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INTRODUCTION

ABSTRACT

The spinal cord (SC) links brain and body, mediates movement, autonomic function and relays sensory information. SC anatomical organization is modular. The central grey matter is organized into: the dorsal horn that contains sensory neurons that transmit information from the periphery to the brain and the ventral horn that contains motor neurons (MNs) that transmit motor commands from the CNS to muscle. The surrounding white matter contains nerve fibers of the ascending and descending tracts. MNs die in motor neuron diseases (MNDs). The development, specialization and function of spinal cord circuits rely heavily on the expression of homeoprotein (HPs).

HPs bind DNA and regulate gene transcription and contain a DNA binding motif. The homeodomain (HD) is highly conserved suggesting evolutionary preservation of function. In the nervous system HPs are involved in brain regionalization, cell differentiation, synaptogenesis and neuronal survival. Many HPs transfer to neighboring cells to regulate transcription and protein translation non-cell autonomously. The first question addressed is whether neuroprotection is a general HP characteristic. I tested whether different HPs protect against neuronal cell death and DNA damage caused by H 2 O 2 . ENGRAILED1 (EN1) increased survival and reduced DNA damage. HPs of different classes and species promoted survival of embryonic brain cells. EN internalization and high affinity DNA binding are required for neuroprotection. We then extended this to human LUHMES and the oxidative stressor, 6-OHDA. These results suggest that neuroprotection is a common property of HPs effective against different oxidative stressors.

Inhibitory interneurons that synapse directly on MNs are the only cells that express EN1 in the SC. The number of SC neurons is the same in EN1-heterozygous mice and WT littermates at 1 and 3 months (mo). At 4.5mo, EN1-het mice have about 20% fewer αMNs. The significant reduction in αMNs is associated with muscle weakness and spinal reflex deficits.

The degeneration of αMNs progresses, and at 15.5mo less than 50% remain in the EN1-het mouse. The innervation of the neuromuscular junction (NMJ) of 3mo EN1-het mice is significantly reduced and this precedes the loss of large αMNs. Thus, mice with reduced EN1

have early and progressive muscle weakness and abnormal spinal reflexes that are accompanied by NMJ denervation and later loss of large αMNs.

Exogenous recombinant human EN1 prevented the EN1-het phenotype. Intrathecal injection of hEN1 was made at 3mo when behavioral deficits and NMJ abnormalities are observed but without αMN loss. A single injection of hEN1 restores muscle strength, normalizes spinal reflex, prevents NMJ denervation and promotes the survival of αMNs. Additional experiments show that the restorative and neuroprotective effect of hEN1 lasts several months, has no beneficial effect if administered after more than 40% of αMNs are lost and that high-affinity DNA binding is required for neuroprotection. Experiments designed to neutralize extracellular EN1 in the spinal cord suggest that there is a non-cell autonomous component for EN1 activity in MN physiology.

As an initial proof of concept for therapy, human iPSCs were differentiated into spinal MNs.

After 5 days in vitro differentiated MNs start to die, but when hEN1 is added, MNs survived for at least 15 days. Moreover, hEN1 was able to protect MNs derived from Amyotrophic Lateral Sclerosis (ALS) patients carrying the SOD1 A4V and C9ORF72 mutations against oxidative stress in vitro.

This work shows that all HPs tested in vitro promote the survival of embryonic neurons and that hEN1 protects human LUHMES and MNs. In vivo reduction of EN1 results in the progressive loss of αMNs, accompanied by motor signs and NMJ abnormalities. All are restored when exogenous hEN1 is provided. These results suggest that hEN1 may have therapeutic value in MNDs such as ALS.

Key words: Homeoproteins, oxidative stress, motor-associated interneurons, motor neurons, Neuromuscular Junction, ENGRAILED, Spinal cord, neurodegeneration, neuroprotection.

INTRODUCTION MOTOR NEURONS

Motor neurons (MNs) are a fundamental and irreplaceable component of the motor circuit, providing the sole means to convey motor instructions from the processing centers in the CNS to the effector muscles in the body periphery. [START_REF] Burke | Physiological types and histochemical profiles in motor units of the cat gastrocnemius[END_REF]).

α-MNs can also be classified by their excitability properties. For example, low-excitable Fast Fatigable (FF) MNs are highly phasic and involved in short-lived strong muscle contractions.

Highly excitable small (S) MNs are small in size and extremely resistant to fatigue.

Intermediate Force (FR) MNs present intermediate characteristics between FF and S MNs [START_REF] Stifani | Motor neurons and the generation of spinal motor neurons diversity[END_REF] diaphragm fibers which are under constant rhythmic activity due to the constant firing of phMNs (Webber & Plescha, 1976). Cardiac muscle fibers are innervated by autonomic sympathetic and parasympathetic axons. The crucial role of both somatic and visceral SpMNs in controlling movements and autonomic functions, respectively, lead to paralyzing and lifethreatening impairments when affected by disease or injury (See Fig 1 .1)

The control of movement by MNs depends on the contact between their axon endings and the skeletal muscle fibers in a highly specialized neuronal synapse called the neuromuscular junction (NMJ). Each muscle fiber possesses a NMJ where the axon ending of the MN joins the muscle fiber [START_REF] Zhu | chez les MNM. Les MNM comme la sclérose latérale amyotrophique (SLA, la plus fréquente) se caractérisent par une faiblesse musculaire, une détresse respiratoire et éventuellement la mort. Une des premières caractéristiques des MNM est la dénervation de la JNM, suivie d'une dégénérescence axonale distale rétrograde et éventuellement d'une perte des corps cellulaires des MNs-α. Dans les MNM, la taille du soma est réduite, l'activité mitochondriale est altérée, le transport axonal est modifié et une dégénérescence des neurites est observée. De plus, il y a une excitotoxicité[END_REF]. The spinal nerve and motor endplate are not in direct contact but are separated by the basal lamina between the motor end plate and postsynaptic muscle membrane in which the activation of the muscle is mediated by chemical transmission of molecules such as acetylcholine (ACh) [START_REF] Akaaboune | Rapid and reversible effects of activity on acetylcholine receptor density at the neuromuscular junction in vivo[END_REF]. Impairment of the NMJ function results in muscle weakness and paralysis and is one of the earliest symptoms in motor neuron diseases (MNDs) [START_REF] Mcconville | Diseases of the neuromuscular junction[END_REF][START_REF] Slater | Structural factors influencing the efficacy of neuromuscular transmission[END_REF][START_REF] Campanari | Neuromuscular junction impairment in amyotrophic lateral sclerosis: reassessing the role of acetylcholinesterase[END_REF]. As is the case with MNs, not all muscles are equally vulnerable to MNDs. The extraocular muscles (EOMs), which control the muscles of the eyes, are relatively resistant to NMDs [START_REF] Reeves | Disorders of the Nervous System: A Primer[END_REF][START_REF] Tjust | Unaffected motor endplate occupancy in eye muscles of ALS G93A mouse model[END_REF][START_REF] Valdez | Shared resistance to aging and ALS in neuromuscular junctions of specific muscles[END_REF], while hypoglossal abnormalities are only mildly affected towards the end stage of the diseases [START_REF] Haenggeli | Differential vulnerability of cranial motoneurons in mouse models with motor neuron degeneration[END_REF][START_REF] Nimchinsky | Differential vulnerability of oculomotor, facial, and hypoglossal nuclei in G86R superoxide dismutase transgenic mice[END_REF]. Hind-limb muscles are the most vulnerable to abnormalities of the neuromuscular system [START_REF] Schaefer | A compensatory subpopulation of motor neurons in a mouse model of amyotrophic lateral sclerosis[END_REF][START_REF] Tjust | Unaffected motor endplate occupancy in eye muscles of ALS G93A mouse model[END_REF][START_REF] Valdez | Shared resistance to aging and ALS in neuromuscular junctions of specific muscles[END_REF]. [START_REF] Burke | Physiological types and histochemical profiles in motor units of the cat gastrocnemius[END_REF][START_REF] Burke | Motor unit types: functional specializations in motor control[END_REF][START_REF] Lee | Bistability in spinal motoneurons in vivo: systematic variations in rhythmic firing patterns[END_REF].

MNs ARE PART OF THE SPINAL CORD CIRCUIT

The spinal cord anatomically begins at the caudal limit of the brainstem contiguous with the medulla and extends to almost the bottom of the spine where spinal nerve fibers defasciculate giving rise to the cauda equina. It constitutes the essential link between the brain and the body and from the body to the brain. The spinal cord is composed of white and gray matter and possesses a modular and repeated organization. Structurally it is often divided into four main segments: cervical, thoracic, lumbar and sacral, each of which in turn is comprised of subsegments that contain sensory and motor nerve fibers that enter and leave the vertebral column, respectively. In the spinal cord, the white matter consisting of only nerve fibers is observed at the periphery and the gray matter that contains the cell bodies of neurons and glia SpMNs are further organized into specific motor columns that extend throughout the rostrocaudal axis. Columns are generated as the MNs, for each of them, express a specific transcription profile and develop a uniform axonal projection pattern [START_REF] Tanabe | Diversity and pattern in the developing spinal cord[END_REF]. In positional terms, the mastoid muscles as well as four muscles of the neck (Sternomastoid, Cleidomastoid, Cleidotrapezius and Acromiotrapezius) are innervated by the spinal accessory column (SAC), the forelimbs and hindlimbs are innervated by MNs localized in the lateral motor column (LMC) occupying the brachial and lumbar spinal segments, body wall musculature is innervated by the hypaxial motor column (HMC) and autonomic ganglia are innervated by the preganglionic motor column (PGC) both situated at the thoracic level, whereas the axial musculature is innervated by the median motor column (MMC) [START_REF] Dasen | Chapter Six Hox networks and the origins of motor neuron diversity[END_REF]. (For more detail see Table 1 .2. and Figure 1.2.). The autonomic nervous system (ANS) is the responsible for the modulation and control of smooth muscles and glands. It is composed of the preganglionic neurons (CNS) and of the ganglionic neurons (PNS) that project to their target organs. The ANS is further divided into the anatomically and functionally distinct sympathetic and parasympathetic systems (See table 1.3.).

To ensure fine motor control, spMN populations are further organized into MN pools and establish a precise neuronal circuit with complex and conserved topographic organizations. A MN pool is defined as a group of MNs that share similar intrinsic characteristics, such as electrophysiological properties and connection to a single muscle target [START_REF] Ryan | Topographic position of forelimb motoneuron pools is conserved in vertebrate evolution[END_REF]. [START_REF] Brichta | Quantitative analysis of cervical musculature in rats: histochemical composition and motor pool organization. I. Muscles of the spinal accessory complex[END_REF][START_REF] Gutman | Organization of motor pools supplying axial muscles in the chicken[END_REF][START_REF] Tsuchida | Topographic organization of embryonic motor neurons defined by expression of LIM homeobox genes[END_REF][START_REF] Tosney | Specifying the target identity of motoneurons[END_REF][START_REF] Rousso | Coordinated actions of the forkhead protein Foxp1 and Hox proteins in the columnar organization of spinal motor neurons[END_REF]. 

MNs DEGENERATE IN MOTOR NEURON DISEASES

The degeneration of MN axons in the nerve and of their cell bodies in the SC lead to MNDs such as amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA), and spinobulbar muscular atrophy (SBMA) [START_REF] Bendotti | Early vacuolization and mitochondrial damage in motor neurons of FALS mice are not associated with apoptosis or with changes in cytochrome oxidase histochemical reactivity[END_REF][START_REF] Barber | Oxidative stress in ALS: a mechanism of neurodegeneration and a therapeutic target[END_REF][START_REF] Williams | MicroRNA-206 delays ALS progression and promotes regeneration of neuromuscular synapses in mice[END_REF][START_REF] Tjust | Unaffected motor endplate occupancy in eye muscles of ALS G93A mouse model[END_REF][START_REF] Valdez | Shared resistance to aging and ALS in neuromuscular junctions of specific muscles[END_REF]. Common symptoms in MNDs include muscle weakness, respiratory distress and eventually death [START_REF] Lacomblez | A confirmatory dose-ranging study of riluzole in ALS[END_REF][START_REF] Miller | Riluzole for amyotrophic lateral sclerosis (ALS)/motor neuron disease (MND). Amyotrophic lateral sclerosis and other motor neuron disorders: official publication of the World Federation of Neurology[END_REF][START_REF] Corcia | Causes of death in a post-mortem series of ALS patients[END_REF][START_REF] Kiskinis | Pathways disrupted in human ALS motor neurons identified through genetic correction of mutant SOD1[END_REF]. SMA and SBMA appear to be monogenic, while the majority (90%) of ALS cases are sporadic (sALS), and only about 10% are familial ALS (fALS) [START_REF] Zarei | A comprehensive review of amyotrophic lateral sclerosis[END_REF]. SMA has been shown to be the result of mutations in the survival motor neuron 1 gene (SMN1) that leads to a considerable reduction of the levels of expression of the SMN protein [START_REF] Lefebvre | Identification and characterization of a spinal muscular atrophy-determining gene[END_REF] and SBMA is caused by the expansion of CAG repeats in the X-linked androgen receptor gene [START_REF] Spada | Androgen receptor gene mutations in X-linked spinal and bulbar muscular atrophy[END_REF].

ALS is the most common fatal motor neuron disease affecting 1 in 100,000 people and with an estimated mortality of 30,000 patients a year worldwide [START_REF] Zarei | A comprehensive review of amyotrophic lateral sclerosis[END_REF]. The disease is characterized by muscle denervation that eventually can lead to the impairment of muscles. At the most advanced stages, ALS patients develop symptoms of dyspnea and dysphagia followed by death [START_REF] Goetz | Amyotrophic lateral sclerosis: early contributions of Jean-Martin Charcot[END_REF][START_REF] Wijesekera | Amyotrophic lateral sclerosis[END_REF]. In ALS, dominant mutations in SOD1 (copper/zinc superoxide dismutase 1) account for approximately 20% of the genetic cases and approximately 1% of sporadic cases (sALS). More than one hundred SOD1 mutations have been described to date [START_REF] Van Es | Large-scale SOD1 mutation screening provides evidence for genetic heterogeneity in amyotrophic lateral sclerosis[END_REF][START_REF] Bunton-Stasyshyn | SOD1 function and its implications for amyotrophic lateral sclerosis pathology: new and renascent themes[END_REF].

Mutations in the RNA-and DNA-binding proteins, fused in sarcoma (FUS), transactive response DNA-binding protein 43kDa (TDP-43) and senataxin are responsible for 5-10% of fALS and 1% of sALS cases. Dipeptide repeats in C9ORF72 (chromosome 9 open reading frame 72) also cause ALS. Mutations in genes regulating protein homeostasis (ubiquilin2 and optineurin), cytoskeleton and cellular transport (dynactin1, profilin1 and vesicle associated proteins B and C) have also been implicated in ALS-related MN degeneration [START_REF] Robberecht | The changing scene of amyotrophic lateral sclerosis[END_REF].

Not all MN subtypes are equally vulnerable in MNDs, and specific subpopulations of MNs, including oculomotor and Onuf's nuclei, are preserved even at late stages of the disease.

Interestingly, while ventral spinal MNs are affected in ALS, SMA and SBMA, only in ALS do the MNs of the lower cranial nerves degenerate [START_REF] Nimchinsky | Differential vulnerability of oculomotor, facial, and hypoglossal nuclei in G86R superoxide dismutase transgenic mice[END_REF][START_REF] Haenggeli | Differential vulnerability of cranial motoneurons in mouse models with motor neuron degeneration[END_REF][START_REF] Hedlund | Global gene expression profiling of somatic motor neuron populations with different vulnerability identify molecules and pathways of degeneration and protection[END_REF][START_REF] Comley | Cross-disease comparison of amyotrophic lateral sclerosis and spinal muscular atrophy reveals conservation of selective vulnerability but differential neuromuscular junction pathology[END_REF] and hypoglossal MNs also degenerate in some SMA patients, but not in the mouse model [START_REF] Iannaccone | Prospective study of spinal muscular atrophy before age 6 years[END_REF]. Low-excitable FF MNs are most vulnerable to degeneration, while medium-excitable fatigue-resistant MNs resist degeneration until later in the disease. Highly excitable slow MNs do not degenerate until the end stage of motor neuron diseases [START_REF] Kanning | Motor neuron diversity in development and disease[END_REF]). These differences highlight the fact that factors that determine the unique features of individual MN subtypes, including their size, morphology and membrane properties play a role in the susceptibility of some to degeneration [START_REF] Hegedus | Preferential motor unit loss in the SOD1G93A transgenic mouse model of amyotrophic lateral sclerosis[END_REF]) (See table 1.1.).

An early feature of all MNDs is the loss of contact between the nerve ending and muscle, followed by axon degeneration in a distal to proximal direction known as "dying-back" pathology [START_REF] Dupuis | Neuromuscular junction destruction during amyotrophic lateral sclerosis: insights from transgenic models[END_REF][START_REF] Musarò | Understanding ALS: new therapeutic approaches[END_REF]. Changes at the NMJ occur before central cell body loss is seen in several ALS mouse models [START_REF] Rocha | Early changes of neuromuscular transmission in the SOD1 (G93A) mice model of ALS start long before motor symptoms onset[END_REF]. For example, the onset of muscle weakness in G93A-SOD1 correlates directly with the disconnection of the peripheral motor axons that target those muscles and this process precedes the loss of cholinergic αMNs [START_REF] Frey | Early and selective loss of neuromuscular synapse subtypes with low sprouting competence in motoneuron diseases[END_REF].

Several ALS models have provided evidence for a deregulation of the balance excitation/inhibition that result in hyper-excitability and excitotoxicity leading to MN degeneration [START_REF] Ramírez-Jarquín | Spinal inhibitory circuits and their role in motor neuron degeneration[END_REF]. The loss of INs in the spinal cord of symptomatic G86R SOD1 transgenic mice has been reported [START_REF] Morrison | Time course of neuropathology in the spinal cord of G86R superoxide dismutase transgenic mice[END_REF], although other ALS models do not show a similar loss or when it occurs it is after MN degeneration [START_REF] Hossaini | Spinal inhibitory interneuron pathology follows motor neuron degeneration independent of glial mutant superoxide dismutase 1 expression in SOD1-ALS mice[END_REF]. Interestingly, in ALS patients there is an increase in serum and CSF glycine that some take as resulting from an altered spinal inhibitory circuit [START_REF] Malessa | Amyotrophic lateral sclerosis: glutamate dehydrogenase and transmitter amino acids in the spinal cord[END_REF].

