
and P21/pRb-mediated cell cycle arrest in the semeAIF KO cells.

We used proliferating AIF KO MEFs to analyze, amanigers, the programmed cell death
capacities ofAIF”" cells. To generate a reliable control, we reinticeti the AIF-wt cDNA (V5
tagged) into thé\IF"Y MEFs by lentiviral transduction (AIF KO + AIF-V5 EFs). AIF KO + AlF-

V5 MEFs incorporated AIF into the mitochondria, mesd the normal mitochondrial network
(Figure 3A), and reconstituted the ETC proteingFé 3B) and the SC patterns (Figure 3C). The
functionality of mitochondrial OXPHOS in the AIF K& AIF-V5 MEFs was substantiated by
oxygen consumption tests (Figure 3D). Finally, viesarved that the glycolytic adaptive phenotype
of AIF"Y MEFs was disabled by the lentiviral AIF transdanti(Figure 3E and F). Concerning
sensitivity to PCD, contrary to primary (WT) anettreconstituted AIF KO + AIF-V5 MEF#IF""
MEFs were sensitive to the glycolytic inhibitor 2@xyglucose (Figure 3G), underlining its
glucose dependency. Additionally, cell lines wexpased to different PCD inducers: MNNG and
B-Lapachone (caspase-independent PCD inducers)1BQ20; 21; 60], STS (a cytotoxic inducer
partially controlled by caspase activation) andpetide (a typical caspase-dependent agent) [61-
63]. As depicted in Figure 3HAIF"Y MEFs were highly resistant to MNNG afidLapachone,
partially resistant to STS, and sensitive to et@mmsWe corroborated that the pretreatment of
MEFs with the broad caspase inhibitor (QVD.OPhjbitad etoposide-mediated killing. Finally, as
expected, reintroduction of AIF into th&lF”Y MEFs fully re-sensitized MEFs to MNNG-
Lapachone, and STS. Altogether, these results anfisie the relevance of AIF in caspase-
independent cell death and corroborate the preljialescribed limited response of AlF-deficient
MEFs to STS [14; 21]. Finally, those data indicttat AIF"" MEFs remain sensitive to caspase-
dependent PCD inducers.

3.3 A significant percentage of AIF*" females developed a hydrocephalus phenotype and

exhibited immune cell exhaustion.

To extend our study towards &m vivo model, we crossedifml floxed males AIF™"Y) with a
PGK-Cre strain, which drives Cre recombinase exgoes very early during embryonic
development [64]. This crossbreeding vyielded hetgjous female offspring AIF™) in a
Mendelian distribution (Figure 4A). Most of teF*" animals did not present external phenotypic

changes until they reached 6 months of age, athwdtege we detected a significant diminution of
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bone marrow, spleen and thymus cellularity (Supplatad Fig. 5). Surprisingly, about 10% of
AIF*" females (5% of total newborns) developed a pairagdrocephalus phenotype (visible in
two-week old animals) characterized by an enlarged dome-shaped head accompanied by a
progressive loss of mobility (Figure 4A). Thesenaalis died around 5 weeks after birth. Compared
to control animals, the brain dfIF""hydrocephalus animalsAlF~ HC) showed an excess of
cerebrospinal fluid (CSF) that warped the brainghri microphotographs in Figure 4A).
Hematoxylin/eosin staining of mice and head sestisimed light on the extent to which the CSF
compressed the cerebral mass into the cranialyc@dgure 4B, left microphotographs). In coronal
sections, we observed severe thinning of brainricear wall with an enlargement of the lateral
ventricles and meningeal fibrosis (Figure 4B, rigiainels). Brain development, apart from the
compression, seemed normal. Some mice showed #edlilhird ventricle and a herniated
cerebellum. We also noticed strong spinal and méwgnatous haemorrhages. Circulating
macrophages engorged with blood could be observedme sections of the ependymal epithelium
(Figure 4C). This epithelium, lining the ventriculzavities, is normally composed of a single cell
layer. In the case dkIF*" HC, the ependymal epithelium lining the ventricless abnormal with
visible defects of ciliation. AdditionallyAIF"~ HC mice presented immature "neuroblast" foci with
abnormal structures (Figure 4C). These structwigh normally disappear at the closure of the
neural tube, indicated some defects in the devedmprof theAIF”” HC. The hydrocephalus mice
also had a bone structure problem, probably dalkega@ranial cavity swelling provoked by the CSF
pressure. No apoptotic features were observed @hititological sectionsAIF”~ HC mice did not
exhibit apparent neurodegeneration and had a nareuabnal organization. Interestingly, a protein
carbonylation immunoblot approach performed onrbreomogenates from 2.5 week-old animals
revealed that, compared &0F"* and non-HCAIF*" females, the brain of th&lF*" HC females
displayed higher ROS levels (Figure 4D). This satgm a relationship between ROS excess,
generated by OXPHOS dysfunction, and perinatal dggjshaly. This hypothesis was corroborated
by the addition of an antioxidant (riboflavin) inet drinking water of the dams, which significantly
reduced the occurrence of théF”" HC phenotype and microglial activation, detectsdtbal
immunolabeling, reflecting the inflammatory processvoked by brain squeezing (Figures 4E and
F). The mobility of riboflavin-treated\IF"~ females also appeared normal, indicating that the