The recurrent and reciprocal inhibition of MNs is mediated by Renshaw cells and Ia interneurons [START_REF] Alvarez | The continuing case for the Renshaw cell[END_REF]. The role of the Renshaw cell-MN circuit in MN hyperexcitability is currently a focus of attention in ALS. Evidence for the contribution of Renshaw cells to MN degeneration comes from results showing that Renshaw cells are largely unaffected in presymptomatic animals, but the loss of glycinergic buttons on the soma of MNs results in MN hyper-excitability and degeneration [START_REF] Martin | Motor neuron degeneration in amyotrophic lateral sclerosis mutant superoxide dismutase-1 transgenic mice: mechanisms of mitochondriopathy and cell death[END_REF][START_REF] Chang | Glycinergic innervation of motoneurons is deficient in amyotrophic lateral sclerosis mice: a quantitative confocal analysis[END_REF].

While the dying-back pathology suggests that early stages of ALS are characterized by axonal failure and axonopathy at the NMJ, axon degeneration may also occur at intraspinal collaterals. In presymptomatic G93A-SOD1 mice, the MN axon synaptic terminals become disorganized and the MN axon retracts from Renshaw cells with a similar time course as the NMJ denervation suggesting global and simultaneous synaptic pathology in the muscle periphery and in the spinal cord [START_REF] Wootz | Alterations in the motor neuron-renshaw cell circuit in the Sod1G93A mouse model[END_REF]. The MN axon disorganization and retraction from Renshaw cells alter the recurrent inhibitory circuit, probably resulting in deficient control of MN firing just around the time of disease onset.

Cellular changes associated with MN death in MNDs include reduction in soma size, mitochondrial activity, transport dysfunction, neurite swelling and degeneration, glutamatemediated excitotoxicity and hyper-excitability, changes in transcript abundance, altered subcellular transport and activation of the ER stress and unfolded protein response pathways [START_REF] Dimos | Induced pluripotent stem cells generated from patients with ALS can be differentiated into motor neurons[END_REF][START_REF] Donnelly | RNA toxicity from the ALS/FTD C9ORF72 expansion is mitigated by antisense intervention[END_REF][START_REF] Kiskinis | Pathways disrupted in human ALS motor neurons identified through genetic correction of mutant SOD1[END_REF][START_REF] Chen | Modeling ALS with iPSCs reveals that mutant SOD1 misregulates neurofilament balance in motor neurons[END_REF][START_REF] Devlin | Human iPSC-derived motoneurons harbouring TARDBP or C9ORF72 ALS mutations are dysfunctional despite maintaining viability[END_REF]. At presymptomatic and symptomatic stages MNs and neighboring cells present: fragmentation of the Golgi apparatus [START_REF] Mourelatos | The Golgi apparatus of spinal cord motor neurons in transgenic mice expressing mutant Cu, Zn superoxide dismutase becomes fragmented in early, preclinical stages of the disease[END_REF], vacuolization of mitochondria [START_REF] Bendotti | Early vacuolization and mitochondrial damage in motor neurons of FALS mice are not associated with apoptosis or with changes in cytochrome oxidase histochemical reactivity[END_REF], deficits in axonal transport [START_REF] Ikenaka | Disruption of axonal transport in motor neuron diseases[END_REF], endoplasmic reticulum stress [START_REF] Tadic | The ER mitochondria calcium cycle and ER stress response as therapeutic targets in amyotrophic lateral sclerosis[END_REF], DNA damage [START_REF] Farg | The DNA damage response (DDR) is induced by the C9orf72 repeat expansion in amyotrophic lateral sclerosis[END_REF], protein inclusions [START_REF] Zarei | A comprehensive review of amyotrophic lateral sclerosis[END_REF], activation of glial cells (microglia and astrocytes) [START_REF] Nagai | Astrocytes expressing ALS-linked mutated SOD1 release factors selectively toxic to motor neurons[END_REF][START_REF] Graber | Progressive changes in microglia and macrophages in spinal cord and peripheral nerve in the transgenic rat model of amyotrophic lateral sclerosis[END_REF]) and electrophysiological changes [START_REF] Quinlan | Links between electrophysiological and molecular pathology of amyotrophic lateral sclerosis[END_REF] [START_REF] Sapir | Pax6 and engrailed 1 regulate two distinct aspects of renshaw cell development[END_REF]Benito-Gonzales & Alvarez, 2012). In the lumbar enlargement, Renshaw cell axons are present in a dorsolateral gradient being denser in the most ventral motor pools of the lateral and medial motor column, and less dense around the dorsal LMC pools (Benito-Gonzales & Alvarez, 2012). The axons of V1 INs can extend up to 2mm rostro-caudally and even reach into thoracic spinal cord [START_REF] Britz | A genetically defined asymmetry underlies the inhibitory control of flexor-extensor locomotor movements[END_REF]. These extensive axonal projection provides the anatomical substrate for widespread regulation of MN activity by V1 INs. Renshaw cells directly receive an input from MNs and provide recurrent inhibition to them via co-release of both GABA and glycine [START_REF] Wootz | Alterations in the motor neuron-renshaw cell circuit in the Sod1G93A mouse model[END_REF].

Interestingly the Renshaw cell-to-MN ratio is estimated to be 1:5. Thus, a single Renshaw cell can shape the excitatory input/output of multiple MNs by slowing down and stabilizing MN firing [START_REF] Alvarez | The continuing case for the Renshaw cell[END_REF].

Mice with a reduction in V1 INs (En1 Cre ; R26-lacZ flox /DTA mice, [START_REF] Brockschnieder | Cell depletion due to diphtheria toxin fragment A after Cre-mediated recombination[END_REF]) have normal alternance between extensor and flexor activities as well as left-right limb alternation. However, there is increased neuron burst duration in the step-cycle period when V1 cells are ablated. This suggests that while these INs are not essential for flexor-extensor coordination they play a fundamental role in establishing the velocity of the locomotor rhythm [START_REF] Gosgnach | V1 spinal neurons regulate the speed of vertebrate locomotor outputs[END_REF]).

V1 INs, Renshaw cells and Ia INs are the only cells of the spinal cord that express the homeoprotein ENGRAILED1 (EN1) [START_REF] Saueressig | Engrailed-1 and netrin-1 regulate axon pathfinding by association interneurons that project to motor neurons[END_REF][START_REF] Sapir | Pax6 and engrailed 1 regulate two distinct aspects of renshaw cell development[END_REF][START_REF] Benito-Gonzalez | Renshaw cells and Ia inhibitory interneurons are generated at different times from p1 progenitors and differentiate shortly after exiting the cell cycle[END_REF][START_REF] Stam | Renshaw cell interneuron specialization is controlled by a temporally restricted transcription factor program[END_REF])

HOMEOPROTEINS

Developmental genes encoding transcription factors are expressed in different neuronal subtypes in the central and peripheral nervous systems and are required for neuronal differentiation and maintenance. Their expression persists in adults, and their specific functions in the adult are still being characterized. Transcription factors act to promote or repress the activity of genes responsible for the specification, migration and connectivity of neuronal elements (Doucet-Beaupré & Lévesque, 2013). Among the key developmental transcription factors is the "homeodomain"-containing protein superfamily, or homeoproteins (HPs). Homeoprotein transcription factors were first described in Drosophila by the study of homeotic mutations that lead to alterations in the positional information of morphological structures [START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF]. Thanks to the highly conserved DNA binding domain (homeodomain; HD), numerous mammalian orthologues have been identified and their involvement in brain development has been extensively studied [START_REF] Banerjee-Basu | Molecular evolution of the homeodomain family of transcription factors[END_REF].

During the evolution and diversification of the animal kingdom several duplication events gave rise to the large and diverse homeobox gene super class. In almost all eukaryotes, homeobox genes diversified into 11 gene classes and over 100 gene families [START_REF] Holland | Evolution of homeobox genes[END_REF] allowing for multiple complex functions. Nonetheless HPs can be broadly classified in three main classes: the Antennapedia-class (ANTP, that derives its name from the antennapedia gene in drosophila), the Paired-class (PRD, derived from the paired gene) and the Lim-class (LIM, named from the nematode lim11) that is distinguished by the presence of two proteinprotein interaction domains of up to 55 amino acids including two highly specialized cysteine-rich zinc fingers in tandem (or LIM domains) [START_REF] Holland | Evolution of homeobox genes[END_REF]. Homeoproteins share functional domains and regulatory regions [START_REF] Logan | Cloning and sequence comparison of the mouse, human, and chicken engrailed genes reveal potential functional domains and regulatory regions[END_REF] and their functions can be redundant and compensatory. For example, all ENGRAILED genes encode proteins containing the HD plus four highly conserved regions and ENGRAILED1 (EN1) mutants can be rescued by EN2 even though they share only about 55% total amino acid identity and are expressed at different stages during development and in different regions of the brain [START_REF] Hanks | Rescue of the En-1 mutant phenotype by replacement of En-1 with En-2[END_REF].

The HD sequence conservation in different species from plants to insects to mammals suggests that HP signaling is crucial for a variety of processes that include tissue patterning, cell/axon guidance and migration throughout early development and for cell maintenance and survival in the adult (See [START_REF] Spatazza | Homeoprotein signaling in development, health, and disease: a shaking of dogmas offers challenges and promises from bench to bed[END_REF]. Strikingly, all the HPs tested so far (EMX2, PDX1, PAX6, OTX2, HOXA5, HOXB4, HOXB8 and ENGRAILED1/2) have the ability to pass between cells in vitro and in vivo.

Homeoproteins, act in a non-cell autonomous fashion, passing from cell to cell using nonconventional mechanisms [START_REF] Prochiantz | Nuclear/growth factors[END_REF]. The transfer of HPs has been best characterized for ENGRAILED. During development this capacity to transfer gives HPs access to the nucleus of the receiving cells and allows them to direct tissue patterning, axon guidance and migration [START_REF] Brunet | The topological role of homeoproteins in the developing central nervous system[END_REF], see Prochiantz & DiNardo, 2015). Their secretion depends on the highly conserved sequence named Δ1 that is part of the nuclear export signal (NES) [START_REF] Joliot | Identification of a signal sequence necessary for the unconventional secretion of Engrailed homeoprotein[END_REF]. HP secretion is temperature-dependent, HPs associate with vesicles enriched in cholesterol and glycosphingolipids and can travel across tight-junction epithelia [START_REF] Joliot | Identification of a signal sequence necessary for the unconventional secretion of Engrailed homeoprotein[END_REF][START_REF] Maizel | A short region of its homeodomain is necessary for engrailed nuclear export and secretion[END_REF][START_REF] Dupont | Identification of a signal peptide for unconventional secretion[END_REF].

Internalization relies on the 16-aminoacid penetatrin sequence that is also found within the homeodomain [START_REF] Derossi | The third helix of the Antennapedia homeodomain translocates through biological membranes[END_REF]. The amino acids tryptophan and phenylalanine (W and F) at positions 48 and 49 of the HD are essential for HP internalization [START_REF] Derossi | Trojan peptides: the penetratin system for intracellular delivery[END_REF].

While the precise details for HD internalization are still being determined it is clear that HP internalization does not depend on endocytosis and seems to involve two main steps. The penetratin peptide binds to the negative charges of the membrane that include lipids and sugars [START_REF] Christiaens | Tryptophan fluorescence study of the interaction of penetratin peptides with model membranes[END_REF] and transiently destabilizes the membrane thus allowing its traversing [START_REF] Dupont | Identification of a signal peptide for unconventional secretion[END_REF]. This may also apply to full length HPs in vivo, where HP binding sites are present on the cell surface [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF].

Importantly, secretion and internalization sequences are conserved in most HPs including those for which transfer has been demonstrated both in vitro and in vivo, suggesting that HP transfer and signaling is an evolutionarily early and general phenomena of living organisms (For review see Prochiantz & DiNardo, 2015). The physiological role of this transfer has been characterized in specific cases (For review see [START_REF] Dinardo | The physiology of homeoprotein transduction[END_REF]. After internalization into the receiving cell, HPs can bind to specific DNA sequence motifs and control the expression of other regulatory genes. In addition, they are also able to bind specific RNA sequences and regulate protein translation [START_REF] Dubnau | RNA recognition and translational regulation by a homeodomain protein[END_REF][START_REF] Stettler | Engrailed homeoprotein recruits the adenosine A1 receptor to potentiate ephrin A5 function in retinal growth cones[END_REF]) making this family of transcription factors one of the most versatile in terms of function in the developing and have formed. At 9.5 days post-coitum (dpc) EN1 expression is detected in two ventrolateral stripes in the hindbrain and spinal cord. Although it has been demonstrated that EN1 and EN2 are functionally equivalent proteins, the reduction (or elimination) of their expression leads to very different phenotypes. The lack of EN1 leads to the absence of the majority of the midbrain and cerebellum and the null mutant (EN1 -/-) dies at birth due to this mid-hindbrain deletion [START_REF] Hanks | Rescue of the En-1 mutant phenotype by replacement of En-1 with En-2[END_REF]. The EN2 null mouse results in a subtle neurological phenotype with cerebellar defects attributed to defective cerebellar patterning and reduction of Purkinje cell number [START_REF] Joyner | Subtle cerebellar phenotype in mice homozygous for a targeted deletion of the En-2 homeobox[END_REF][START_REF] Kuemerle | Pattern Deformities and Cell Loss in Engrailed-2Mutant Mice Suggest Two Separate Patterning Events during Cerebellar Development[END_REF]) and a disruption in the banded organization of spinocerebellar mossy fiber afferents [START_REF] Vogel | The Engrailed-2 homeobox gene and patterning of spinocerebellar mossy fiber afferents[END_REF] Spinal cord differentiation involves HPs that can be divided in two main classes: Class I (expressed dorsally) includes PAX3/6/7, DBX1and IRX3 while Class II (induced ventrally by GliA) includes NKX2.2/2.9, NKX6.1/6.2 and OLIG2. Ultimately this process results in five ventral progenitor domains (p0, p1, p2, pMN and p3) [START_REF] Briscoe | A homeodomain protein code specifies progenitor cell identity and neuronal fate in the ventral neural tube[END_REF] that will generate neuronal cells destined for specific lineages (V0, V1, V2, V3, Ins and MNs) [START_REF] Alaynick | SnapShot: spinal cord development[END_REF]. Neuronal differentiation takes place on a large time scale between 9 and 15.5 dpc. It begins rostrally at 9.0 dpc and progresses caudally and for this progression to take place, notch signaling is crucial. Several dorsal and ventral signals promote and/or repress many of HPs mentioned above in a concentration-dependent manner [START_REF] Matise | Expression Patterns of Developmental Control Genes in Normal and Engrailed-1 Mutant Mouse Spinal Cord Reveal Early Diversity in Developing Interneurons[END_REF].

HPs ROLE IN THE GENERATION OF MOTOR NEURONS

SpMNs arise exclusively from the pMN progenitor domain that expresses NKX6.1, PAX6 and OLIG2 [START_REF] Sagner | Olig2 and Hes regulatory dynamics during motor neuron differentiation revealed by single cell transcriptomics[END_REF]. The establishment of the progenitor domain depends on Sonic hedgehog (SHH) and retinoic acid (RA) as regulators of MN differentiation. RA induces the expression of glycerophosphodiester phosphodiesterase domain containing 5 (GDPD5), which forms a complex with peroxiredoxin1 (PRDX1) and the GDP form of the G protein alpha subunit i2 (GNAI2), initiating the differentiation program [START_REF] Hämmerle | A novel function of DELTA-NOTCH signalling mediates the transition from proliferation to neurogenesis in neural progenitor cells[END_REF]. During the early stages of MN generation OLIG2 and NEUROG2 are required to determine MN fate [START_REF] Mizuguchi | Combinatorial roles of olig2 and neurogenin2 in the coordinated induction of pan-neuronal and subtype-specific properties of motoneurons[END_REF]), while at later stages they promote the generation of oligodendrocyte progenitors from the same pMN domain [START_REF] Lu | Common developmental requirement for Olig function indicates a motor neuron/oligodendrocyte connection[END_REF].

Downstream of these two signaling pathways, the specific marker of post-mitotic SpMNs, the pancreas homeobox 1 (MNX1 or HB9) protein stimulates its own expression providing independence from SHH and RA signaling in the further development of MNs. During late development, the motor neuronal fate requires additional mechanisms that involve the transient expression of several members of the LIM family, such as LIM-homeobox 3 (LHX3), Islet1 (ISL1) and the LIM domain binding 1 protein (LBD1 or NLI) that form a complex and induce MN specification (Song, et al. 2009). This complex has also been shown to induce the expression of genes that determine the cholinergic neurotransmission phenotype in both the forebrain and spinal cord [START_REF] Cho | Isl1 directly controls a cholinergic neuronal identity in the developing forebrain and spinal cord by forming cell type-specific complexes[END_REF].

Shortly after the acquisition of their motor neuron identity, MNs further differentiate and acquire features necessary for their different functions (Tanabe & Jessel, 1996). The SC initial patterning process follows a temporal gradient along the dorso-ventral and rostro-caudal axes, reminiscent of the emergence of the progenitor domains [START_REF] Landmesser | The distribution of motoneurones supplying chick hind limb muscles[END_REF][START_REF] Yamada | Control of cell pattern in the developing nervous system: polarizing activity of the floor plate and notochord[END_REF]. Several of the same proteins including FGF [START_REF] Maury | Combinatorial analysis of developmental cues efficiently converts human pluripotent stem cells into multiple neuronal subtypes[END_REF] and new cues such as BMP11 and TGFG form a rostro-caudal gradient that induce the concentration-dependent expression of several homeobox family proteins [START_REF] Ensini | The control of rostrocaudal pattern in the developing spinal cord: specification of motor neuron subtype identity is initiated by signals from paraxial mesoderm[END_REF]. Refinement of the rostro-caudal boundaries is established by both cross-repressive interactions between HOX members and histone modifications by the Polycomb complex [START_REF] Jung | Global control of motor neuron topography mediated by the repressive actions of a single hox gene[END_REF].

THE IMPORTANCE OF EN1 IN SPINAL CORD CIRCUIT FORMATION

During development, INs are divided into eleven classes based on their transcription factor profile: dorsal (dl1-dl6) and ventral (V0-V3) [START_REF] Matise | Expression Patterns of Developmental Control Genes in Normal and Engrailed-1 Mutant Mouse Spinal Cord Reveal Early Diversity in Developing Interneurons[END_REF]. EN1 expression in the spinal cord begins at 9.5-10.5 dpc in the intermediate region (IR) that lies between the dorsal and ventral horns that contains mainly INs. At this stage, spinal cord cells are just beginning to differentiate and start migrating from the ventral zone (VZ) to the intermediate zone (IZ) [START_REF] Matise | Expression Patterns of Developmental Control Genes in Normal and Engrailed-1 Mutant Mouse Spinal Cord Reveal Early Diversity in Developing Interneurons[END_REF]. Differentiating INs in the ventral IR have patterns of gene expression that are unique and determine the interneuron identity along the dorso-ventral axis.