addition of an antioxidant in the drinking waterAdf*" mice rescues the WT phenotype.

3.4 AIF loss in mouse embryo induced midgestation lethidy associated with energy loss,

proliferation arrest and increased apoptosis.

Next, we tried to generate AIF KO mice by crossihg non-HCAIF*" females with WT males.

Unfortunately, this crossing only generatddF** and AIF*Y animals, suggesting embryonic
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lethality of theAIF”" and AIF*" progeny (Figure 5A, birth animals). IndeedF’" male embryos
presented a normal development only until E7.5UfEbA and B). Then, they displayed growth
delay and arrested development between E8.5 ary E@ding to embryo death at E11.5 (Figure
5A, B, and C). Femal&IF"~ embryos exhibited inconstant developmental phevestyand died
around E13.5 (Figure 5A).

We scrutinized mitochondrial and metabolic altenasi associated to lethality @fIF’"
embryos. An electronic microscopy approach revedligthly fragmented mitochondria in E9.5
AIF"" embryos (Figure 5D). Immunoblot analysis of keytathondrial ETC proteins showed
dramatic reduction of NDUFA9 (complex | protein)Jda@OX412 (complex IV protein) (Figure 5E).
This was accompanied by an impairment of mitoch@hddXPHOS, as demonstrated by a
COX/SDH histochemical labeling (Figure 5F): indegélgtions from mutant E9.5 embryos failed to
show the dark staining characterizing OXPHOS fumglity. As a consequence of OXPHOS
dysfunction AIF"Y embryos exhibited very low ATP levels (Figure 5&irprisingly, as shown by
the low amount of lactate detected (Figure 5M)”Y embryos appeared unable to reprogram their
metabolism towards anaerobic glycolysis, contraoy AIF”Y MEFs (Figure 2). Moreover,
histological analysis showed that these mitochahdnietabolic changes were accompanied by a
decrease in the proliferation rate starting atde(Bigure 6A) and by the enhancement of apoptosis
at E.9.5 inAIF"Y embryos (Figure 6B).

Finally, taking into consideration the inability dfie AIF”Y embryos to reprogram their
metabolism towards anaerobic glycolysis, we trieditcumvent lethality by eliminating the excess
of ROS with riboflavin and feeding the dams withigh fat diet (HFD) in which the major source
of energy changed from carbohydrates to fatty aeuthsch have proved to be efficient in other AIF
deficient models [65]. However, even in these aléve conditions, we were unable to generate
AIF"" andAIF*" animals (Supplemental Fig. 6). Overall, these dataoborated the mitochondrial
OXPHOS/metabolism dysfunction d&IF”Y embryos, and their incapacity to reprogram their

metabolism in order to grow and differentiate.
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4. DISCUSSION

By creating anAlF KO model that enableim vitro andin vivo analysis, we bring to light new
cellular and developmental consequences of the dbswitochondrial AlIF. We show that AIF
deficiency triggers a destabilization of the mitootrial ETC complexes | and IV, leading to
supercomplex disorganization, mitochondrial transim&ne potential loss, and high levels of ROS
generation AIF"" MEFs counterbalance these OXPHOS alterations hyitachondrial network
reorganization implicating a fusion process anddherexpression of the mitochondrial SOD2. A
more accurate molecular analysis at cellular, eoricy and adult mice levels indicates that the
mitochondrial OXPHOS dysfunction associated to AdEs results in pleiotropic effects: (i) at a
cellular level, AIF" MEFs boost their anaerobic glycolytic metabolisnd a&volve towards a
senescence phenotype. The glycolytic phenotype ibaracterized by AMPK
phosphorylation/activation, the overexpressionhef glucose assimilation transporter GLUT-4, the
enhancement of glucose uptake, and anaerobic dagmeration. The energy-sensing kinase
AMPK and the glucose assimilation transporter GLUPlay central roles in the glycolytic
reprogramming of the AIF KO MEFs. Based on thesullts, it will be interesting to analyze in
future studies the transcriptional drivers actidatey AMPK to specifically modulateslut-4
expression and to control the metabolic adaptivapoeses that run thalF”Y MEFs towards
senescence. Concerning the senescent phenotypeR@% excess associated to OXPHOS
dysfunction provokes overexpressionTg53 and Cdknla, two genes associated with cell cycle
arrest, as well as up-regulation of P21, a protethat, by provoking the
activation/dephosphorylation of pRB, inhibits ogjtcle progression. Strikingly, a small percentage
of AIF”Y MEFs spontaneously proliferate. These cycling K& MEFs diminish the mitochondrial
mass and regulate ROS levels, thus inactivatingsémescent pathway. Remarkably, the cycling
AIF"" MEFs are resistant to caspase-independent inducedsrlining the role of AIF in this mode
of PCD and avoiding previous controversies on thtigipation of AlIF in cell death; (ii) in whole
animal experiments, we have confirmed that the K@ animals are embryonic lethal. However,
analysis of heterozygouslF*" females has originally uncovered immune cell extian and the
development of perinatal hydrocephalus seemingtp@ated to an excess of mitochondrial ROS.
This phenotype is characterized by an excess eboespinal fluid, brain development impairment,
meningeal fibrosis, and medullar hemorrhages; finally, our findings lead us to propose that
AlF-deficient embryonic lethality is linked to theability of KO embryos to reprogram their
metabolism towards anaerobic glycolysis. This pkasodramatic ATP loss, arrest in proliferation,
and caspase-dependent embryo death.
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The mitochondrial “pro-survival” function of AIF sens linked to its role in the import and
assembly of key proteins of the ETC complexes [@@]. Our results in MEFs and embryos,
analyzed within the context of the “plasticity” meddbf ETC supercomplex organization [8; 41],
indicate that AIF loss provokes disorganizationhaf SC architecture, OXPHOS deregulation, ROS
overproduction, and a very restricted capacity fotochondrial ATP generation. However, AlF
deficiency does not fully yield defective mitochemadin MEFs, as demonstrated by the assessment
of individual mitochondrial complex activities, vdm reveal a limited but still functional ETC
(amytal inhibits the residual complex | activitylndeed, our data on the overgeneration of
mitochondrial ROS in the absence of mitochondri@PAgeneration strongly suggest that the ETC
of the AIF”Y MEFs is somewhat functional, but the loss of kemnplex I/IV proteins provokes an
impairment. As a consequence, the AIF KO mitochiazndappear unable to generate the
electrochemical gradient needed to produce ATHyaily by a premature electron leakage (which
generates the excess of ROS detected). Very sugiyisthis mitochondrial ETC dysfunction does
not lead to cell death. InsteallF”" MEFs reprogram their metabolism toward AMPK/GLUT-4
mediated anaerobic glycolysis (to generate ATPgrexpress ROS detoxifying enzymes (to
regulate the excess of ROS as much as possiblpdivate an enzymatically controlled senescent
pathway. It seems, therefore, that MEFs have tlastiplty to respond to ETC weakening. In
contrastAIF”Y embryos are unable to perform this metabolic adapesponse and show a drastic
developmental defect leading to death. What ige¢lson for the different MEFs/embryo behavior?
We could hypothesize that tievitro carbohydrate-enriched cell culture condition supgpMEFs
glycolytic metabolic reprogrammindn vivo, a glycolytic versus OXPHOS metabolic shift around
E8.5 has been described to be essential for emiorgonvival and fetal development [67; 68]. In
AIFY OXPHOS dysfunctional embryos, this shift is prdgaimpossible, yielding an inevitable
embryonic death.

Apart from its mitochondrial OXPHOS function, Alla$ a lethal role upon its translocation
to the nucleus [18-21; 69]. Strong evidence for AR role in PCD has come from studies
performed in a large number of cell death models P2; 70-76]. Despite this substantial amount
of work, some controversy remains about AIF funttio PCD. Indeed, certain studies performed
in HelLa cells, SV40-immortalized MEFs, or with casp-dependent apoptotic inducers, have
raised doubts about the apoptogenic AlIF potentid] [7; 78]. We tried to elucidate this issue by
verifying the response to typical caspase-dependedtindependent inducers in non-transformed
WT, AIF”Y, and AIF KO + AIF reconstituted cells. We foundttIF"Y MEFs are significantly
resistant to treatment with MNNG afidLapachone, classical caspase-independent PCDargjuc
but they remain sensitive to caspase-dependentapogdrugs. Although a more exhaustive work

is required, our results already indicate thatdbmtradictory results on the role AIF plays in PCD
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could be merely associated to the cellular systempl@yed or the PCD inducer tested. In any case,
the phenotype ohIF”Y MEFs confirms the relevance of AIF in the conbkaspase-independent
PCD.