EN1 is expressed most ventrally, followed by EVX1 and LMX1 more dorsally. Importantly, EN2 is not expressed in the mouse embryonic spinal cord at any stage [START_REF] Logan | Cloning and sequence comparison of the mouse, human, and chicken engrailed genes reveal potential functional domains and regulatory regions[END_REF].

The main combinations of transcription factors in V1 (EN1+) INs are expressed from embryonic day 14.5 and persist at least until post-natal day 21 (See table 1.4. Interneuron subtypes; [START_REF] Stam | Renshaw cell interneuron specialization is controlled by a temporally restricted transcription factor program[END_REF]. Thus, the expression of particular combinations of transcription factors arises before the period of naturally occurring IN apoptosis and synapse formation [START_REF] Prasad | A differential developmental pattern of spinal interneuron apoptosis during synaptogenesis: insights from genetic analyses of the protocadherin-γ gene cluster[END_REF]) and continues until these synapses are established and mature in the postnatal spinal cord (between E20 and P4) [START_REF] Hochman | Spinal Cord[END_REF]. EN1 expressing INs give rise to all Renshaw cells that mediate the recurrent inhibition of MNs and are found at all levels of the SC [START_REF] Stam | Renshaw cell interneuron specialization is controlled by a temporally restricted transcription factor program[END_REF].

Axons that grow from EN1-positive INs extend towards MNs and they reach the ventral horn and turn rostrally before any commissural axons have crossed the floor plate [START_REF] Saueressig | Engrailed-1 and netrin-1 regulate axon pathfinding by association interneurons that project to motor neurons[END_REF]. The EN1-positive INs make direct contacts with MNs that innervate limb muscles and form clusters in the lateral motor columns (LMC), in this area the MNs are grouped in patterns that reflect the topography of their targets in the periphery. The ventral limb is innervated by MNs in the medial zone (LMCm) while the dorsal limb musculature is innervated by the neurons in the lateral part (LMCl) [START_REF] Landmesser | The distribution of motoneurones supplying chick hind limb muscles[END_REF]. Importantly, EN1 is needed for the proper establishment of lateral and medial LMC projections to their corresponding muscles in the dorsal and ventral forelimb, respectively [START_REF] Huettl | Engrailed 1 mediates correct formation of limb innervation through two distinct mechanisms[END_REF] (See Figure 1.2.).

ENGRAILED1 expression in the developing spinal cord is conserved among various species, including mouse, zebrafish, chick and Xenopus. One function is to guide axons of GABAergic INs to form their projections onto MNs. EN1 determines the exclusive projection to the cell bodies of somatic MNs [START_REF] Saueressig | Engrailed-1 and netrin-1 regulate axon pathfinding by association interneurons that project to motor neurons[END_REF].

A direct effect of EN1 on MN axonal growth was demonstrated by injecting the chicken wing bud with recombinant EN1 and observing that LMCl motor neuron axons where repelled from the dorsal forelimb where they normally make synaptic contacts. However, EN1 had no effect in LMCm motor neuron axons [START_REF] Huettl | Engrailed 1 mediates correct formation of limb innervation through two distinct mechanisms[END_REF] suggesting that EN1 provides specific MNs the ability to select specific axonal pathways. Moreover, in the ventral limb ectoderm, where EN1 is expressed, it directs the development of the ventral limb structures and mutation of EN1 results in a partial dorsal transformation of the ventral paw [START_REF] Loomis | The mouse Engrailed-1 gene and ventral limb patterning[END_REF].

The role of EN1 (and its orthologues) during spinal cord development is conserved. Zebrafish has two EN1 related genes (ENG-1 and ENG-1b) and two EN2-related genes (ENG2 and ENG3). As in mammals, a single ENGRAILED gene (ENG1b) is expressed in the spinal cord [START_REF] Higashijima | Engrailed-1 expression marks a primitive class of inhibitory spinal interneuron[END_REF]. In this species ENG-1b expression uniquely labels a class of ascending INs, called circumferential (CiA) interneurons with ipsilateral axonal projections in

EN1 IS EXPRESSED IN MUSCLE

Muscles are the main force generators for motion and are responsible for maintaining locomotion and the movement of internal organs. Muscles are distinguished based on anatomical and functional differences into cardiac, smooth and striated skeletal muscles.

Cardiac and smooth muscles are innervated by the ANS, while skeletal muscle is innervated exclusively by somatic MNs. Skeletal muscles, responsible for posture and movement, are composed of two fibers, the force generating extrafusal fibers and muscle spindle intrafusal fibers.

In vertebrates all the contractile muscles are segregated into distinct dorsal (epaxial) and ventral (hypaxial) components that are separately innervated by the medial and hypaxial motor columns via the dorsal and ventral ramus of the spinal nerves, allowing full threedimensional mobility [START_REF] Ahmed | Engrailed controls epaxial-hypaxial muscle innervation and the establishment of vertebrate three-dimensional mobility[END_REF]. In developing muscle stem cells, EN1 (but not EN2) is expressed when they populate the myotome, establishing the molecular epaxialhypaxial subdivision. ENGRAILED genes delimit the central domain of the developing musculature at the epaxial-hypaxial boundary in several species including chick, mouse and zebrafish. EN1 is required for the attraction of the motor axons to the dorsal ramus of the epaxial domain, EN1 -/-mice presents spinal nerve defasciculations, axons fail to enter the myotome and the cutaneous branch of the ventral ramus is absent. Interestingly, in EN1 +/- heterozygote mice the dorsal and ventral ramus of the spinal nerves are normally established [START_REF] Ahmed | Engrailed controls epaxial-hypaxial muscle innervation and the establishment of vertebrate three-dimensional mobility[END_REF].

The recognition of the specific epaxial-hypaxial targets is cell-autonomously established in

MNs, but the developing musculature signals (such as the expression of EN1) are crucial for axonal outgrowth, ramus formation and MN survival in a non-cell autonomous fashion [START_REF] Lewis | From cells to circuits: development of the zebrafish spinal cord[END_REF][START_REF] Bonanomi | Motor axon pathfinding[END_REF]. In adult mice EN1 expression in skeletal muscle is several-hundred fold higher than in the brain tissue [START_REF] Zhang | The engrailed-1 gene stimulates brown adipogenesis[END_REF].

of mDA neurons that starts at 6 weeks of age and progresses [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF][START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF]. mDA neurons of the SNpc have a higher vulnerability to reduced EN1 compared to those in the VTA (40% vs. 20% mDA loss). Reduced EN1 in these mice is accompanied by motor and non-motor phenotypes that are reminiscent of the loss of mDA neurons in Parkinson's disease (PD) [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF]). EN1 infusion prevents the development of this phenotype in the EN1-Het mice. Moreover, EN1 protects mDA neurons in other PD models such as MPTP, 6-OHDA and the A30P form of α-synuclein [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF].

OTX2 HP is expressed in the adult retina by photoreceptors and bipolar cells, the latter of which make direct synaptic contacts with retinal ganglion cells (RGCs). OTX2 HP is also found in RGCs, although the locus is silent in these cells, suggesting that RGCs take up exogenous OTX2 presumably from their synaptic partners, the bipolar cells [START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF]. Exogenous OTX2 protects RGCs from mechanical and excitotoxic cell death and preserves visual acuity in an acute mouse model of glaucoma [START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF].

Importantly the protective effect is long lasting and requires internalization of the protein, since mutant OTX2 that is unable to be internalized is unable to protect RGCs [START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF]). In the brain blocking OTX2 transfer in the adult re-opens the critical period (plasticity of the visual cortex) and the binocular vision of amblyopic mice is restored [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF]. This regulation could be extended to other areas associated with complex behaviors since OTX2 is present in PV cells throughout the cortex meaning the possible treatment of diseases associated with defects in critical periods such as autism and schizophrenia [START_REF] Sakai | Genome-wide target analyses of Otx2 homeoprotein in postnatal cortex[END_REF]Lee, et al. 2017).

In summary, HPs can transfer between cells and have neuroprotective effects on CNS neurons. In the spinal cord only V1 interneurons express EN1 and these cells synapse directly on α-MNs to regulate MN physiological activity. MNs convey motor commands from the CNS to the periphery and are susceptible to degeneration in several human MNDs. We hypothesized that EN1 is important for MN physiology and survival.

MATERIALS AND METHODS

ANIMAL MANAGEMENT

All animals were treated in accordance with the guideline for the care and use of laboratory 

MOUSE COLONY HOUSING AND BREEDING

Adult mice were housed two to five per cage and maintained on ad libitum food and water, with a 12h light/dark cycle. Transgenic mouse strain EN1-Het was bred by the Rodent Breeding Services provided by the Animal Care Services at College de France. Colony maintenance and genotyping was performed as previously described [START_REF] Hanks | Rescue of the En-1 mutant phenotype by replacement of En-1 with En-2[END_REF].

Both, females and males were included in all the studies.

ASSESSMENT OF DISEASE PROGRESSION AND ESTABLISHMENT OF HUMANE END-POINT

Mice were considered for euthanasia if they displayed 15% loss of bodyweight or showed signs of paralysis, whichever was reached first. We note that in our colony, none of the mice were euthanized due to these reasons.

BEHAVIORAL ANALYSIS

A battery of specific tests was used to evaluate muscle strength and spinal reflexes. The tests were: forepaw grip strength test, inverted grid test and hindlimb extension reflex. Before each testing session, the mice were weighed. Mice were habituated to the behavioral room and experimenter 24 hours before the day of testing and again at least 1 hour before each behavioral test. All behavioral tests were performed the same day and behavioral assessment was carried out blinded to treatment group. Inverted Grid Test. The mouse was placed on a wire grid (15x10 cm) and allowed to freely explore it. After 3-5 minutes of exploration, the grid was raised 30cm above a soft surface to avoid injuries and then gently turned upside down. The latency to release was recorded. Each mouse was tested three times to hold on to the inverted grid with a minimum resting time of 5 minutes between trials. The longest period of holding on was used for analysis.

Forepaw Grip

Hindlimb Extensor Reflex. Each mouse was gently suspended by the tail at a constant height (30 cm) and then scored for hindlimb extension reflex deficits. The scores were assigned from 0 to 3 as follows: 3 normal symmetric extension in both hind limbs without visible tremors;

2.5 normal extension in both hind limbs with tremor in one or both paws; 2.0 unequal extension of the hind limbs without visible tremors; 1.5 unequal extension in the hind limbs

CELL CULTURE EMBRYONIC CELL CULTURES

Primary midbrain or striatal cultures of E14.5 mouse embryos were prepared as described [START_REF] Franklin | The mouse brain in stereotaxic coordinates[END_REF][START_REF] Salthun-Lassalle | Rescue of mesencephalic dopaminergic neurons in culture by low-level stimulation of voltage-gated sodium channels[END_REF]). Briefly, 14.5 days post coitum (dpc) pregnant swiss mice (Janvier) were sacrificed by cervical dislocation and the embryos were extracted and placed in Dulbecco's Phosphate Buffered Saline 1x (PBS (1x), Gibco) with 0.6% Glucose. The embryos were decapitated and the striatal or midbrain structures were dissected. The brain was freed from surrounding meninges and then placed in 2mL of PBS (1x), 0.6% Glucose. To each tube there was added 100 µL of Trypsin-EDTA (Gibco) (0.05%) for 30 seconds, then 400µL of Fetal Bovine Serum (FBS, Gibco) for 30 seconds to terminate the digestion. The tubes were then centrifuged at 650 RPM for 5 minutes and the supernatant discarded. The pellet was resuspended in 2mL of PBS (1x), Glucose 0.06%, 200µL FBS and 200µL DNAse (LifeTechnologies) and triturated 3 times with a fire polished glass pipette. The resulting suspension was again incubated for 10 minutes and 200µL of DNAse were added. After 10 triturations with the glass pipette the suspension was incubated for 10 minutes and 2mL of PBS (1x), 0.6% Glucose were added. 10 minutes later the supernatant containing the cells was collected and transferred to a new tube. To the tube with the pellet 2mL PBS (1x), 0.6% Glucose were added, mixed 10 times and left for 10 minutes at room temperature. The supernatant was collected and this process was repeated until 10mL final volume of tissue suspension was achieved. The suspension was centrifuged at 650 RPM for 10 minutes and the supernatant was discarded. The pellet was resuspended in 10mL PBS (1x), 0.6% Glucose and centrifuged at 650 RPM for 10 minutes. The supernatant was discarded and the pellet was resuspended in 1mL Neurobasal medium (Gibco) supplemented with 500µM glutamine, 25µM glutamate and 25µM aspartate and B27 (Gibco) (NBGK + ).

Total cell number was determined and 25000 cells per well were plated on previously coated in Poly-L-Ornithine (1/100) and 2.5µg/ml laminin (Sigma) 96 wells plates for LDH assay and 24 well plates with glass coverslips for immunocytochemistry. Cell cultures were incubated at 37°C, 5% O 2 and Neurobasal enriched medium (NBGK + ) was changed at 3 days in vitro (DIV). LDH measures or γ-H2AX foci counting were performed after 6 DIV.

LHUMES CELL CULTURES

LHUMES (ATCC® CRL-2927) cells were rapidly thawed at 37°C, transferred to a 15mL

Falcon tube with 3mL of Advanced DMEM (Gibco) and centrifuged for 7 minutes at 190g.

The supernatant was discarded and 1mL of Advanced DMEM was added to the pellet and cells gently resuspended. The cells were placed in DMEM+FGF (40ng/mL) and cultured for 3 days at 37°C before trypsinization (0.025%Trypsine-0.1g/L EDTA in PBS) for 5 minutes at 37°C, followed by the addition of 4mL of Advanced DMEM+N2+Glutamax medium and centrifugation for 7 minutes at 190g. The pellet was resuspended in 1mL of DMEM+FGF and plated on previously coated in laminin (1µg/mL) and Poly-L-Ornithine (50µg/mL) 96 wells plates for the LDH assay, or coated in laminin (1µg/mL) and Poly-L-Ornithine (500µg/mL) glass coverslips for immunocytochemistry. Cells were cultured for 1 day or 3 days at 37°C for the LDH assay or γH2AX foci analysis, respectively.

MOUSE ADULT SPINAL CORD DISSOCIATED CELL CULTURES

Adult C57BL/6J mice were euthanized by an overdose of Dolethal (Pentobarbital, Vétoquinol) (1µl/g body weight). Skin and muscles were removed and the spinal cord was dissected after laminectomy and placed in artificial cerebrospinal fluid (ACSF) for removal of meninges and surrounding connective tissue. The spinal cord was then placed in PBS/Glucose/EDTA and chopped in 0.5-1mm pieces and placed in a round bottom tube with 500µl PGE. The tissue was then incubated in EDTA (4.09 mg), L-cysteine (6.6 mg), 2mercaptoetanol (52.2µl) and papain (4ml) for 30 minutes at 37°C with mild trituration every 10 minutes. 100µl of DNAse was added for 30 seconds and then 1mL of Neurobasal A, FBS 10%, glutathione for 10 minutes at room temperature. Cells were gently dissociated and the supernatant discarded. The process was repeated until all the tissue was dissociated. The solution was centrifuged at 1000 RPM for 10 minutes and the pellet was resuspended in 5mL

of Neurobasal A, Gln/Asp 500µM, Glu 500nM, ABAM 500µM, counted and plated on previously coated in Poly-L-Ornithine (1/100) and 2.5µg/ml laminin (Sigma) 24 well plates with glass coverslips for immunocytochemistry. Cell cultures were incubated at 37°C, 5% O 2 for 6 DIV.

HUMAN MOTOR NEURONS DERIVED FROM iPSCs CONTROL MNs

Human motor neuron differentiation was performed as described [START_REF] Maury | Combinatorial analysis of developmental cues efficiently converts human pluripotent stem cells into multiple neuronal subtypes[END_REF] 

ALS PATIENTS AND ISOGENIC CONTROL MNs

Motor neuron differentiation was performed as previously described [START_REF] Allodi | Drected midbrain and spinal cord neurogenesis from pluripotent stem cells to model development and disease in a dish[END_REF], briefly, cells were quickly thawed, transferred to warm mTeSR media and centrifuged for 5 minutes at 1000 RPM. The supernatant was discarded and the cell pellet was resuspended in mTeSR + Rock inhibitor (10µM). Cells were plated in precoated matrigel flasks and incubated at 37°C. For growth and maintenance, media was changed daily without Rock inhibitors, when 70-80% confluence was reached cells were passaged. For differentiation, cells were dissociated with Tryplex at 37°C for 10 minutes and then gently diluted with warm DMEM/F12 and filtered through a 70µm cell strainer. This suspension was centrifuged at 1000 RPM for 5 minutes and the cell pellet resuspended in 1ml mTeSR media with 10µM Rock inhibitor and plated onto Matrigel-coated plates in mTeSR media supplemented with 10µM Rock inhibitor. Cells were incubated overnight at 37°. Media was changed daily as explained in Table 2.2. 

MUSCLE DISSECTION

Adult mice were euthanized by an overdose of Dolethal (Pentobarbital, Vétoquinol) (1µl/g body weight). The extraocular muscles, tongue and lumbricals from the plantar surface of the hind-paw were dissected into cold PBS (1x) and fixed in 4% PFA for 10 minutes (Extraocular and lumbricals) or 1 hour (tongue) at room temperature. The muscles were then washed in PBS (1x), three times for 10 minutes at room temperature. The tongue muscles were placed in 20% Sucrose (in PBS) overnight at 4°C. Extraocular and lumbrical muscles were stained whole-mount to allow for visualization of the entire innervation pattern and detailed analysis of the neuromuscular junctions [START_REF] Sleigh | Morphological analysis of neuromuscular junction development and degeneration in rodent lumbrical muscles[END_REF]. Tongue muscles were embedded in Tissue Freezing Medium (TFM, Microm Microtech), frozen in dry ice and sectioned at 30 µM in Microm HM 560 cryostat (Thermo Scientific).

ADULT MOUSE SPINAL CORD DISSECTION FOR RT-QPCR

Adult mice were euthanized by an overdose of Dolethal (Pentobarbital, Vétoquinol) (1µl/g body weight). Skin and muscles were removed and the spinal cord was removed after laminectomy and placed in filtered and RNAse free Dulbecco's Phosphate Buffered Saline 1x

(DPBS, Gibco) to remove the meninges and surrounding connective tissue. Cervical and lumbar enlargements were separated and rapidly frozen in dry ice for further processing.