Genetic inactivation of AIF provokes embryonic deafonsequently, it is not possible to
generate an AIF KO progeny. Previous studies inrgaith bodies have suggested that AIF could
regulate the initial stages of murine developmentdntrolling the cell death process of cavitation
[79]. However, in the present work, we show tA#E"Y embryos develop normally until E7.5 and
are morphologically indistinguishable from WT embsy By E8.5,AIF"Y embryos are delayed
compared to WT littermates. Between E8.5 and EBédy tstop growing, fail to turn, and have
abnormal brain developmenAIF”Y embryos finally die at around E11.5. These resatlts
consistent with another study indicating that Atelahe mitochondrial OXPHOS are not required
at the initial stages of mouse development [52]wEMer, in contrast to this work, we have
observed arrest of proliferation and enhancemerP®b in E8.5 and E9.AIF" embryos. In
addition, we have found that OXPHOS dysfunctionoasdged to AIF loss and the incapacity to
perform metabolic reprogramming seemed key to tmbrgonic lethality associated with AlF
deficiency.

In future research, it will be interesting to urstand why it is possible to generat=""
offspring fromAIF™" ; PGK-Cre cross while, in contrast, the resul#i§* females are unable to
generate heterozygous AIF progeny. An exciting ibd#y is the existence of a bias in the timing
or strength of allele expression depending on tterpal or maternal origin of the X-chromosome.
In fact, our data suggest that the E8.5 “embryashiét’ from anaerobic to aerobic metabolism can
only occur when the female transmits the wild-tgflele. This has no incidence in tA&=™"" and
PGK-Cre crossing (having an AIF KO allele generdigd®GK-Cre in the floxed X-chromosome
coming from the male). In the case of the progehglB™ females, the AIF KO allele transmitted
by the dams would be unable to perform the “embigyshift”, resulting in the death of th&lF*"
and AIF”" embryos. A second possibility, with similar emhmi® death consequences, is the
implication of Aifm1in the particular behavior of the paternal X chosmme (Xp). Indeed, it has
been well documented that the Xp chromosome ipgfially inactivated during the first stages
of mice development [80; 81]. Similarly, there \ddeence that some genes are initially expressed
from the maternal allelic form [82]. In our casee Aifml-mutated maternal allelic form would not
be able to generate AIF. &ifm1 was also inactivated in Xp, the mitochondria o &iIF"" and
AIF"" embryos would be dysfunctional and, consequetityyembryo would not be viable. In favor
of this second possibility is the morphological lgees of the mitochondria from AlF-mutated
embryo (Figure 5D and Supplemental Fig. 7), whieherls the irregular structure associated to
mitochondrial dysfunction [35].
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The AIF”* females show two relevant pathological phenotyfiesn immune exhaustion in
the adult animals and (ii) a perinatal hydrocepdiahenotype. Concerning the alterations in the
immune system associated to AlF, an initial studg been done in the Hq strain. Here, low AIF
expression led to high susceptibility of T-cell dilto activation-induced cell death and reduced
sensitivity to neglect-induced cell death. Moreovitlymocytes from Hqg mice exhibited higher
ROS levels, which impacted thymocyte and T-celled@gment [31; 83]. A more specific work in
which Aif was ablated around the DN3 stage of thymocyte dpwant reported that AlF-loss had
no impact on T-cell development. The use of the &bk mice strain indicated that AIF was not
required for B-cell development and function [1@ur recent work, performed in laona fide
hematopoietic AIF KO strain, where the protein veddated very early during hematopoiesis,
revealed a greater role for AIF in immune cell fE@86; 36]. Indeed, the loss of AIF provoked a
progressive exhaustion of the HSC pool and devedopah defaults in the thymocyte, T-cell, B-
cell, and erythroid lineages. In agreement withséheesults, we observed a progressive cellular
exhaustion in the bone marrow, spleen and thymubeAIF”™ females, thus fully corroborating
the relevance of AIF in the fine-tuning of the immeusystem.