RT-qPCR

Total RNA was extracted using the RNeasy Mini kit (Qiagen) and reverse transcribed using the QuantiTect Reverse Transcription kit (Qiagen). The RT-qPCR was made using SYBR-Green (Roche Applied Science) and Light Cycler 480 (Roche Applied Science). Data were analyzed using the « 2-ddCt » method and values were normalized to Glyceraldehyde 3phosphate dehydrogenase (Gapdh).

The following primers were used for the qPCR:

Engrailed 1 Sense : CCTGGGTCTACTGCACACG Antisense : CGCTTGTTTTGGAACCAGAT Gapdh Sense : TGACGTGCCGCCTGGAGAAAC Antisense : CCGGCATCGAAGGTGGAAGAG

STAINING METHODS

Β-GAL REVELATION

Slides with 30µM spinal cord sections were washed in PBS (1x) 3 times Slides were incubated overnight in PBS (1x), potassium ferricyanide (10mM), potassium ferrocyanide (10mM), MgCl 2 (2mM), DOC (0.01%), NP40 (0.02%), X-gal (2mg/ml) at 30°C. Sections were washed 3 times in PBS (1x) before mounting with DAPI Fluoromount-G® (Southern Biotech).

CRESYL VIOLET STAINING

Slides with 30µM spinal cord sections were washed in PBS (1x) 3 times. Slides were immersed in O-Xylene (CARLO-HERBA) for 5 minutes, then changed to ethanol 95% for 3 minutes, ethanol 70% for 3 minutes, distilled water for 3 minutes at room temperature and left in Cresyl Violet acetate (MERCK) for 8 minutes at 60°C. Sections where then passed through an increasing gradient of ethanol (70% for 3 minutes, 95% for 2 minutes and 100% for 1 minute) at room temperature and left in O-Xylene for 30 minutes before mounting in Eukit® Quick-hardening mounting medium (SIGMA).

CELL IMMUNOCYTOCHEMISTRY

Coverslips were washed three times in PBS (1x) and fixed in 4% paraformaldehyde (Thermo Scientific) for 30 minutes at room temperature and washed in PBS (1x) 3 times. Cells were permeabilized in 500µl PBS (1x), 0.5% Triton (Sigma) for 30 minutes at room temperature.

Demasking was carried out in 500µl PBS (1x), 100µM glycine buffer for 30 minutes at room temperature. Cells were then blocked in 500µl PBS (1x), 10% Normal Goat Serum (NGS, Invitrogen) and 1% Triton for 1 hour at room temperature. Cells were then incubated with primary antibodies (See Table 2.3 Sections were then incubated with primary antibodies (see Table 2.3 To control for non-specific antibody binding, control experiments omitting either primary or secondary antibodies were carried out and showed that the antibody staining was specific.

PROTEIN PRODUCTION

Chicken ENGRAILED 2 (chEn2) and mutant chicken ENGRAILED 2 (SR-En2) were kindly provided by Dr. Alain Joliot (Centre National de la Recherche Scientifique, College de France, Paris, France), recombinant human c-Myc was purchased from Abcam (ab169901)

and human Gbx2 and Lhx9 were purchased from Proteogenix.

Recombinant mouse OTX2, mouse and human EN1 and EN1Q50A were produced as described [START_REF] Joliot | Identification of a signal sequence necessary for the unconventional secretion of Engrailed homeoprotein[END_REF][START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF]) with minor modifications. Briefly, wild type or mutated HP with a myc tag and a 6XHis tag in C-terminal position was cloned into the pTrac plasmid (Invitrogen). Recombinant protein was produced in BL21-DE3 bacteria (Stratagene) at 37°C overnight in auto-induced medium (MagicMedia, Invitrogen). After washing with PBS (1x) the bacterial mass was resuspended in PBS imidazole 10mM (Sigma).

100µl of lysosyme (Sigma, 250ug/ml) and 1 ml of benzonase (Sigma, 250U/ml) were added to the bacterial mass and sonicated using Bioruptor (Power high, cycle: 30 sec ON, 30 sec OFF, 3 x 5min) and centrifuged at 40 000 X g for 30 min. The supernatant was collected and filtered at 0.45 µm.

The protein was then purified in two steps. A first purification was carried on cobalt-based resin by passing the filtered supernatant through an affinity chromatography column loaded with TBS (Tris HCL, 20mM, NaCl 150mM and imidazole 50mM) (HiTrap TALON 5mL

Dutscher, #28-9537-67). The column was eluted with increasing concentrations of 50mL For hEN1 any remaining endotoxins were removed by Triton X-114 phase separation (Aida & [START_REF] Pabst | Removal of endotoxin from protein solutions by phase separation using Triton X-114[END_REF]. Briefly, pre-condensed 1% Triton X-114 (Sigma) was added to the protein preparation and incubated 30 minutes at 4°C with constant stirring then transferred to 37°C

for 10 minutes and centrifuged 4000 RPM for 10 minutes at 25°C. The aqueous phase was recovered and treated with pre-condensed Triton X-114 as above 3 times.

The endotoxin-free state was tested by serial dilutions and mixing with 100µl of Pyrotell solution (Global science) and incubated 1 hr at 37°C. the absence of gel at the bottom of the tube was considered as an indication that the protein was endotoxin-free and then was aliquoted and kept at -20°C. 

QUANTIFICATION OF NEURONAL SURVIVAL

Cell survival (embryonic neurons, LHUMES cells or MNs) after the oxidative stress was evaluated using the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega). For this, we optimized cell number by preparing serial dilutions of cells in octuplicate on a flat-bottom 96-well culture plate. A LDH positive control was used in every experiment to confirm the reagent activity. Cell number optimization was performed for each experiment to extrapolate the number of remaining cells after oxidative stress. We performed the total cell number assay as described [START_REF] Moravec | Total cell quantitation using the CytoTox 96® non-radioactive cytotoxicity assay[END_REF]. Briefly, 10µl of lysis buffer were added and the samples were incubated for 45 minutes at 37°C. The 96-well culture plate was then centrifuged at 1490 rpm for 4 minutes. 50µl of the supernatant were transferred to an enzymatic assay plate and 50µL of substrate mix were added and incubated for 30 minutes in the dark at RT. Fifty µl of Stop Solution were added to the reaction and the absorbance at 490 nm was recorded. The total number of cells was estimated using the optimization of target cell number results.

IMAGING AND ANALYSIS

Images corresponding to a coverslip diameter that corresponds to about 20% of the coverslip area were acquired with a Nikon i90 microscope and exported to ImageJ (NIH, Bethesda, MD). In vitro neuronal DNA damage was quantified by counting the number of γ-H2AX

foci present in the nuclei of Tuj1-positive embryonic cells, TH positive LHUMES cells or TUJ1/ISL1-positive MNs. Counting was carried out blind to conditions on four coverslips per condition.

Spinal cord sections stained for β-Galactosidase activity were imaged on a Nikon i90 microscope under bright field conditions at 4x to acquire the entire coronal section of the spinal cord, then 10x for visualization of the ventral horn and at 20 and 40x to visualize β-gal expressing cells.

Lumbrical, EOM and Tongue muscles were observed and imaged with a Leica SP5 inverted confocal microscope (Leica DMI6000) with a motorized XY stage. 3D z-stack (0.5 µM) acquisitions were made using the UV Laser (405 nm, 50 mW), the Argon laser (488 nm, 200 mW) and DPSS laser (561 nm, 15 mW). Images were acquired at 20x and analyzed using ImageJ software (NIH, Bethesda, MD). All analyses were performed blind to the genotype and treatment of the sample. For muscle, endplates where categorized as fully innervated (neurofilament overlying more than 80% of the endplate), partially innervated (neurofilament overlying up to 80% of the endplate) or denervated (no neurofilament overlying the endplate) as previously reported [START_REF] Comley | Cross-disease comparison of amyotrophic lateral sclerosis and spinal muscular atrophy reveals conservation of selective vulnerability but differential neuromuscular junction pathology[END_REF]. Endplate morphology was evaluated by counting the number of endplates with perforations (defined as the areas lacking α-bungarotoxin staining). For postsynaptic analysis each endplate was manually outlined using ImageJ software and area calculated. All analyses were done on the entire Z-stacks through the NMJ and only on clear en-face endplates.

Cresyl violet stained cervical and lumbar spinal cord sections images were acquired with a Nikoni90 microscope under bright field conditions at 10x with a Z-stack step of 0.5µm. For neuron counting at least 5 spinal cord sections separated by at least 900µm were counted for each animal. Only Nissl stained cells with a clear a large nucleolus located within the nucleus and surrounded by light blue-stained cytoplasm and with a cell soma area over 100µm 2 were included. Cells meeting these requirements were manually outlined using ImageJ software (NIH, Bethesda, MD) and the areas were calculated, all analyses were done on Z-stacks through the entire 30µm thickness of the section. Cells were classified as small (between 100-199µm 2 cross-sectional area), intermediate (between 200-299µm 2 cross-sectional area) and large neurons (more than 300µm 2 cross-sectional area).

Lumbar spinal cord sections stained by immunofluorescence were imaged with a Leica SP5 inverted confocal microscope (Leica DMI6000) and acquisitions of 3D z-stack (0.5µM) were made using the UV Laser (405nm, 50mW), the Argon laser (488nm, 200mW) and DPSS laser (561nm, 15mW). Images were acquired at 20x and analyzed using ImageJ software (NIH, Bethesda, MD). For MN quantification at least 5 spinal cord sections separated by at least 900µm were counted for each animal. ChAT+ cells with a clear DAPI+ nucleus were included. Cells were manually outlined using ImageJ software and the areas were calculated, all analyses were done on Z-stacks through the entire 30µm of the section. Cells were classified as intermediate (between 200-299µm 2 cross-sectional area) and large MNs (greater than 300µm 2 cross-sectional area).

STATISTICAL ANALYSIS

Data are expressed as mean ± SD unless otherwise indicated. Statistical significance was determined using tests as indicated.

For 

INTRODUCTION

Homeoprotein (HP) transcription factors, discovered on the basis of their developmental functions, remain expressed in the adult where they exert not fully understood physiological activities [START_REF] Dinardo | The physiology of homeoprotein transduction[END_REF]. Several HPs transfer between cells thanks to highly conserved secretion and internalization domains present in their DNA-binding site or homeodomain (HD). HP internalization has allowed for the use of OTX2, ENGRAILED1

(EN1) and ENGRAILED2 (EN2) (collectively ENGRAILED), as therapeutic proteins in animal models of Parkinson disease (ENGRAILED) and glaucoma (OTX2) [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF][START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF][START_REF] Thomasson | Engrailed-1 induces long-lasting behavior benefit in an experimental Parkinson primate model[END_REF]).

The two proteins EN1 and EN2 are expressed in adult midbrain dopaminergic (mDA) neurons [START_REF] Dinardo | Dendritic localization and activity-dependent translation of Engrailed1 transcription factor[END_REF]). These neurons degenerate progressively in Parkinsonian patients, in classical Parkinson disease animal models and in the EN1-heterozygous mouse. In all models tested, ENGRAILED injected or infused is internalized by mDA neurons and prevents their death, even following a strong and acute oxidative stress provoked by a 6-hydroxydopamine hydrobromide (6-OHDA) injection at the level of the Substantia Nigra pars compacta (SNpc) [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF]. The mechanisms involved in this protection have started to be analyzed.

ENGRAILED internalization stimulates translation of complex I mitochondrial proteins, restores the chromatin epigenetic marks disrupted by the stress and allows for DNA repair as quantified by the number of γH2AX foci [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF].

In addition, ENGRAILED represses the expression of LINE-1 mobile elements caused by oxidative stress in vitro and in vivo (Blaudin [START_REF] De Thé | Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression[END_REF]. Because of the epigenetic nature of the protection mechanisms, a single injection of ENGRAILED has long-lasting effects, including in non-human primates [START_REF] Thomasson | Engrailed-1 induces long-lasting behavior benefit in an experimental Parkinson primate model[END_REF], opening the way for a therapeutic use of this HP.

In view of developing ENGRAILED as a therapeutic protein, human EN1 (hEN1) was produced and purified and an assay was adapted to test hEN1 for neuroprotection against oxidative stress and, in particular, to evaluate protein activity, specificity and stability.

Because OTX2 has a similar survival effect on mDA neurons and retinal ganglion cells [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF][START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF], it could be that protection against oxidative stress is a shared property of several HPs with little HP and/or neuronal specificity. To verify this hypothesis, the protective effect of EN1, EN2, OTX2, GBX2 and LHX9 was evaluated on midbrain and striatal neurons in culture. We show that the 5 proteins, but not cellpermeable c-MYC, protect embryonic midbrain and striatal neurons against oxidative stressinduced cell death and DNA damage but are ineffective on mouse embryo fibroblasts (MEFs), peritoneal macrophages and HeLa cells.

RESULTS

EN1 protects embryonic neurons against oxidative stress

Five independent hEN1, one mEN1 (mouse) and one chEN2 (chicken) preparations produced similar results. Protective activity was measured by the LDH citotoxicity assay, except for one experiment in which trypan blue exclusion was used for comparison. In the trypan blue experiment, mean survival of E14.5 ventral midbrain cells in the control condition was 89. LDH is a cytosolic enzyme and this assay measures LDH released into the culture medium after the lysis of live cells. Figure 1A shows a hEN1 dose-response survival experiment for embryonic midbrain neurons at 6 DIV. Two hours after oxidative stress with 50mM H 2 O 2 , more than 90% of the cells are dead. Pretreatment of the cells with 1.25pM to 12.5nM significantly increases their survival from about 28 to 86% in an EN1 dose-dependent manner. It is of note that H 2 O 2 effects were variable between experiments with oxidative stress-induced cell death varying between 50 and 90%. Based on this dose-response, 12.5 and 2.5nM HP concentrations allowing for total or near total protection were used in further experiments.

Since hEN1 is a recombinant protein purified from bacterial extracts, its activity could be in part due to a contaminant. As shown in Figure 1B, protective activity was fully abolished by pre-incubation (1 hour at 37°C) of the protein with an anti-EN1 polyclonal antibody [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF]) establishing that the neuroprotective activity is entirely due to hEN1. To examine hEN1 stability, aliquots were frozen on dry ice and thawed once or five times.

Midbrain neurons were treated with hEn1 and 24h later stressed with 50mM H 2 O 2 . Human EN1 frozen and thawed once provided 100% protection and 84 to 70% if frozen and thawed five times (Fig1C, left). The protein maintained at 4°C for six weeks also retained full protective activity at 12.5 and 2.5nM (Fig 1C,right).

Homeoprotein internalization is driven by the 3rd helix of the homeodomain [START_REF] Derossi | The third helix of the Antennapedia homeodomain translocates through biological membranes[END_REF] and within this sequence mutating tryptophan (W) in position 48 of the homeodomain (HD) blocks internalization [START_REF] Derossi | Cell internalization of the third helix of the Antennapedia homeodomain is receptor-independent[END_REF]. Accordingly, chEN2 internalization is abolished if the tryptophan and phenylalanine (W and F) residues at positions 48 and 49 of the HD are changed to serine and arginine (chEN2SR) residues, respectively [START_REF] Joliot | Identification of a signal sequence necessary for the unconventional secretion of Engrailed homeoprotein[END_REF]. Wild type mEN1, hEN1 and chEN2 provided 100% protection against H 2 O 2 oxidative stress while no protection was observed by chEN2SR (Figure 1D), demonstrating that cell internalization is necessary for protection.

In addition to transcription, EN1 and EN2 also regulate protein translation [START_REF] Brunet | The transcription factor Engrailed-2 guides retinal axons[END_REF][START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Stettler | Engrailed homeoprotein recruits the adenosine A1 receptor to potentiate ephrin A5 function in retinal growth cones[END_REF]). Glutamate at position 50 of the homeodomain does not modify internalization but is necessary for high affinity DNA binding and transcriptional activity (Le [START_REF] Roux | Neurotrophic activity of the Antennapedia homeodomain depends on its specific DNA-binding properties[END_REF]). To determine if ENGRAILED protective activity depended on transcription, hEN1 with a glutamine to alanine mutation at position 50 (hEN1Q50A) was produced. Figure 1D illustrates that, in contrast with wild-type hEN1, incubation with hEN1Q50A at the same concentrations provided no protection against oxidative stress. This demonstrates that EN1 protection against oxidative stress requires both internalization and high affinity DNA binding activity.

Other HPs protect against oxidative stress

Mouse EN1, hEN1 and mouse or chEN2 are neuroprotective towards midbrain dopaminergic cells in vitro and in vivo [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF][START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF]. Protection was also observed for OTX2 on DA midbrain cells in vivo and on RGCs in vitro and in vivo [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF][START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF][START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF]. This raised the possibility that protective activity may be a property shared among a number of HPs. To verify if protection against oxidative stress is shared by several HPs from different classes, mOTX2, hLHX9, hGBX2 and chEN2 were compared to hEN1 in a single experiment with embryonic ventral midbrain neurons. Figure 2A demonstrates that the four HPs provided significant protection against 50mM H 2 O 2 at 12.5nM. Only hLHX9 at 2.5nM failed to protect embryonic ventral midbrain neurons from oxidative stress-induced cell death.

In contrast with the 4 HPs tested, a cell-permeable human MYC (hMYC) provided no protection (Figure 2A). In addition, protection by all HPs, but not hMYC, was also observed with striatal embryonic neurons (Figure 2B). This suggests that protection against oxidative stress may be specific to HPs with little neuronal subtype specificity. The fact that both striatal and midbrain neurons were protected and the absence of HP specificity led us to use hEN1 and hGBX2 to verify if they protected non-neuronal cells, including primary mouse fibroblasts (MEFs), HeLa cells and primary mouse macrophages. Figure 2 illustrates that although MEFs (Fig. 2C) and HeLa cells (Fig. 2D) are more resistant to oxidative stress than neurons (Fig. 2A,B) or macrophages (Fig. 2E) none of the non-neuronal cells are protected by the two tested HPs, or by cell-permeable c-MYC.

To verify if this large HP spectrum was related to unspecific HP expression in culture condition, we compared the expression of GBX2, LHX9, OTX2 and EN1 in 6 DIV cultures and adult tissues using RT-qPCR. 

Homeoproteins protect midbrain embryonic neurons against DNA damage

Oxidative stress causes a number of changes in cell physiology among which is the production of DNA breaks. In studies of neuroprotection of ventral midbrain neurons in vivo, [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF] observed that ENGRAILED reduces the number of anti-γΗ2AX-stained DNA damage foci induced in the nuclei of mDA cells exposed to 6-OHDA. the number of γ-H2AX foci three-to four-fold in embryonic striatal and midbrain neurons compared to control (Figure 4). Stavudine at 10µM significantly reduced the foci to the same extent as 12.5nM hEn1.

DISCUSSION

Exogenous ENGRAILED protects DA neurons in vitro against MPP+ and rotenone and in vivo against 6-OHDA, MPTP, A30P α-synuclein and progressive degeneration associated to the loss of one EN1 allele [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF][START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF][START_REF] Thomasson | Engrailed-1 induces long-lasting behavior benefit in an experimental Parkinson primate model[END_REF] [START_REF] Boncinelli | Homeobox genes and disease[END_REF].

The present results show that ENGRAILED internalization and high affinity DNA binding properties are necessary for its neuroprotective activity. This is in accord with previous results

showing that when the WF at positions 85 and 86 in OTX2 (thus in positions 48 and 49 of its homeodomain) are mutated to YL, OTX2 loses its ability to be internalized and its neuroprotective activity for RGCs in vitro and in vivo [START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF]). The requirement for high affinity DNA binding suggests that survival activity implies transcriptional regulation. This does not preclude activity at several other levels, including the regulation of protein synthesis or the maintenance of a healthy heterochromatin as demonstrated in studies on the protection of SNpc mDA neurons by ENGRAILED [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Stettler | Engrailed homeoprotein recruits the adenosine A1 receptor to potentiate ephrin A5 function in retinal growth cones[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF][START_REF] Thomasson | Engrailed-1 induces long-lasting behavior benefit in an experimental Parkinson primate model[END_REF].

Whether these conclusions apply to all other HPs tested here is an open question.

DNA break-induced signaling such as the phosphorylation of the histone variant H2AX (γH2AX) is required for transcriptional elongation in healthy cells. In this case γH2AX

accumulates at gene transcription start sites (TSSs) during Pol II pause release [START_REF] Bunch | Transcriptional elongation requires DNA break-induced signalling[END_REF]. However, there are clear differences between the latter situation and γH2AX-marked DSBs induced by damaging conditions, including oxidative stress. In TSSs γH2AX

accumulation is condensed within the transcribed units only and there is no spread outside the boundaries of the transcribed genes. In contrast, γH2AX accumulation due to DNA damage can spread over megabases in both directions from DSB sites. Here, the oxidative agents H 2 O 2 and 6-OHDA significantly increased the number of γH2AX foci in embryonic neurons or LUHMES cells, respectively. Pretreatment with EN1, OTX2, GBX2 or LHX9 (embryonic neurons) or EN1 (LUHMES cells) prevented the formation of DSBs. Interestingly, another homeobox gene HOXB7 enhances non-homologous end joining DNA repair in vitro and in vivo [START_REF] Rubin | A role for the HOXB7 homeodomain protein in DNA repair[END_REF], providing additional support to the involvement of homeoproteins in DNA break repair.

Homeoproteins of different species (chicken, mouse and human) protect mouse embryonic neurons against oxidative stress, suggesting an evolutionary conservation of their protective activity that parallels their structure conservation [START_REF] Banerjee-Basu | Molecular evolution of the homeodomain family of transcription factors[END_REF][START_REF] Holland | Evolution of homeobox genes[END_REF][START_REF] Holland | The evolution of homeobox genes: Implications for the study of brain development[END_REF]. The HPs tested here were all effective on neurons originating from the mescencephalon and telencephalon, two structures of different ontogenetic origins, thus expressing different repertoires of developmental genes.

ENGRAILED and OTX2 expressed in the midbrain provide protection to striatal neurons and, conversely, GBX2 and LHX9 that are expressed in striatum are effective in providing protection to ventral midbrain neurons. These results raise the possibility that neuroprotective activity may be common to HPs in a non-region-specific manner. Interestingly, cell-permeant MYC, a transcription factor of the Basic Helix-Loop-Helix family (bHLH) with major roles in cell cycle progression, apoptosis and cellular transformation showed no neuroprotective effect against oxidative stress induced by H 2 O 2 .

In contrast with their neuroprotective activity for terminally differentiated non-proliferating embryonic neurons and the LUHMES immortalized human dopaminergic neuronal precursor cell line, none of the HPs tested was able to protect HeLa cells, primary macrophages or primary fibroblasts from H 2 O 2 oxidative stress. Because all tests on non-neuronal cells were done in the presence of the Ara-C mitotic inhibitor and because the LUHMES cells are protected by hEN1, it is unlikely that the absence of protection in non-neuronal cells is due to their proliferative status. A possible explanation, based on the importance of hEN1 in mDA neurons in chromatin remodeling [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF] is that the chromatin structure of the proliferative cells tested here is sensitive to HP expression. Alternatively, but not mutually exclusive, co-factors required of HP protection might not be available in these non-neuronal cells.

THE TRANSCRIPTION FACTOR ENGRAILED-1 AND SPINAL MOTONEURON PHYSIOLOGY AND SURVIVAL

In preparation

INTRODUCTION

Homeoprotein transcription factors are encoded by a class of genes discovered on the basis of their developmental functions [START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF]. More recently, it was shown that several homeoproteins (HPs) are also expressed in the adult, suggesting that they participate in physiological homeostasis [START_REF] Spatazza | Homeoprotein signaling in development, health, and disease: a shaking of dogmas offers challenges and promises from bench to bed[END_REF]Prochiantz & DiNardo, 2015). Similar to what has been observed during development, adult HP functions can act in an autonomous and, for some of them, a non-cell autonomous fashion. Non-cell autonomous properties arise from the ability of several HPs to transfer between cells due to two highly conserved sequences present in their DNA-binding domain or homeodomain [START_REF] Prochiantz | Nuclear/growth factors[END_REF][START_REF] Joliot | Identification of a signal sequence necessary for the unconventional secretion of Engrailed homeoprotein[END_REF][START_REF] Derossi | Trojan peptides: the penetratin system for intracellular delivery[END_REF][START_REF] Maizel | A short region of its homeodomain is necessary for engrailed nuclear export and secretion[END_REF][START_REF] Dupont | Identification of a signal peptide for unconventional secretion[END_REF]). Studies have described developmental or adult functions of PAX6, OTX2 and ENGRAILED-1 (EN1)

and ENGRAILED-2 (collectively ENGRAILED), HPs expressed in the central nervous system. OTX2 non-cell autonomous activity is an important mechanism for the regulation of cerebral cortex plasticity in early post-natal mouse development and in the adult and for retinal ganglion cell (RGC) survival [START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF][START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF][START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Bernard | A mouse model for conditional secretion of specific single-chain antibodies provides genetic evidence for regulation of cortical plasticity by a non-cell autonomous homeoprotein transcription factor[END_REF]. PAX6 signaling regulates Cajal-Retzius cell migration early in development (Kaddour, et al. 2019). ENGRAILED acts non-cell autonomously in RGC axon guidance by stimulating mitochondrial activity and ATP synthesis and release at the level of the chick and frog optic tectum [START_REF] Brunet | The transcription factor Engrailed-2 guides retinal axons[END_REF][START_REF] Brunet | The topological role of homeoproteins in the developing central nervous system[END_REF][START_REF] Wizenmann | Extracellular Engrailed participates in the topographic guidance of retinal axons in vivo[END_REF][START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF]).

An important EN1 function is to ensure the survival of mesencephalic dopaminergic (mDA) neurons of the Substantia Nigra pars compacta (SNpc) in which this transcription factor is expressed throughout life [START_REF] Salthun-Lassalle | Rescue of mesencephalic dopaminergic neurons in culture by low-level stimulation of voltage-gated sodium channels[END_REF][START_REF] Gherbassi | The engrailed transcription factors and the mesencephalic dopaminergic neurons[END_REF][START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF][START_REF] Doucet-Beaupré & Lévesque | The role of developmental transcription factors in adult midbrain dopaminergic neurons[END_REF]. In EN1 heterozygote (EN1-het) mice, mDA neurons die progressively starting at post-natal week 6 and only approximately 60% of them remain in one-year-old mice. More importantly, infusion or injection of EN1 protein at the level of the SNpc and its internalization by mDA neurons rescues them from degeneration in several Parkinson Disease models [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF][START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF] and in a primate MPTP model [START_REF] Thomasson | Engrailed-1 induces long-lasting behavior benefit in an experimental Parkinson primate model[END_REF]. In mice, mDA rescue lasts for several weeks, a long-lasting effect reflecting that EN1, in addition to directly regulating transcription and translation [START_REF] Dubnau | RNA recognition and translational regulation by a homeodomain protein[END_REF][START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF], also remodels chromatin and regulates mobile elements [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF][START_REF] De Thé | Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression[END_REF]).

In the spinal cord EN1 is expressed in V1 inhibitory interneurons (INs) [START_REF] Logan | Cloning and sequence comparison of the mouse, human, and chicken engrailed genes reveal potential functional domains and regulatory regions[END_REF][START_REF] Saueressig | Engrailed-1 and netrin-1 regulate axon pathfinding by association interneurons that project to motor neurons[END_REF][START_REF] Sapir | Pax6 and engrailed 1 regulate two distinct aspects of renshaw cell development[END_REF][START_REF] Prasad | A differential developmental pattern of spinal interneuron apoptosis during synaptogenesis: insights from genetic analyses of the protocadherin-γ gene cluster[END_REF][START_REF] Bikoff | Spinal inhibitory interneuron diversity delineates variant motor microcircuits[END_REF]). These INs form inhibitory GABAergic and glycinergic synapses on large α-motoneurons (α-MNs) in the ventral spinal cord [START_REF] Ramírez-Jarquín | Spinal inhibitory circuits and their role in motor neuron degeneration[END_REF][START_REF] Zhang | V3 spinal neurons establish a robust and balanced locomotor rhythm during walking[END_REF]) and participate in the regulation of the alternating flexor-extensor activity [START_REF] Sapir | Pax6 and engrailed 1 regulate two distinct aspects of renshaw cell development[END_REF][START_REF] Benito-Gonzalez | Renshaw cells and Ia inhibitory interneurons are generated at different times from p1 progenitors and differentiate shortly after exiting the cell cycle[END_REF]. EN1 is expressed by INs at distinct developmental stages including early during postnatal life in several species [START_REF] Wenner | Topographical and physiological characterization of interneurons that express engrailed-1 in the embryonic chick spinal cord[END_REF][START_REF] Higashijima | Engrailed-1 expression marks a primitive class of inhibitory spinal interneuron[END_REF]). V1

interneurons, including Renshaw cells, contribute to the excitatory/inhibitory balance with excitatory V0 interneurons and the maintenance of this balance may be important for α-MN survival (Ramírez-Jarquín, et al. 2014). Importantly EN2 is not expressed in the embryonic and postnatal spinal cord [START_REF] Logan | Cloning and sequence comparison of the mouse, human, and chicken engrailed genes reveal potential functional domains and regulatory regions[END_REF][START_REF] Higashijima | Engrailed-1 expression marks a primitive class of inhibitory spinal interneuron[END_REF]).

In light of our results demonstrating that homeoproteins have neuron survival effects either directly or indirectly, we hypothesized that EN1 is important for MN physiology and survival.

Specifically, we predicted that EN1-Het mice lacking one allele of EN1 would manifest an α-MN phenotype. We demonstrate that EN1 expression is maintained in adulthood and that mice with reduced EN1 have early muscle weakness and abnormal spinal reflex with denervation of the neuromuscular junction and a later loss of large α-MNs. These degenerative changes are progressive. A single intrathecal injection of the HP restores muscle strength, normalizes spinal reflex and NMJ innervation and promotes survival of α-MNs. The restorative and protection activity of exogenous EN1 lasts for several months.

RESULTS

The EN1 locus is active in adult spinal cord

Previous studies reported EN1 expression in V1 interneurons in the early postnatal mouse spinal cord [START_REF] Bikoff | Spinal inhibitory interneuron diversity delineates variant motor microcircuits[END_REF]. We first established that EN1 is expressed in adult spinal cord. For this we took advantage of the genetic construction of the EN1 +/LacZ heterozygous mice (EN1-Het) in which the first 72 aminoacids of the EN1 gene, including the start codon, were replaced by a tau-LacZ sequence [START_REF] Callahan | Tau-beta-galactosidase, an axon-targeted fusion protein[END_REF] and resulted in an EN1 null allele. These mice express β-Galactosidase in the EN1 expression domains including the midbrain and the developing spinal cord [START_REF] Saueressig | Engrailed-1 and netrin-1 regulate axon pathfinding by association interneurons that project to motor neurons[END_REF] 

FIGURE 2. THE EN1-HET MICE SHOW PROGRESSIVE MUSCLE WEAKNESS AND ABNORMAL SPINAL REFLEXES.

A) There are no differences in the average weight gain between WT mice and their heterozygous littermates. B)

Reduction in normalized grip strength (mean±SD) values for the EN1-Het mice begins at 3 months old and progresses as the animals age, while no changes on overall performance are observed for their WT littermates at any age analyzed. C) A significant reduction in the maximum time the EN1-Het mice is able to hang on the grid is evident starting at 2 months of age, this deficit is progressive until the heterozygous mice almost rapidly falls from the grid. No significant changes in performance of WT mice are observed. D) Quantification of hindlimb extensor reflex at different ages using a 0-3 numerical scale as described in material and methods show abnormal spinal reflexes for the EN1-Het mice as early as 2 months of age. No differences in the extension of hindlimbs are present for the WT littermates at any age. WT and heterozygous mice perform similar at 1 month old for all 

Presynaptic pathology in the neuromuscular junction of the lumbrical muscles in EN1-

Het mice

Motor deficits such as reported above are often accompanied by early synaptic changes at the neuromuscular junction (NMJ) that is a highly specialized synapse type between the MN axon ending and skeletal muscle fibers. Since NMJs are highly vulnerable from very early stages of motor disorders we analyzed the NMJ morphology and synaptic characteristics of three muscle groups that have shown to possess different degrees of vulnerability in MNDs [START_REF] Comley | Cross-disease comparison of amyotrophic lateral sclerosis and spinal muscular atrophy reveals conservation of selective vulnerability but differential neuromuscular junction pathology[END_REF].

Alpha-bungarotoxin was used to visualize acetylcholine receptor (AChR) clusters of the motor endplate and antibodies against neurofilament and synaptic vesicle protein 2A to visualize motor axon presynapses. We observed the typical endplate morphology well centered on the lumbrical muscle fibers in all mice examined [START_REF] Sleigh | Morphological analysis of neuromuscular junction development and degeneration in rodent lumbrical muscles[END_REF]. No changes were observed in the average number of AChR clusters between WT and EN1-Het mice, nor any changes with age (Fig 3A andB). The area of the motor endplate did not vary with age in the WT mice and the area in the EN1-Het mice was similar except for a modest but significant reduction at 15.5 months of age.

Endplate perforations (or postjunctional folds) are a region of the endplate in which there is no observable AChR staining within the circumference of the endplate. The number of endplate perforations reflects the state of maturation of the NMJ; normal healthy muscles will show a complex morphology with multiple perforations [START_REF] Sanes | Development of the vertebrate neuromuscular junction[END_REF]. The number of perforations were quantified and the percentage of endplates with perforations and showed normal and similar numbers in WT and EN1-Het mice indicating normal maturation in both genotypes through nine months of age (Fig 3D). However, at 15.5 months of age the percentage of endplates with perforations was significant less in the EN1-Het mice.

We then evaluated the innervation status of the lumbrical NMJ. Motor endplates where categorized as fully innervated (neurofilament immunoreactivity overlying more than 80% of the endplate), partially innervated (neurofilament overlying up to 80% of the endplate) or depleted (no neurofilament overlying the endplate). Figure 3E shows significantly reduced innervation of the lumbrical NMJ in EN1-Het mice as early as 3 month-old and that the denervation worsens with age.

It is important to note that we observed no differences in any of the NMJ morphological characteristics of the extraocular muscles or the tongue muscles (Supplementary Fig 1) at any age between the two genotypes. Our NMJ morphological analyses show normal limb motor endplates in young adult EN1-Het mice that manifest a late reduction in endplate area and complexity and an earlier and progressive denervation.

Large neurons are lost in the EN1-Het mouse spinal cord

The progressive muscle weakness of the EN1-Het mice was accompanied with denervation of the muscle fibers. We reasoned that this muscle fiber denervation occurred as their corresponding motor neurons were lost, and thus analyzed the number of MNs present in the In order to identify the neurons that are lost in the ventral spinal cord of EN1-Het mice choline acetyltransferase (ChAT) immunoreactivity was used to identify MNs in mice of 9 months of age. ChAT is selectively expressed in γ and α-MNs [START_REF] Ma | Reduced branching and length of dendrites detected in cervical spinal cord motoneurons of Wobbler mouse, a model for inherited motoneuron disease[END_REF]. We observed that the number of intermediate sized (200-299µm 2 ) ChAT-labeled neurons were the same as the number of intermediate sized Nissl-stained cells (Fig 5B). Furthermore, there was no difference in cell number between EN1-Het and WT mice. In contrast, we observed a significant loss in large ChAT-positive motoneurons that closely paralleled the loss of large Nissl-stained neurons. ChAT-positive α-and γ-MN subtypes can be distinguished on size basis with γ-MNs being significantly smaller than α-MNs that are reported to be greater than 300µm 2 in somal cross sectional area [START_REF] Ma | Reduced branching and length of dendrites detected in cervical spinal cord motoneurons of Wobbler mouse, a model for inherited motoneuron disease[END_REF][START_REF] Wu | Targeted depletion of TDP-43 expression in the spinal cord motor neurons leads to the development of amyotrophic lateral sclerosislike phenotypes in mice[END_REF][START_REF] Powis | Selective loss of alpha motor neurons with sparing of gamma motor neurons and spinal cord cholinergic neurons in a mouse model of spinal muscular atrophy[END_REF][START_REF] Dutta | Protective effects of Withania somnifera extract in SOD1G93A mouse model of amyotrophic lateral sclerosis[END_REF]. Based on size and ChAT expression, we conclude that the large cells are α-MNs and only those are lost on the EN1-Het mice.

It is important to note that the absence of large α-MNs in the EN1-Het mouse spinal cord is not accompanied by a corresponding increase in the intermediate size class of MNs. For example, at 15.5 months of age there is reduction of about 5-6 large α-MNs per section in the EN1-Het spinal cord while the number of intermediate sized cells remains at about 14, the same number as in the WT spinal cord. In a further analysis, we looked at the accumulated frequency distribution of all neurons 200µm 2 and greater in 15.5 month-old EN1-Het and WT mice. The accumulated frequency shows a clear divergence at 300µm 2 with fewer cells in the EN1-Het mice and there was no increase in the accumulated frequency of intermediate sized neurons. This leads us to conclude that the reduction of large cells in EN1-Het mice reflects a frank loss of large α-MNs and is not due to cell shrinkage. Taken together, these results show that EN1-Het mice have a loss of α-MNs in the ventral spinal cord that is first apparent at 4.5 months of age and that this loss progresses, reaching about 40% (compared to WT) at 15.5 months of age.