Previously unreported is the hydrocephalus phemotypserved in about 10% @&iF""
newborns. The signs of thdF”"* hydrocephaly are readily apparent in young anirties develop
the disease before the cranial sutures close (aip¥or an enlarged and domed head). This is
accompanied by a progressive loss of animal mgbiertainly caused by the fact that the brain is
completely encased within the bony calvarium. Thédeup of CSF causes tissue inflammation
(depicted by the microglial activation), haemorresi@f the surrounding brain tissue, enlargement
of the ventricles, and herniation of the brain aocerebellum. In a general perspective,
hydrocephalus may be caused by a blockage of thmaaldlow of CSF, a failure of absorption of
CSF or, less commonly, an overproduction of CSH: Cigulates throughout the ventricular brain
system through the motion of the ciliated ependycedis that line the ventricles. BIF’™* HC, we
detected that the ependymal epithelium was absenmh fthe edge of the ventricles and,
consequently, presented loss of ciliation. Thusjlarly to what has been described in other mice
strains [84-88], we propose thatF”* hydrocephalus is caused by defects of the norrsa fow
associated to the loss of ciliated ependymal c&hss cellular loss appears to be directly related
the excess of ROS detected in the brain homogenatas AIF”* HC animals. Indeed, an external
control of ROS excess through the supply of riboflato the dams and newborns is enough to
reduce this phenotype to the standards of the CBBstrain [89]. Interestingly, riboflavin was
given to patients with mitochondrial myopathy duwe @XPHOS deficiency [90-92]. In fact,
riboflavin is a precursor to FMN and FAD, which aefactors of ETC complexes | and I,

respectively. Riboflavin has been proposed to ddrapeutically through several potential
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mechanisms including ROS control and inhibitiontleé breakdown of complex | by providing

more resistance to proteolysis or stabilizing thamondrial membrane [92].

5. CONCLUSION

Our data reveal that the mitochondrial signals legd by AIF are critical to cellular decision-
making. Emerging as a link between mitochondriatainelism, mouse development, and cell fate,
AlF-mediated OXPHOS regulation represents a pakrtarget in the development of new
therapeutic approaches. Indeed, a better knowlefig®w the cells can modify their metabolic
pathways may enable us to manipulate them. Ultiipatieis might lead to new treatment options

for diseases in which the mitochondrial OXPHOSratien/dysfunction has an instrumental role.
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FIGURE LEGENDS

Figure 1. AIF loss led to ETC dysfunction and mitobondrial network disorganization. (A) To
generateAlIF”" MEFs, we crossed the Rosa26-CreERT2 mice withAifral floxed strain [35].
Among the embryos, E12.BIF7"Y; RosaCre ERTZ embryos were genetically identified and
dissected. After MEFs generation and expansioits @ere treated overnight with tamoxifen (4-
OHT; 1uM) to induceAifml exon 11 excision [35]B) Representative time-course immunoblot of
untreated (0) or 4-OHT-treated MEFs (1 to 18 dapy&-freatment) revealing the progressive loss of
AIF and key proteins of the ETC complexes | and Bgual loading was confirmed IB+Actin
probing. This experiment was repeated three tim#s similar results. €) Multi-protein complex
assessment by blue native polyacrylamide gel elpbbresis (BN-PAGE) in mitochondria purified
from control (0) or 4-OHT-treated MEFs (4 to 16 dapst-addition)Up to down gel picturegi)
Mitochondrial complex | and complex I-containingpsucomplexes visualized by immunoblot
(NDUFA9); (ii) Representative result of a NADH delggenase complex | in-gel test revealing
ETC supercomplex disorganization after AIF loss} &nd (iv) Complex Il dimer (UQCRC2) and
IV monomer (COX4I2) detected by immunoblot. Thigpesment was repeated five times with
similar results. D) Analysis of the mitochondrial network changesoagsted to AlF lossUpper
panels representative immunofluorescence images of cb(@ andAIF”Y MEFs (D12 and D16)
labeled with Mitotracker Red (mitochondria) and Elagt (nucleus). Bar: 100 prhower panels,
control (DO) andAIF”" MEFs (D12 and D16) analyzed by electron microscdpgpresentative
microphotographs are shown. Black squares undentiitechondrial features. Bar: 0.5 puni)(
Mitofusin 1 (Mfnl), mitofusin 2 (Mfn2), mitochondti dynamin like GTPase (Opal),
mitochondrial fission 1 protein (Fisl), dynaminaied protein 1 (Dnmll), and mitochondrial
fission factor (Mff) mMRNA levels determined by quitative RT-PCR in control (DO) andIF’"
MEFs (D12) (n = 4). 18S mRNA expression was usetbtonalize data. Results are expressed as a
ratio of mMRNA expression relative to control (D®lls (set at 1.0).K) Flow cytometryA¥m
assessment performed by Mitotracker Red labelingaintrol (DO) andAIF”Y MEFs (D16) and
expressed as a plot (n = 8). Data were obtaind®,@00 cells and expressed as mean fluorescence
intensity (MFI). G) Mitochondrial ROS levels recorded in control (BOJAIF" MEFs (D16) and
graphed (n = 9). Data were obtained in 10,000 @ell$ expressed as mean fluorescence intensity
(MFI). (H) Sodl and Sod2 mRNA levels determined by quaiv@&RT-PCR in control (DO) and
AIF"Y MEFs (D16) (n = 5). 185 mRNA expression was usechdrmalize data. Results are
expressed as a ratio of mMRNA expression relativeotdrol (DO) cells (set at 1.0)l)(ATP/ADP
ratio recorded in control (DO) anlF"" MEFs (D16) left untreated or pre-treated with ofigycin