Recombinant hEN1 reverses the EN1-Het motor phenotype

Previously we showed that exogenous HP transcription factors including ENGRAILED could stimulate the survival of embryonic and adult neurons after stress both in vitro and in vivo [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF]Vargas Abonce et al, in revision). Of note, exogenous ENGRAILED reduced the loss of dopaminergic neurons and the PD-like behavioral phenotype in EN1-Het mice [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF][START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF]. Here, we examined whether EN1 intrathecally administered to the spinal cord of EN1-Het mice could ameliorate the muscle weakness, abnormal extensor reflex, changes in NMJ morphology and the loss of α-MNs observed in the EN1-Het mice.

Recombinant human EN1 (hEN1) was produced, purified and its survival activity measured as described (Vargas Abonce, et al. in revision). Using the LDH citotoxicity assay, the hEN1 preparation used in the following studies had an ED 50 of about 12pM in protecting embryonic midbrain neurons against H 2 O 2 -induced oxidative stress. In the EN1-Het mice muscle weakness and abnormal extensor reflex appear before significant α-MN loss at 4.5 months of age. We reasoned that three months of age might provide a therapeutic window to slow-down or reverse the observed changes.

One µg of hEN1 was intrathecally injected and 24h later it was detected strong EN1 immunofluorescence in many cells in the parenchyma of the lumbar spinal cord (Fig 6A ).

ChAT immunofluorescence showed that many of the cells that internalized EN1 were MNs 

Restored endplate morphology and reduced α-MN loss in hEN1-injected EN1-Het mice

The improvement on all tested behavior phenotypes 1.5 months following hEN1 injection (Fig. 6) suggested a possible restoration of synapse morphology and arrest of α-MN death.

This was thus analyzed in 4.5-old-mice injected at 3 months with vehicle or hEN1. Figure 7A shows that the percentage of endplates with perforations is reduced in the EN1-Het mice treated with vehicle while those animals treated with hEN1 are indistinguishable from WT mice, this is the same case for the number of fully innervated endplates (Fig. 7B). From these results, it can be concluded that a single hEN1 injection in EN1-Het mice is sufficient to restore NMJs to those observed in the WT mice.

At 3 months of age, the defect in synapse morphology in EN1-Het mice was not yet associated with α-MN loss, suggesting that the decrease in end-plate occupancy did not reflect retrograde α-MNs loss, as seen at 4.5 months (Figs. 4 and5). In that case the recovery of strength and endplate morphology could be a consequence of an arrest in α-MN degeneration and/or a restoration of α-MN function. To address this point, the number of Nissl-stained large cells (>300µm2) was counted in all conditions, demonstrating a significant effect of 

EN1-Het mice treated with hEN1 at 9 months of age show no improvement in motor performance

A single injection of hEN1 at three months of age when EN1-Het mice have motor and NMJ deficits but no loss of α-MNs reverses muscle weakness and the abnormal hindlimb reflex, and reduces α-MN loss at 4.5 months of age. The restoration of muscle strength and normalization of the hind limb reflex lasts two-to-three months after injection. We then tested whether late administration of hEN1 would have positive effects on the EN1-Het phenotype.

One µg of hEN1 or 5µl of vehicle was intrathecally injected in nine-month-old EN1-Het mice and their performance compared with WT mice. Before injection, EN1-Het manifested significant reductions in weight corrected forepaw grip strength and time holding onto the inverted grid as well as an abnormal hind limb extensor reflex score (Figure 10). Vehicle and hEN1-injected EN1-Het mice continued to be significantly impaired compared to WT mice and there was a clear deterioration of the reflex score through six months after injection.

There was a tendency for the hEN1-injected EN1-Het mice to perform slightly better than vehicle-injected mice and this difference was significant at three months post injection for the forepaw grip strength and at two months for the reflex score. However, the magnitude of this difference was very small. In vitro experiments showed that high affinity DNA binding was necessary for hEN1 neuroprotection of embryonic neurons (Vargas Abonce, et al. in revision). Here we used a hEN1 with a glutamate to alanine mutation at position 50 of the homeodomain leading to a loss in high affinity DNA-binding [START_REF] Roux | Neurotrophic activity of the Antennapedia homeodomain depends on its specific DNA-binding properties[END_REF]. Mutated hEN1Q50A was intrathecally injected in three-month-old EN1-Het mice that showed muscle weakness and abnormal reflex score. In line with previous results, EN1-Het mice injected with WT hEN1 improved in forepaw grip strength, held onto the inverted grid longer and their hind limb reflex score was normalized. However, EN1-Het mice injected with hEN1Q50A did not improve and in terms of forepaw grip strength and reflex score continued to worsen (Fig 12). These results show that high affinity DNA binding of hEN1 is necessary for hEN1-mediated recovery of muscle strength and normalization of the hind limb reflex. Since the transfer sequences in HPs lie within the homeodomain, mutating them also alters their cell autonomous transcriptional activity. We generated an AAV8-GFAP-scFv (referred hereafter as antiEN1-scFv) that induces the expression and secretion of scFv antibodies directed against EN1 in the astrocytes. The construct for the scFv contains an IgK signal peptide for secretion, 6 Myc tags for detection and a skipping peptide (P2A) before EGFP, a STOP cassette is inserted before the scFv construct, flanked by two LoxP sites. The hypothesis was that if EN1 has a non-cell autonomous effect in the spinal cord then the expression and secretion of the antiEN1-scFv would result in the sequestration of EN1 present in the extracellular space in the spinal cord and affect MN physiology (Fig 14). Indeed, antibody production by the virus and its ability to sequester EN1/2 has been tested with success in mixed astrocytes and neuron cultures and in the Substantia Nigra (Peze-Heidsick.

et al, in preparation)

WT mice were intrathecally injected with the AAV8-GFAP-scFv and the expression and distribution of the antiEN1-ScFv Myc-tag of the virus after 1, 2, 3 and 4 weeks was observed.

At all levels of the spinal cord and in all the animals injected, the Myc-tag was revealed in GFAP+ cells (astrocytes) and in the extracellular space surrounding the MN nuclei (Fig 14A).

We tested the effects of the antiEN1-scFv in the spinal cord of WT mice. WT animals were subjected to our battery of motor tasks at 1 month old and one week later were injected with AAV8-GFAP-antiEN1-scFv or AAV8-EF1a-mCherry as control and compared them to noninjected WT mice. We followed behavior weekly for 4 months, and the weight and general appearance of the animals was observed daily for the duration of the experiment.

Figure 14B shows that there is a reduction in the average weight gain of the mice injected with antiEN1-scFv that is significant at weeks15 and 16 of the experiment. At the end of the experiment antiEN1-scFv injected mice weight about 20% less when compared to untreated WT or animals injected with mCherry coding control virus. Fig 14C shows that as early as 1 week after the injection of the antiEN1-scFv there is a significant reduction in the forepaw grip strength in the EN1-scFv injected mice that worsens overtime. The grip strength of the animals injected with control virus is virtually indistinguishable from that of untreated mice at all time points. Weakness in terms of time holding onto the inverted grid took six weeks to appear after injection of the antiEN1-scFv, with a continued deterioration thereafter (Fig Together these results show that the expression of a secreted antiEn1-scFv in the spinal cord of wildtype mice results in progressive motor deficits evident starting at 6 weeks after the injection.

Expressing an antiEN1-scFv in the spinal cord results in abnormal innervation at the

NMJ but not MN death

The expression of secreted scFv antibodies directed against EN1 in the spinal cord of WT mice results in progressive muscle weakness and an abnormal spinal reflex reminiscent to that of the EN1-Het mouse. We then verified if these changes were accompanied by NMJ abnormalities and MN loss. Lumbrical muscles and spinal cord of the injected mice were analyzed at the end of the study (16 weeks after the injection) as previously described.

Figure 15 shows that there are no differences in the endplate area or percentage of endplates with perforations (Fig 15 A,B) between the three experimental groups. In contrast the number of fully innervated endplates is significantly reduced in the mice injected with antiEN1-scFv (Fig 15C). This denervation is unlikely to reflect an adverse effect due to the presence of AAV8 viral particles, or the injection protocol, since the mice injected with AAV8-EF1a-mCherry show no differences in the percentage of fully innervated endplates when compared to untreated mice. These results provide evidence that the expression of antiEN1-scFv in the spinal cord leads to a presynaptic pathology in the lumbrical muscles. This denervation does not depend on large MN loss, since the number of large α-MNs identified by ChAT staining and soma size criterion in the lumbar enlargement is the same in the 3 groups, however we cannot rule out the possibility that these MNs are unhealthy and in a degeneration process, more studies are necessary to prove this hypothesis. 

DISCUSSION

Spinal MNs are the essential link for transmission of motor commands from the CNS to the periphery. The large α-MNs degenerate in MNDs such as SMA, ALS and SBMA. EN1 is expressed in spinal cord V1 inhibitory interneurons that synapse on α-MNs. We hypothesized that EN1 expression in the V1 interneurons provides protection for α-MNs. We used EN1-Het mice to test this hypothesis. Expression levels of EN1 mRNA in EN1-Het mice is about half that in WT mice and in both WT and EN1-Het mice. EN1 expression remains constant through 16 months of age. We report here that EN1-Het mice manifest early muscle weakness, abnormal spinal reflex and NMJ denervation that are followed by loss of large α-MNs. The motor symptoms, NMJ changes and MN loss is progressive with a loss of large α-MNs. At 15.5 months of age about 60% of the large α-MNs are lost. EN1-Het mice are indistinguishable from their WT littermates at one or two months of age and this argues against developmental deficits being responsible for the differences we observe at later ages.

With regards to other mice models for MN degeneration it is important to note that the EN1-Het mice do not lose weight, in fact they continue to gain considerable weight as their WT littermates and they do not present a fatal end point, at least through 2 years.

As a first step to testing exogenous EN1 as neuroprotective in the spinal cord of EN1-Het mice we administered hEN1 intrathecally. We observed that hEN1 penetrated the spinal cord parenchyma and was internalized by many neuronal and non-neuronal cells in the ventral and dorsal gray matter. Based on soma size and ChAT immunoreactivity, large α-MNs in the lumbar ventral spinal cord are among the cells that internalize hEN1. Little hEN1 immunoreactivity was detected in the cervical spinal cord.

Intrathecal injection of hEN1 in three-month old EN1-Het mice that already show muscle weakness and an abnormal hind limb reflex score restored muscle strength and normalized the spinal reflex within 1-2 weeks. The improvement in muscle strength and reflex lasts two to three months after which their performance is at the three-month pre-injection level, but still significantly better than nine-month old untreated EN1-Het mice. The NMJs morphology and MN number in the hEN1-treated nine-month old EN1-Het mice revealed that the degenerative changes were considerably reduced compared to age-matched untreated EN1-Het mice. Thus, in addition to temporarily restoring muscle strength and normalizing the extensor reflex, intrathecal hEN1 appears to slow down or perhaps even arrest the degenerative process.

HPs can act cell and non-cell autonomously and this raises two possible mechanisms leading to the phenotype observed in the EN1-Het mice and protection by exogenous hEN1. A direct cell autonomous effect would mean that EN1 expressing V1 INs are dysfunctional. Since these cells are an essential component of the reciprocal inhibitory MN circuit, loss of their inhibitory input places MNs at risk for degeneration [START_REF] Quinlan | Links between electrophysiological and molecular pathology of amyotrophic lateral sclerosis[END_REF]. Deficits in inhibitory interneurons in the spinal cord of ALS mouse models have been reported [START_REF] Hossaini | Spinal inhibitory interneuron pathology follows motor neuron degeneration independent of glial mutant superoxide dismutase 1 expression in SOD1-ALS mice[END_REF] and in particular Renshaw cell pathology has also been observed following MN loss [START_REF] Chang | Glycinergic innervation of motoneurons is deficient in amyotrophic lateral sclerosis mice: a quantitative confocal analysis[END_REF]. Alternatively, but not mutually exclusive, EN1 might act in a noncell autonomous fashion. V1 interneurons may provide EN1 to α-MNs where the protein acts non-cell autonomously in a protective manner such as observed for Otx2 in RGCs [START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF]).

EN1 might mediate degeneration and further provide protective activity via mitochondrial activation, ATP metabolism, reducing DNA damage and/or by maintaining/resetting epigenetic marks. Motor neurons are one of the most energy consuming neuronal subtypes, which lead to a particular need for high regulation of the mitochondrial machinery. It has been previously shown that EN1 regulates the translation of proteins of the complex I of the mitochondria [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF] suggesting that increases in mitochondrial activity after exogenous hEN1 injection could provide a protective effect in those INs (cellautomously) and/or MNs (non-cell autonomously) that have not yet crossed irreversibly the oxidative metabolic threshold that leads to impairment and degeneration. Indeed, a protection against Reactive Oxygen Species (ROS) synthesis and ATP production might rely on the protective effect of EN1 in mouse models of Parkinson Disease [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF][START_REF] De Thé | Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression[END_REF]).

In the latter context, DNA damage is a key feature of MN degeneration [START_REF] Wang | Interaction of FUS and HDAC1 regulates DNA damage response and repair in neurons[END_REF][START_REF] Farg | The DNA damage response (DDR) is induced by the C9orf72 repeat expansion in amyotrophic lateral sclerosis[END_REF]) and EN1 is able to reduce it in mesencephalic dopaminergic (mDA) cells in vivo [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF] and in embryonic neurons and immortalized dopaminergic human LHUMES cells in vitro (Vargas Abonce, et al. in revision). It is thus tempting to propose that, as observed for EN1-het mDA neurons, DNA damage could contribute to MN degeneration in the EN1-Het mice with protection by exogenously provided hEN1. The same parallel with mDA neurons can be done for the importance of the heterochromatin structure in the disease. Evidence for histone modification involvement have been reported in ALS [START_REF] Cohen | The histone deacetylase HDAC4 connects neural activity to muscle transcriptional reprogramming[END_REF][START_REF] Bruneteau | Muscle histone deacetylase 4 upregulation in amyotrophic lateral sclerosis: potential role in reinnervation ability and disease progression[END_REF][START_REF] Schludi | Distribution of dipeptide repeat proteins in cellular models and C9orf72 mutation cases suggests link to transcriptional silencing[END_REF] and in models of Parkinson's disease [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF]. In the latter model, injection of EN1 rescues the changes in chromatin markers such as H3K9me3, H3K27me3, MeCP2 and nucleolin. This suggest that similarly to what was found on mDA neurons submitted to a strong oxidative stress, the long-lasting effect of intrathecal hEN1 injections in the spinal cord of EN1-Het mice is due to changes in the epigenetic state of the cells that have internalized the HP.

Injected hEN1 seems to accumulate preferentially into large motoneurons, suggesting the existence of hEN1 binding sites at the surface of these cells, similarly to what was described for OTX2 and cerebral cortex parvalbumin neurons [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF]. However, hEN1 is also internalized, seemingly to a lesser degree, by several neuronal and non-neuronal cells and we cannot rule out the possibility that its effects are mediated by the activation and/or regulation of protective factors by other cells such as astrocytes and microglia that have been implied in the degeneration of MNs in motor neuron diseases [START_REF] Qian | Sporadic ALS astrocytes induce neuronal degeneration in vivo[END_REF][START_REF] Barber | Oxidative stress in ALS: a mechanism of neurodegeneration and a therapeutic target[END_REF].

More experiments will be necessary to verify these points (and others) but, whatever the specific mechanisms for hEN1 protection, our results show that mice with reduced expression of endogenous EN1 develop muscle weakness, abnormal spinal reflex, NMJ denervation and progressive MN degeneration, demonstrating that EN1 has an important role in MN physiology. When exogenous hEN1 is provided after the symptoms have appeared but before large MN have started to die, strength can be restored, the extensor reflex can be normalized, NMJ denervation prevented and MN degeneration stopped. Importantly, a simple administration has months-long beneficial effects. These results suggest that hEN1 has potential therapeutic value for MNDs, in particular for ALS.

ENGRAILED1 AND THE SURVIVAL OF HUMAN MOTOR NEURONS

IN VITRO

INTRODUCTION

Homeoproteins (HPs) bind DNA and RNA and regulate gene transcription and translation [START_REF] Dubnau | RNA recognition and translational regulation by a homeodomain protein[END_REF]see DiNardo, et al. 2018) and they also remodel chromatin and regulate the expression of mobile elements [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF][START_REF] De Thé | Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression[END_REF]).

In the central nervous system HPs are involved in brain compartmentalization, cell differentiation and migration, axon guidance, synaptogenesis and neuronal survival (For review see Prochiantz & DiNardo, 2015). Many HP transcription factors transfer to neighboring cells to regulate transcription and protein translation non-cell autonomously [START_REF] Prochiantz | Nuclear/growth factors[END_REF][START_REF] Joliot | Identification of a signal sequence necessary for the unconventional secretion of Engrailed homeoprotein[END_REF][START_REF] Derossi | Trojan peptides: the penetratin system for intracellular delivery[END_REF][START_REF] Maizel | A short region of its homeodomain is necessary for engrailed nuclear export and secretion[END_REF][START_REF] Dupont | Identification of a signal peptide for unconventional secretion[END_REF][START_REF] Stettler | Engrailed homeoprotein recruits the adenosine A1 receptor to potentiate ephrin A5 function in retinal growth cones[END_REF].

ENGRAILED 1 (EN1) has neuroprotective effects in vitro and in vivo (see [START_REF] Dinardo | The physiology of homeoprotein transduction[END_REF]). In the developing and postnatal spinal cord EN1 is expressed in inhibitory projection interneurons that synapse on motor neurons (MNs) in the ventral horn but not in MNs themselves [START_REF] Logan | Cloning and sequence comparison of the mouse, human, and chicken engrailed genes reveal potential functional domains and regulatory regions[END_REF][START_REF] Saueressig | Engrailed-1 and netrin-1 regulate axon pathfinding by association interneurons that project to motor neurons[END_REF][START_REF] Sapir | Pax6 and engrailed 1 regulate two distinct aspects of renshaw cell development[END_REF][START_REF] Prasad | A differential developmental pattern of spinal interneuron apoptosis during synaptogenesis: insights from genetic analyses of the protocadherin-γ gene cluster[END_REF][START_REF] Bikoff | Spinal inhibitory interneuron diversity delineates variant motor microcircuits[END_REF]). In mice with reduced EN1 expression we observed neuromuscular junction (NMJ) denervation, early and progressive muscle weakness, abnormal spinal reflex and large α-MN progressive loss. Importantly, it was found that a single intrathecal injection of human EN1 recombinant protein protects MNs from degeneration for several months and rescues the EN1-Het motor phenotype (Vargas et al. in preparation).