(10 uM) (n = 7). Results are expressed as a rdti8Td*/ADP relative to control (DO) cells
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(considered as a 100 %). Statistical significanas ealculated by Mann Whitnel¢,(H) or student
t (F, G, |) tests. Bars represent meaSEM.

Figure 2. Mitochondrial OXPHOS dysfunction was couterbalanced in AIF”Y MEFs by a shift
towards anaerobic glycolysis and the development cd senescent phenotypglA) Kinetic
phosphorylation of AMPK visualized by immunoblotleft untreated (0) or 4-OHT-treated MEFs
(4 to 16 days post-treatment). Equal loading waticued by3-Actin probing. This experiment
was repeated three times with similar resul. Glut-1 and Glut-4 mRNA levels determined by
quantitative RT-PCR in control (DO) andlIF”Y MEFs (D12 and D16) (n = 8). 185 mRNA
expression was used to normalize data. Resultexeessed as a ratio of mMRNA expression
relative to control (DO) cells (set at 1.0L)(Glucose uptake measured by the assimilation of 2-
NBDG in control (DO) andAIF”Y MEFs (D12 and D16) untreated or pre-treated witthiriavir
(50uM) (n = 6). Results are expressed as a ratagive to control (DO) cells (set at 1.0D)
Lactate release recorded in control (DO) ax&"" MEFs (D12 and D16) as described in the
Methods section (n = 4)E] Cytofluorometric assessment of cell death peréarim control (DO)
andAIF”Y MEFs (D12 and D16) untreated or pre-treated witliniavir (50 uM) and labeled with
AnnexinV and PI. The frequency of positive stainimdnich represents dying cells, was recorded
and expressed as a plot (n= &) Flow cytometry cell cycle analysis performed wntrol (DO)
andAIF”Y MEFs (D12 and D16) by BrdU and PI (DNA content}labeling.Left, Representative
cytometric panels of control (D0) arlF’Y MEFs (D16).Right the % of cells in phase S was
guantified and expressed as a plot (n =@). Cytometric evaluation of senescence in contrd)(D
andAIF”Y MEFs (D12 and D16) using tifegalactosidase substrata2ZEDG. Representative flow
cytometric profiles of control (DO) andllF"Y MEFs (D16). H) The percentage ofil2FDG positive
control (DO) andAIF"Y MEFs (D12 and D16) measured as®) (vas calculated and graphed (n =
4). () Tp53 mMRNA levels determined by gPCR in controDYBndAIF"Y MEFs (D12 and D16) (n
=5). 18S mRNA expression was used to normaliza. dsults are expressed as a ratio of mMRNA
expression relative to control (DO) cells (set &)1QJ) Left, Cdknla mRNA levels determined by
gPCR in control (DO) andIF"Y MEFs (D12 and D16) (n = 6). 18S mRNA expressios wsed to
normalize data. Results are expressed as a ratitRO¥A expression relative to control (DO) cells
(set at 1.0)Right representative immunoblot of control (DO) aAtF”" MEFs (D12 and D16)
revealing the cell cycle inhibitor P21. Equal loagliwas confirmed by-Actin probing (n = 4
experiments with similar resultsk ) Representative immunoblot of control (DO) akiéF’Y MEFs
(D12 and D16) revealing the decrease in pRb phogfimn (P-pRb) associated to AlF loss.

Equal loading was confirmed bf@-Actin probing (n = 3 experiments with similar résy
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Statistical significance was calculated by Mann vy O, F, H, I) or student (B, C, E, J) tests.
Bars represent meanSEM.