MNs die in motor neuron diseases (MNDs) such as amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA), and spinobulbar muscular atrophy (SBMA) [START_REF] Bendotti | Early vacuolization and mitochondrial damage in motor neurons of FALS mice are not associated with apoptosis or with changes in cytochrome oxidase histochemical reactivity[END_REF][START_REF] Barber | Oxidative stress in ALS: a mechanism of neurodegeneration and a therapeutic target[END_REF][START_REF] Williams | MicroRNA-206 delays ALS progression and promotes regeneration of neuromuscular synapses in mice[END_REF][START_REF] Tjust | Unaffected motor endplate occupancy in eye muscles of ALS G93A mouse model[END_REF][START_REF] Valdez | Shared resistance to aging and ALS in neuromuscular junctions of specific muscles[END_REF]. MNDs are rare and incurable forms of neurodegeneration that can appear at any age and present a progressive weakening of muscles in the body that eventually affects the ability to breath leading to death, with life expectancy after diagnosis ranging from 3 to 5 years [START_REF] Lacomblez | A confirmatory dose-ranging study of riluzole in ALS[END_REF][START_REF] Miller | Riluzole for amyotrophic lateral sclerosis (ALS)/motor neuron disease (MND). Amyotrophic lateral sclerosis and other motor neuron disorders: official publication of the World Federation of Neurology[END_REF][START_REF] Corcia | Causes of death in a post-mortem series of ALS patients[END_REF][START_REF] Kiskinis | Pathways disrupted in human ALS motor neurons identified through genetic correction of mutant SOD1[END_REF]. Much research has focused on developing therapeutic agents that could reduce the progression of these diseases, by slowing or halting MN degeneration. However the translation from animal models to human therapy has proven discouragingly ineffective [START_REF] Lacomblez | A confirmatory dose-ranging study of riluzole in ALS[END_REF][START_REF] Miller | Riluzole for amyotrophic lateral sclerosis (ALS)/motor neuron disease (MND). Amyotrophic lateral sclerosis and other motor neuron disorders: official publication of the World Federation of Neurology[END_REF][START_REF] Fornai | Lithium delays progression of amyotrophic lateral sclerosis[END_REF][START_REF] Bruneteau | Muscle histone deacetylase 4 upregulation in amyotrophic lateral sclerosis: potential role in reinnervation ability and disease progression[END_REF]McClelland, et al. 2018).

We first examined whether adult MNs can respond to EN1 in the absence of the tissue context. Then determine if hEN1 can promote the survival of human MNs differentiated from human induced pluripotent stem cells (iPSCs). Human iPSCs are cells derived by expressing pluripotency related genes in differentiated adult somatic cells that reprogram them back to an embryonic-like state. The cells can be then differentiated into almost any cell type. An important application is to derive iPSCs from patients with somatic mutations, allowing for in vitro studies of some disease parameters [START_REF] Wernig | Neurons derived from reprogrammed fibroblasts functionally integrate into the fetal brain and improve symptoms of rats with Parkinson's disease[END_REF][START_REF] Nedelec | Genetically-modified human pluripotent stem cells: new hopes for the understanding and the treatment of neurological diseases?[END_REF][START_REF] Svendsen | Back to the future: how human induced pluripotent stem cells will transform regenerative medicine[END_REF][START_REF] Lee | Advances in patientspecific induced pluripotent stem cells shed light on drug discovery for amyotrophic lateral sclerosis[END_REF]. Motor neurons that are generated from iPSCs express a combination of HB9, ISL1, and column-specific markers that mirror those observed in vivo in the human spinal cord (Panman, et al. 2008;Nedelec, et al. 2012;[START_REF] Mazzoni | Synergistic binding of transcription factors to cell-specific enhancers programs motor neuron identity[END_REF][START_REF] Maury | Combinatorial analysis of developmental cues efficiently converts human pluripotent stem cells into multiple neuronal subtypes[END_REF]. They also exhibit spontaneous and induced physiological activity and project axons toward muscles when grafted into the developing spinal cord. [START_REF] Bryson | Optical control of muscle function by transplantation of stem cellderived motor neurons in mice[END_REF]). Recent studies using iPSCs from ALS patients show disease-relevant phenotypes, including MN pathology and degeneration, and have been used for testing potential therapeutic agents [START_REF] Nedelec | Genetically-modified human pluripotent stem cells: new hopes for the understanding and the treatment of neurological diseases?[END_REF][START_REF] Sandoe | Opportunities and challenges of pluripotent stem cell neurodegenerative disease models[END_REF][START_REF] Allodi | Drected midbrain and spinal cord neurogenesis from pluripotent stem cells to model development and disease in a dish[END_REF][START_REF] Lee | Advances in patientspecific induced pluripotent stem cells shed light on drug discovery for amyotrophic lateral sclerosis[END_REF].

We showed that EN1 increases the survival of MNs from the adult spinal cord and in experiments with human iPSCs that in the experimental conditions used, virtually all differentiated cells are neurons (Tuj1-positive) and up to 80% are MNs (Islet1-positive). After 5 days in vitro differentiated MNs start to progressively die, but when recombinant hEN1 is added to the culture media, all MNs survive for at least 15 days in vitro. The development of MNs derived from neurologically normal and ALS patients allowed us to show that MNs with the ALS SOD1A4V and C9Orf72 mutations were more sensitive to H 2 O 2 -induced oxidative stress. In addition, in the latter oxidative stress, hEN1 fully protected the MNs from neurological normal donors and provided partial protection to MNs with ALS mutations.

These results suggest that EN1 promotes the survival of adult and iPSCs derived MNs and also has beneficial effects on MNs derived from ALS patients.

RESULTS

EN1 promotes the survival of dissociated adult mouse MNs

Previous studies demonstrated the pro-survival effects of EN1 in embryonic neuronal cells and immortalized human dopaminergic neuronal precursors (LUHMES) in vitro (Vargas Abonce, et al. Chapter 3) and a protective effect on adult α-MNs in vivo (Vargas Abonce,et al. Chapter 4). Here we determined if EN1 could promote the survival of adult MNs removed from the tissue context in the spinal cord. We dissociated cells from the adult mouse spinal cord and cultured them in the absence or presence of increasing concentrations of recombinant mouse EN1 (mEN1) for 6 days in vitro (DIV).

After six days in culture without mEN1 only about 5.7±2.1 islet-labeled MNs were present in a coverslip diameter (Fig1). mEN1 at 0.3 and 0.6nM had no significant effect in the number of surviving MNs. In contrast 1.5nM mEN1 increased the number of MNs by about five fold compared to control conditions (25.75±7.2). EN1 5nM not only increased the number of MNs (37.25±11.2) but also stimulated the presence of numerous and complex neurites. These results show that adult spinal cord MNs can respond to the prosurvival effect of EN1 in the absence of their in-situ tissue context. As a first step toward a possible use of hEN1 in human disease we determined whether human MNs could respond to EN1. We used human progenitor cells that were differentiated towards spinal MNs and cultured them in the absence of neurotrophic factors required for their survival [START_REF] Patterson | Defining the nature of human pluripotent stem cell progeny[END_REF][START_REF] Mazzoni | Synergistic binding of transcription factors to cell-specific enhancers programs motor neuron identity[END_REF][START_REF] Maury | Combinatorial analysis of developmental cues efficiently converts human pluripotent stem cells into multiple neuronal subtypes[END_REF]). We carried out a time course analysis to study the survival effect of hEN1 for 15 DIV and also analyzed if 

hEN1 protects MNs derived from patients with ALS-causing somatic mutations

The LDH assay was used to examine the protective activity of hEN1 on MNs derived from iPSCs from patients with two familial ALS-causing mutations. The SOD1AV4 mutation causes a rapidly progressive dominant form of ALS restricted to lower motor neuron disease and is responsible for 50% of SOD1 mutations associated with familial ALS [START_REF] Saeed | Age and founder effect of SOD1 A4V mutation causing ALS[END_REF][START_REF] Kiskinis | Pathways disrupted in human ALS motor neurons identified through genetic correction of mutant SOD1[END_REF]. The C9ORF72 repeat expansion is the most important genetic cause of familial ALS and Frontotemporal Dementia (FTD) and accounts for up to 34.2% and 25.9% of the cases respectively [START_REF] Dejesus-Hernandez | How do C9ORF72 repeat expansions cause amyotrophic lateral sclerosis and frontotemporal dementia: can we learn from other noncoding repeat expansion disorders?[END_REF][START_REF] Rohrer | C9orf72 expansions in frontotemporal dementia and amyotrophic lateral sclerosis[END_REF].

MNs derived from a neurologically normal donor were treated with 100 mM H 2 O 2 , killing about 90% of the cells. At concentrations of about 100 pM to 12.5nM, hEN1 provided almost 100% of protection (Fig 3A). MNs from a SOD1A4V ALS case in which the mutation was corrected (isogenic control) [START_REF] Kiskinis | Pathways disrupted in human ALS motor neurons identified through genetic correction of mutant SOD1[END_REF] 

DISCUSSION

ENGRAILED can act cell autonomously and non-cell autonomously to affect the physiology and survival of different types of neurons both in vitro and in vivo (Sonnier, et al. 2008;[START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF][START_REF] De Thé | Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression[END_REF]Vargas Abonce et al, in revision;Chapters 3 and 4). Mice with reduced EN1 expression develop muscle weakness, neuromuscular junction denervation and α-MN degeneration (Chapter 4) and these degenerative changes are reminiscent of MNDs. Importantly, exogenous hEN1 injected into the spinal cord restores muscle strength, prevents denervation and protects α-MNs. We SOD1A4V isogenic control Control iPSCs demonstrate that EN1 acts directly on adult mouse dissociated MNs and human MNs derived from iPSCs to promote their survival, increase the generation of complex dendritic processes and protect them from mechanical or oxidative-stress induced cell death.

The spinal cord motor system is a complex and highly specialized circuit that depends on the functions of several neuronal and non-neuronal cells, in particular of those relationships between MNs and inhibitory INs [START_REF] Sapir | Pax6 and engrailed 1 regulate two distinct aspects of renshaw cell development[END_REF][START_REF] Gosgnach | V1 spinal neurons regulate the speed of vertebrate locomotor outputs[END_REF][START_REF] Martin | Motor neuron degeneration in amyotrophic lateral sclerosis mutant superoxide dismutase-1 transgenic mice: mechanisms of mitochondriopathy and cell death[END_REF][START_REF] Chang | Glycinergic innervation of motoneurons is deficient in amyotrophic lateral sclerosis mice: a quantitative confocal analysis[END_REF]Benito-Gonzales & Alvarez, 2012;[START_REF] Ramírez-Jarquín | Spinal inhibitory circuits and their role in motor neuron degeneration[END_REF]) and those imposed by support glial cells [START_REF] Barber | Oxidative stress in ALS: a mechanism of neurodegeneration and a therapeutic target[END_REF][START_REF] Qian | Sporadic ALS astrocytes induce neuronal degeneration in vivo[END_REF]. We showed here that adult MNs dissociated from the spinal circuit respond to exogenous EN1 and moreover that EN1 not only promotes survival but also the growth of complex neurites.

Our experiments with hMNs derived from iPSCs also show an important neurite growth effect for hEN1. These results may be of interest in the context of cell replacement therapies, where EN1 might stimulate the integration of grafted cells and enhance the growth of synaptic connections.

However, an important limitation in the use of iPSCs-derived MNs to test drugs is that the MNs are in an embryonic state [START_REF] Patterson | Defining the nature of human pluripotent stem cell progeny[END_REF]. While their mature molecular signature advances with prolonged time in culture [START_REF] Hjelm | In vitro-differentiated neural cell cultures progress towards donor-identical brain tissue[END_REF], it is still difficult to produce mature cells that are transcriptionally similar to their in vivo counterparts.

Whatever their limitations, our results demonstrate that hEN1 can increase the survival of human MNs derived from iPSCs. Our results also corroborate work from other laboratories reporting that MNs from patients with fALS are more sensitive to oxidative stress [START_REF] Ferrante | Evidence of increased oxidative damage in both sporadic and familial amyotrophic lateral sclerosis[END_REF][START_REF] Barber | Oxidative stress in ALS: a mechanism of neurodegeneration and a therapeutic target[END_REF][START_REF] Ilieva | Oxidative and endoplasmic reticulum stress interplay in sporadic amyotrophic lateral sclerosis[END_REF]. Finally, in spite of this increased susceptibility to oxidative stress, hEN1 does have neuroprotective activity on MNs with ALS mutations, albeit the protection is less than for MNs from normal neurological donors or MNs in which the SOD1 mutation has been corrected. This last points suggests that EN1 can act as a neuroprotective factor regardless of the genetic background of the cells.

DISCUSSION

This work addresses two points. The first is whether neuroprotective activity is a common attribute of homeoproteins from different classes. The second is the potential important role of the homeoprotein EN1 in spinal motor neuron physiology, survival and protection.

NEUROPROTECTION

Neuroprotection is widely represented in HPs. Over the last decade or so, evidence has accumulated showing that HPs can protect neurons in diverse contexts. Mouse EN1 of the Antennapedia class of HPs promotes the survival of embryonic dopaminergic neurons challenged by the mitochondrial complex 1 toxin MPP+, rotenone and mutated α-synuclein [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF]. The present work extends this observation to show that mEN1, chEN2 and hEN1 promote the survival of ventral embryonic midbrain cells against oxidative stress by H 2 O 2 (Vargas Abonce,et al. in revision;Chapter 3). hEn1 also increases the survival of dissociated adult mouse MNs and human iPSC-derived MNs (Chapter 5). Dopaminergic neurons of the SNpc express EN1 while MNs of the spinal cord do not. In vivo, mice lacking one allele of EN1 initially have normal numbers of DA neurons in the SNpc and large α-MNs in the ventral spinal cord but, at six weeks for DA neurons and 4.5 months for MNs, the cells start to degenerate [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF]Chapter 4). EN1 infused into the ventral midbrain or injected into the lumbar spinal cord significantly reduces this degeneration [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF]Chapter 4). EN1 also protects adult DA neurons in vivo against neurotoxicity caused by MPTP, 6-OHDA and α-synuclein [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF]. The protective effect is cell autonomous but a non-autonomous contribution was recently demonstrated by Peze-Heidsieck and colleagues in the laboratory since blocking extracellular EN1/2 through the GFAP promoter controlled expression of the antiEN1-scFv induces mDA cell death in vivo.

OTX2 of the paired class of HPs, promotes the survival of adult dissociated retinal ganglion cells in culture and protects them against NMDA excitotoxicity in vivo [START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF]. This neuroprotection activity is non-cell autonomous since RGCs do not express OTX2 but capture it, probably from the bipolar cells [START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF]. Photoreceptors in the retina of hypomorphic mice with intermediate levels of OTX2 activity initially have the normal compliment of photoreceptors but the cells degenerate with time [START_REF] Bernard | A mouse model for conditional secretion of specific single-chain antibodies provides genetic evidence for regulation of cortical plasticity by a non-cell autonomous homeoprotein transcription factor[END_REF]). In the adult mouse, continued expression of OTX2 in the retinal pigmented epithelium is necessary for photoreceptor survival [START_REF] Housset | Loss of Otx2 in the adult retina disrupts retinal pigment epithelium function, causing photoreceptor degeneration[END_REF]). In the case of photoreceptors, it

is not yet clear if the OTX2 survival effects are cell-autonomous, non-cell autonomous, or both as for mDA neurons.

In light of the robust neuroprotective effect of different ENGRAILED proteins and OTX2, we wanted to know if HPs from different classes would also be protective. We used an LDH assay and H 2 O 2 oxidative stress to evaluate LHX9 and GBX2 from the LIM class of HPs as well as all EN1/2 and OTX2 and two mutated ENGRAILED proteins in a single system. All WT proteins stimulated neuronal survival; mEN1, chEN2, hEN1, mOTX2, hGBX2 and hLX9 protected primary embryonic neurons from ventral midbrain and striatum against H 2 O 2 oxidative stress. In addition, hEN1 protected immortalized human DA neuronal precursors against 6-OHDA toxicity.

During development HPs are highly regulated transcription factors whose region specific expression is crucial in defining brain compartmentalization. This raises the question of whether the specificity of their activities during development is maintained for neuroprotection. All HPs tested are able to fully protect neurons from two different developing structures with different origins (mescencephalon and striatum) and independently of whether they are normally expressed in these structures, either during development or in the adult. All in all, this strongly suggests that HP neuroprotective properties show little specificity.

In contrast with their protective activity exerted on terminally differentiated non-proliferating embryonic neurons, LUHMES immortalized human dopaminergic neuronal precursor cell line, adult dissociated MNs and MNs derived from human iPSCs, none of the HPs tested protected HeLa cells, primary macrophages or primary fibroblasts from oxidative stress.

Because all tests on non-neuronal cells were done in the presence of the AraC mitotic inhibitor and because the LUHMES progenitors are protected by hEN1, it is unlikely that the absence of protection in non-neuronal cells is simply due to their proliferative status. A possible explanation based on the importance of chromatin remodeling hEN1 action on mDA neurons [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF], is that the chromatin structure of the proliferative cells tested here renders them insensitive to HP action. Alternatively, but not mutually exclusive, cofactors required for HP protection might not be available in these non-neuronal cells. In this regard it is interesting to note that the specificity in DNA recognition of HPs involves cooperative DNA binding with other proteins [START_REF] Piper | Structure of a HoxB1-Pbx1 heterodimer bound to DNA: role of the hexapeptide and a fourth homeodomain helix in complex formation[END_REF].

Evolutionary implications. Similar neuroprotection by ENGRAILED proteins from different species (i.e. chicken, mouse and human) is observed on embryonic midbrain neurons coming from a single species (mouse), demonstrating a strong evolutionary conservation of this activity. The ENGRAILED genes of vertebrates and insects arose as independent duplication of an ancestral EN gene [START_REF] Dolecki | An engrailed class homeo box gene in sea urchins[END_REF] and this duplication occurred after the divergence of echinoderms and vertebrates but prior to the divergence leading to birds and mammals some 310 million years ago [START_REF] Benton | The fossil record[END_REF][START_REF] Logan | An HaeIII RFLP for the human homeo box-containing gene EN1[END_REF][START_REF] Kumar | A molecular timescale for vertebrate evolution[END_REF]. This suggests that ENGRAILED neuroprotective activity arose prior to the separation between birds and mammals. More strikingly, HPs can compensate between classes as shown by the fact that OTX2 of the PRD-class is able to compensate for EN1dependent neuronal loss in vivo, even though ENGRAILED belongs to the ANTP-class [START_REF] Di Giovannantonio | Otx2 selectively controls the neurogenesis of specific neuronal subtypes of the ventral tegmental area and compensates En1-dependent neuronal loss and MPTP vulnerability[END_REF]. Thus, neuroprotective activity arose before the divergence of Antennapedia and paired classes of HPs. The early emergence of HP protection and the selective pressure to mantain it over hundreds of millions of years underscores its importance.