Figure 3. Lentiviral transduction of AIF" MEFs with V5 tagged AIF-wt cDNA restored a
normal mitochondrial OXPHOS/metabolism and corroborated the specific role of AIF in
MNNG- and B-Lapachone-mediated cell death(A) Representative confocal images A"
(WT), AIF"Y (AIF KO), and AIF"" expressing AIF-wt MEFs (AIF KO + AIF-V5) labeleditiv
MitoTrackerRed (mitochondria) and Hoechst (nucleasjroborating that lentiviral transduced
AIF-V5 relocalized into mitochondria and recongeitl the mitochondrial network. Bar: 100 pum.
(B) Representative immunoblot of the panel of MEFRsdus @) showing the presence of AIF and
key proteins of the ETC complexes | to V after lémativiral transduction of AIF-V5 into thalF"”
MEFs. Equal loading was confirmed IyActin. This experiment was repeated five timeshwit
similar results. €) Mitochondrial supercomplex picturing of WT, AIFX and AIF KO + AIF-V5
performed by 1D BN-PAGE as in Figure 1C. Mitochoadsupercomplexes and complex | were
detected by NDUFA9 immunoblotting, complex 11l (ddm was visualized by UQCRC2 blotting.
This experiment was repeated three times with ammgsults. D) Assessment of basal (coupled)
and maximal respiration (uncoupled) in WT, AIF Ké@nd AIF KO + AIF-V5 MEFs using a
Clark’s electrode. Basal respiration corresponds;toonsumption rate coupled to ATP production,
whereas sequential addition of 10 uM oligomycin PA3ynthase inhibitor), 15 uM fluoro-carbonyl
cyanide phenylhydrazone (FCCP; uncoupling agensaoresy the maximal respiration capacity), 2
mM amytal (complex | inhibitor) or 5mM sodium azi¢fmitochondrial OXPHOS inhibitor) enable
calculation of the maximal oxygen consumption ratee % of activity (relative to that measured in
WT cells -considered as a 100 %-) in coupled andoupled conditions was expressed as a
histogram (n = 5 independent experiments). Notettielentiviral transduction of AIF-V5 into the
AIF KO MEFs fully restored mitochondrial respiratio (E) Glucose uptake measured by
assimilation of 2-NBDG in WT, AIF KO, and AIF KO AIF-V5 MEFs (n = 4). Results are
expressed as a ratio of mMRNA expression relativeotarol (DO) cells (set at 1.0)F) Lactate
release recorded in WT, AIF KO, and AIF KO + AIF-WAEFs as described in the Methods section
(n = 4). G) The panel of MEFs used iR\Y to (F) were untreated or treated with 2-Deoxy-D-
Glucose (2-DG; 10 mM; 24 h) and labeled with Anm&kiand Pl. The frequency of positive
staining, which represents dying cells, was reab@ed expressed as a plot (n = #)) The panel

of MEFs used inA) to (F) were untreated or treated witimethylN’-nitro-N’-nitrosoguanidine
(MNNG) (250 mM; 9 h), staurosporine (STS; 1 uM;)6frLapachone (4 uM; 18 h), or etoposide
(20 uM; 6 h) in the absence or presence of thedboaapase-inhibitor QVD.OPh (1 puM). Then,

MEFs were labeled with AnnexinV and Pl and the dietry of positive staining, which represents
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dying cells, was recorded and graphed (n = 6).isStl significance was calculated by Mann
Whitney O, E, F, G) or student (H) tests. Bars represent meaSEM.

Figure 4. A significant percentage ofAlF*" females developed a hydrocephalus phenotype
associated to developmental defaults and an excesfsmitochondrial ROS. (A) To generate
AIF"" animals, we crossedlifm1 floxed males with PGK-Cre females. The table belodicates
the offspring distribution. About 10 % oAIF"" females developed a hydrocephalus (HC)
phenotype. Photographs depict the phenotype of av@ek-oldAIF~ HC female and a HC brain
compared to a WT brain. Note the swelling of thanal cavity of the mice and the excess of
cerebrospinal fluid (CSF) that warps the HC brdB) Representative hematoxylin/eosin (HE)
labeled sections of 2.5 week-old WT ahidF*"~ HC females showing (left to right): sagittal sens
(entire mice and head) and coronal sections (baaith cerebellum). Note the extension of the
hydrocephaly, the brain compression exerted byQ8€& excess, and the herniated cerebellum in
the AIF"" HC. (C) HE stained brain sections from 2.5 week-al&"~ HC animals showing spinal
and parenchymatous haemorrhages and loss andsefedtiation in the ependymal epithelium.
Bar: 50 um. D) Oxidative modification of proteins assessed ypeaylation immunoblot on brain
homogenates from 2.5 week-old WAIF*", andAIF*" HC mice. This experiment was repeated
three times with similar results. The OD ratio aépd in the graph illustrates the levels of protein
carbonylation of the different phenotypes. Resalts expressed as a ratio of OD relative to WT
cells (set at 1.0).) PGK-Cre dams were supplied or not with riboflaundrinking water (5
mg/L) and the number and genotype/phenotype ofptbgeny were assessed and reported in a
table. F) Characteristic immunofluorescence images of lsréiom 2.5 week-old WTAIF" HC
andAIF"" mice supplied with riboflavinAIF*"~ + Rb) showing the microglial (Ibal labeling) sttu
Individual cells were visualized by Hoechst (nucjeao-staining. Bar: 200 pum. Statistical
significance in D) was calculated by Mann Whitney test. Bars represeant SEM.

Figure 5. Mitochondrial AIF deficiency induced murine embryonic lethality linked to
OXPHOS deficiency and energy losSA) To generate AIF KO mice, we crossatF*" females
with C57BL/6 WT males. After genetic identificatiotine result of the crossing (progeny and E8.5
to E13.5 embryos) was reported in a tal. L{ight microscope images of E7.5 to EAB-"" and
AIF"" embryos illustrating the progressive growth deléyhe AIF KO embryos. Bar: 500 pnC)
Hematoxylin/eosin staining performed in sagittattems of E8.5 and E9.AIF and AIF"Y
embryos underlining the morphology and the abnormelous development of the AIF KO
embryos. Bar: 500 pmDj Electron microscopy picturing mitochondria of EAIF"Y and AIF"Y
embryos. Representative microphotographs are sh@wrowheads in the picture mark the
mitochondria. White squares show characteristiochibndria. Bar: 0.5 pumE] Immunoblot of
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AIF and key proteins of the ETC complexes | to Yfpened in whole protein extracts from E9.5
AIFY andAIF"Y embryos. Equal loading was confirmed f»Actin probing. This experiment was
repeated four times with similar results) Representative results of the histochemical assest

of mitochondrial OXPHOS activity in E9.AIF”" and AIF”" embryos using cytochrome c
oxidase/succinate dehydrogenase (COX/SDH) doubkiteg. Bar: 50 um. Whereas OXPHOS

* embryos, as demonstrated by the brown color ofstetion,AIF""

activity is normal inAlF
showed defective OXPHOS activity (absence of brataining). This experiment was repeated
three times with similar resultsG} Total ATP levels recorded, as described in Metheeltion, in
E9.5AIF" and AIF”Y embryos (n = 6). Results are expressed as RLUtifrellight units). )
Lactate release measured, as described in Metleatisrs in E9.5AIF”Y andAIF"Y embryos(n =

6). Statistical significance i) and {) was calculated by the studerést. Bars represent mean

SEM.

Figure 6. Embryonic AIF loss triggered arrest of poliferation and enhancement of cellular
apoptotic levels.(A) BrdU immunofluorescence analysis of frozen sect AIF7" and AIF""
embryos at E8.5 and E9.5. Photographs visualizechéad of a representative embryo. Bar: 500
pm. The BrdU labeling index was calculated as #tie 0f BrdU/Hoechst fluorescence measured in
a fixed surface. Data in the histogram represersameSEM (n = ratio obtained in at least 5
different surfaces of 3 independent embryonic sas). B) TUNEL staining of PFA fixed
cryosection ofAIF*Y and AIF"Y embryos at E8.5 and E9.5. Bar: 500 um. The TUN&heling
index was obtained as the ratio of TUNEL/Hoechsbriéscence measured in a fixed surface. Data
in the histogram represent mearSEM (n = ratio obtained in at least 5 differentfaces of 3
independent embryonic sections). Statistical sigguifce in A) and B) was calculated by the

student test. Bars represent meaSEM.
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Highlights

Mitochondrial AIF loss triggers OXPHOS/metabolism impairment

AIF"" MEFs reprogram their metabolism by enabling an AMPK/GLUT-4 glycolytic pathway
The OXPHOS dysfunction associated to AIF loss generates a P53/P21 senescent phenotype
The lack of metabolic plasticity provokes embryonic lethality in the AIF KO animals

AIF*" females develop immune cell exhaustion and perinatal hydrocephaly
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