The expression of EN2 is also able to fully rescue the brain and skeletal defects in animals lacking EN1 [START_REF] Hanks | Rescue of the En-1 mutant phenotype by replacement of En-1 with En-2[END_REF]. However, endogenous EN2 does not rescue the limb innervation patterns in the EN1 -/-mutants [START_REF] Huettl | Engrailed 1 mediates correct formation of limb innervation through two distinct mechanisms[END_REF], suggesting that one of the main differences in function between HPs during the development of different structures compared to adulthood is not a result of different biochemical capacities of the proteins but due to divergence in the embryonic expression patterns of other external and intrinsical cues. This is probably obscured in the in vitro conditions where cells are not in their tissue context. This might also mean that the molecular pathways through which HPs act as survival factors differ greatly from those operating during development.

HP internalization is required for neuroprotective activity. ENGRAILED internalization is driven by the third helix of the HD [START_REF] Derossi | The third helix of the Antennapedia homeodomain translocates through biological membranes[END_REF] and within this sequence mutating tryptophan (W) at position 48 of the homeodomain blocks internalization [START_REF] Joliot | Identification of a signal sequence necessary for the unconventional secretion of Engrailed homeoprotein[END_REF].

We tested the protective activity of chEN2SR mutated at positions 48 (W48S) and 49 (F49R). Wildtype mEN1, hEN1 and chEN2 all protected embryonic neurons against H 2 O 2 oxidative stress, whereas internalization deficient chEN2SR did not (Chapter3). Similarly, when the corresponding amino acids are mutated in OTX2, the protein is not internalized and no longer promotes RGC survival in vitro or in vivo [START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF]. This demonstrates that, at least for OTX2 and ENGRAILED, internalization is required for neuroprotection and that the protective activity is not, or not only, transduced by a cell surface receptor.

High affinity DNA binding is required for HP neuroprotection. In EN1, glutamate at position 50 of the homeodomain does not participate in internalization but is necessary for high affinity DNA binding and transcriptional activity [START_REF] Roux | Neurotrophic activity of the Antennapedia homeodomain depends on its specific DNA-binding properties[END_REF]. hEN1 with a glutamine to alanine mutation at position 50 (hEN1Q50A) failed to protect embryonic ventral midbrain cells against H 2 O 2 oxidative stress (Chapter 3). This demonstrates that transcriptional activity is necessary for neuroprotection, but one cannot exclude mechanisms independent or downstream of HP high affinity DNA binding.

Let us now consider possible mechanisms for HP neuroprotection.

DNA DAMAGE AND REPAIR

DNA damage and repair are an important part of cell physiology and cell degeneration.

DNA break-induced signaling such as the phosphorylation of the histone variant H2AX (γH2AX) is required for transcriptional elongation in healthy cells [START_REF] Banáth | Expression of phosphorylated histone H2AX as a surrogate of cell killing by drugs that create DNA double-strand breaks[END_REF]. In this case γH2AX accumulates at gene transcription start sites (TSSs) during Pol II pause release [START_REF] Bunch | Transcriptional elongation requires DNA break-induced signalling[END_REF]. However, there are clear differences between the latter situation and γH2AX-marked DNA breaks induced by damaging conditions such as oxidative stress. In TSSs, γH2AX accumulation is condensed only within the transcribed units and there is no spreading outside the boundaries of the transcribed genes [START_REF] Celeste | Histone H2AX phosphorylation is dispensable for the initial recognition of DNA breaks[END_REF]. In contrast, γH2AX accumulation due to DNA damage can spread over megabases in both directions from break sites [START_REF] Banáth | Expression of phosphorylated histone H2AX as a surrogate of cell killing by drugs that create DNA double-strand breaks[END_REF][START_REF] Celeste | Histone H2AX phosphorylation is dispensable for the initial recognition of DNA breaks[END_REF][START_REF] Dickey | H2AX: functional roles and potential applications[END_REF]. DNA damage can result in the activation of two pathways, a pro-survival pathway that includes DNA repair, alterations in gene expression profiles and protein synthesis or, alternatively, programmed cell death [START_REF] Fillingham | γ H2AX and its role in DNA doublestrand break repair. This paper is one of a selection of papers published in this Special Issue, entitled 27th International West Coast Chromatin and Chromosome Conference, and has undergone the Journal's usual peer review process[END_REF]. Accumulating DNA damage and malfunction of the DNA damage response accelerate neuronal death in the aging brain and in several neurodegenerative disorders [START_REF] Banáth | Expression of phosphorylated histone H2AX as a surrogate of cell killing by drugs that create DNA double-strand breaks[END_REF][START_REF] Aguirre | Increased oxidative damage to DNA in an animal model of amyotrophic lateral sclerosis[END_REF][START_REF] Wang | Interaction of FUS and HDAC1 regulates DNA damage response and repair in neurons[END_REF][START_REF] Madabhushi | DNA damage and its links to neurodegeneration[END_REF][START_REF] Farg | The DNA damage response (DDR) is induced by the C9orf72 repeat expansion in amyotrophic lateral sclerosis[END_REF]. Dopaminergic cells in the ventral midbrain (SNpc and VTA) express EN1 in the adult mouse.

In EN1-Het mice DA cells of the SNpc and to a lesser extent VTA, degenerate [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF]). Tyrosine hydroxylase-positive cells in the SNpc of EN1-het mice have numerous γH2AX foci indicative of DNA breaks [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF]. In addition, EN1-Het mice are more sensitive to 6-OHDA oxidative stress. Oxidative stress by H 2 O 2 leads to a 2-to 5-fold increase in the number of γH2AX foci in embryonic ventral midbrain cells (Vargas Abonce,et al. in revision;Chapter 3). h/mEN1 as well as mOTX2, hGBX and hLHX9 all prevented DNA breaks suggesting the HPs shifted the balance towards DNA repair (Vargas Abonce,et al. in revision;Chapter 3). Interestingly, another homeobox gene HOXB7 enhances nonhomologous end joining DNA repair in vitro and in vivo [START_REF] Rubin | A role for the HOXB7 homeodomain protein in DNA repair[END_REF]), providing additional support for the involvement of HPs in DNA break repair.

MITOCHONDRIAL METABOLISM, ATP AND NEUROPROTECTION

ENGRAILED, while known as a transcription factor, can also stimulate protein translation.

Axon guidance studies showed that ENGRAILED attracts and repels Xenopus RGC axons from nasal and temporal retina, respectively. This guidance activity is independent of transcription and depended on local protein translation at the growth cone level [START_REF] Brunet | The transcription factor Engrailed-2 guides retinal axons[END_REF]. Subsequent studies identified ENGRAILED transcriptional targets to include Ndufs1 and 3 and mtND2 and 4 [START_REF] Stettler | Engrailed homeoprotein recruits the adenosine A1 receptor to potentiate ephrin A5 function in retinal growth cones[END_REF]and unpublished observations). Further characterization revealed that ENGRAILED was internalized by the RGC growth cone and within 90 seconds it stimulated the neosynthesis and release of ATP in a protein synthesis dependent manner [START_REF] Stettler | Engrailed homeoprotein recruits the adenosine A1 receptor to potentiate ephrin A5 function in retinal growth cones[END_REF]. As in RGCs, EN1 added to primary cultures of embryonic midbrain cells also increases Ndufs1 and 3 in a transcriptionally independent manner [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF]. Thus exogenous ENGRAILED can augment mitochondrial metabolism, stimulate ATP synthesis and this requires protein translation.

Finally, its neuroprotective effects can be abolished by interfering with complex 1 protein translation [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF].

CHROMATIN REMODELING

Recent evidence implicates ENGRAILED in chromatin remodeling, restoration of epigenetic marks and mobile element transposition suppression in DA neurons [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF][START_REF] De Thé | Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression[END_REF]. Tyrosine hydroxylase-positive neurons in the SNpc of EN1-Het

MOTOR NEURON DEATH AND NEUROPROTECTION

Spinal motor neurons are specialized neurons located in the ventral horn of the spinal cord.

They provide the essential link to transmit motor commands from the CNS to the periphery.

Motor neurons are part of a motor circuit that includes input from descending motor tracts, monosynaptic input from sensory neurons in the DRG, activity-regulating input from INs and contact with non-neuronal support cells. Perturbations in the circuit that affect MNs directly and lead to their degeneration are involved in motor neuron diseases such as ALS, SMA and SMBA. The diverse morphology, connectivity and functional properties of MNs likely contribute to their different susceptibility in different MNDs [START_REF] Hedlund | Global gene expression profiling of somatic motor neuron populations with different vulnerability identify molecules and pathways of degeneration and protection[END_REF]. For example, SMA is characterized by the rapid loss of only lower motor neurons. In ALS both the upper and lower motor neurons degenerate as a result of diverse pathogenic processes such as oxidative stress, glutamate excitotoxicity, mitochondrial dysfunction, axonal transport systems and dysfunction of glial cells [START_REF] Mathis | Management and therapeutic perspectives in amyotrophic lateral sclerosis[END_REF]. SMA shows an increasing weakness in all muscles while ALS also involves the loss of cortical, brainstem and spinal cord motor neurons resulting in muscle paralysis [START_REF] Calvo | Gene Therapy Based on Fragment C of Tetanus Toxin in ALS: A promising Neuroprotective Strategy for the Bedside Approach[END_REF]. We show here that mice with reduced EN1 in the spinal cord develop muscle weakness, abnormal spinal reflex, NMJ denervation and α-MN degeneration. The muscle weakness, reflex abnormality and muscle denervation precedes MN loss closely matching the "dying-back" degenerative sequence in ALS. This strongly points to an axonal/somatic dysfunction before MN death.

MN ENERGETICS

MNs have very significant energy demands. Motor neurons are particularly susceptible to reactive oxygen species and oxidative stress due to their high metabolic rates and decreased ability to buffer calcium [START_REF] Tadic | The ER mitochondria calcium cycle and ER stress response as therapeutic targets in amyotrophic lateral sclerosis[END_REF]. Long axons and increased physiological activity also confer a high susceptibility to mitochondrial impairments in motor neurons. Swollen and vacuolated mitochondria have been described in motor neurons, glial cells and muscles in ALS [START_REF] Bendotti | Early vacuolization and mitochondrial damage in motor neurons of FALS mice are not associated with apoptosis or with changes in cytochrome oxidase histochemical reactivity[END_REF]) and TDP-43 over expression produces disassembly of complex I protein complexes (Wang, et al. 2016). Deficits in energy metabolism cause neuronal depolarization, activation of NMDA excitatory aminoacid receptors and increases in intracellular calcium, which are buffered by mitochondria [START_REF] Beal | Aging, energy, and oxidative stress in neurodegenerative diseases[END_REF].

MNs are highly polarized cells and, in humans, those that project from lumbar spinal cord to the toe are on the order of 1m in length. This extreme polarization imposes for these cells additional energetic demands. The axonal transport of proteins, mitochondria and other organelles depends on different molecular motors that "walk" their cargoes along the microtubules in the axon (see [START_REF] Hirokawa | mRNA transport in dendrites: RNA granules, motors, and tracks[END_REF]. Each step of a transport motor is 8 nm and corresponds to the length of α-β-tubulin dimers that make up the microtubule. For each 8 nm step the motor kinesin hydrolyzes 1 molecule of ATP. So for a single cargo to travel from the MN soma in the spinal cord to the toe, 1.25 9 ATP molecules are needed. In ALS an early fast axonal transport deficit has been reported that may mainly affect mitochondrial transport [START_REF] Bilsland | Deficits in axonal transport precede ALS symptoms in vivo[END_REF][START_REF] Knott | Mitochondrial fragmentation in neurodegeneration[END_REF].

Physiological activity of the MN is highly energy consuming. Computational modeling of a cat MN with a 100 mm axon determined that a typical current pulse-induced firing burst consumes about 2x10 3 nM of ATP to maintain soma membrane polarization by the Na + /K + pump [START_REF] Le Masson | A computational model of motor neuron degeneration[END_REF]. When steady state levels of ATP were reduced to simulate minor mitochondrial dysfunction, the same current pulse-induced burst overwhelmed the cell body ability to maintain ATP homeostasis. When a moderate mitochondrial dysfunction was simulated the cell was incapable of producing action potentials [START_REF] Le Masson | A computational model of motor neuron degeneration[END_REF].

Finally, local ATP deficit in distal axon leads to a local ATP deficit that then spreads retrogradely to eventually affect the soma [START_REF] Le Masson | A computational model of motor neuron degeneration[END_REF]. In ALS with a deficit in mitochondrial transport (Bisland, et al. 2010;[START_REF] Knott | Mitochondrial fragmentation in neurodegeneration[END_REF] there are fewer mitochondria in the distal axon leading to less ATP and this may constitute a physiological trigger for the anatomical "dying-back" process.

A reduction of EN1 in the EN1-Het mice may contribute to an energy deficit in MNs. There is evidence for mitochondrial alterations in the cholinergic button presynaptic to the Renshaw cells of symptomatic G93A-SOD1 mice [START_REF] Wootz | Alterations in the motor neuron-renshaw cell circuit in the Sod1G93A mouse model[END_REF]. It is unknown if the EN1-Het mice have similar mitochondrial abnormalities and dysfunctions. Deficits in energy metabolism may be clinically dormant until an age-related decrease in oxidative metabolism passes a critical threshold [START_REF] Aguirre | Increased oxidative damage to DNA in an animal model of amyotrophic lateral sclerosis[END_REF]. Therefore, in the EN1-Het mice, an agedependent process could take place in which the reduction of EN1 results in alterations of the mitochondrial activity increasing ROS in Renshaw cells, Ia and other V1 interneurons and their dysfunction. Alternatively, the accumulation with age of ROS-induced damage might make even normal EN1 levels insufficient. Increases in mitochondrial activity after exogenous hEN1 injection could provide the opposite effect in those interneurons that have not crossed the metabolic threshold. Intrathecally injected hEN1 is internalized by many cells including large α-MNs (Chapter 4).

Internalized EN1 rapidly stimulates the synthesis of ATP [START_REF] Stettler | Engrailed homeoprotein recruits the adenosine A1 receptor to potentiate ephrin A5 function in retinal growth cones[END_REF]). Thus, hEN1stimulated ATP might be able to satisfy a possible increase in MN metabolic demand caused by reduced inhibition/excitation balance and or reduced EN1 transfer between V1 INs and MNs.

In the EN1-Het mice as in ALS mouse models, excitotoxicity and oxidative stress could combine to form a feed-forward cycle in which glutamate stimulates increased influx of calcium into the motor neurons which is taken up by mitochondria and in turn results in increasing ROS generation [START_REF] Malessa | Amyotrophic lateral sclerosis: glutamate dehydrogenase and transmitter amino acids in the spinal cord[END_REF]. The ROS are able to exit the cell and inactive glutamate transporters resulting in increased glutamate levels in the synapse, which in turn trigger activation of AMPA receptors and calcium influx [START_REF] Tadic | The ER mitochondria calcium cycle and ER stress response as therapeutic targets in amyotrophic lateral sclerosis[END_REF]. This vicious cycle could be initiated at any point in the loop and would ultimately culminate in motor neuronal death. Moreover, evidence showing that ATP is synthesized and released by growth cones within 90 seconds after the administration of exogenous EN1 [START_REF] Stettler | Engrailed homeoprotein recruits the adenosine A1 receptor to potentiate ephrin A5 function in retinal growth cones[END_REF], and models showing that ATP deficit in vulnerable MNs drives their degeneration [START_REF] Le Masson | A computational model of motor neuron degeneration[END_REF], suggests that increased production of ATP could protect MNs by breaking this cycle.

MNs, DNA DAMAGE AND EPIGENETIC REGULATION

Genes involved in critical neuronal functions, including synaptic plasticity, learning and memory, are progressively downregulated and the expression of stress response genes is upregulated in ALS models [START_REF] Barber | Oxidative stress in ALS: a mechanism of neurodegeneration and a therapeutic target[END_REF][START_REF] Musarò | Understanding ALS: new therapeutic approaches[END_REF][START_REF] Kiskinis | Pathways disrupted in human ALS motor neurons identified through genetic correction of mutant SOD1[END_REF]. This dramatic change in gene expression profiles is accompanied by an accumulation of oxidative lesions in the promoter regions of the downregulated genes (Shi & Gibson, 2011). DNA breaks are elevated in ALS and in several mouse models of neurodegeneration and elevated levels of DSBs appear to be caused by the inhibition of the class I histone deacetylase [START_REF] Madabhushi | DNA damage and its links to neurodegeneration[END_REF].

In ALS patients with the C9ORF72 mutation, lumbar MNs show elevated markers of DSB and DNA damage response (DDR), including γ-H2AX, 53BPI, ATM and PARP-1 [START_REF] Farg | The DNA damage response (DDR) is induced by the C9orf72 repeat expansion in amyotrophic lateral sclerosis[END_REF]) and patients with FUS mutations also exhibit an increase of γ-H2AX in cortical MNs [START_REF] Wang | Interaction of FUS and HDAC1 regulates DNA damage response and repair in neurons[END_REF]. This is also the case for animal models of ALS like the SOD G93A, [START_REF] Aguirre | Increased oxidative damage to DNA in an animal model of amyotrophic lateral sclerosis[END_REF][START_REF] Penndorf | DNA strand breaks and TDP-43 mislocation are absent in the murine hSOD1G93A model of amyotrophic lateral sclerosis in vivo and in vitro[END_REF]), C9Orf72 [START_REF] Zhang | Heterochromatin anomalies and double-stranded RNA accumulation underlie C9orf72 poly (PR) toxicity[END_REF]) and TDP-43 [START_REF] Guerrero | Amyotrophic lateral sclerosis-associated TDP-43 mutation Q331K prevents nuclear translocation of XRCC4-DNA ligase 4 complex and is linked to genome damagemediated neuronal apoptosis[END_REF]) mouse models and in ALS patient-derived-iPSCs [START_REF] Naumann | Impaired DNA damage response signaling by FUS-NLS mutations leads to neurodegeneration and FUS aggregate formation[END_REF]).

ENGRAILED has neuroprotective effects and prevents DNA damage in vivo. This was clearly shown by the injection of 6-OHDA in the SNpc which increases γ-H2AX foci in TH positive cells, unless if followed by ENGRAILED injection [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF]).

H 2 O 2 oxidative stress induces a 2-5-fold increase of γ-H2AX foci in embryonic ventral midbrain and striatal cells and hEN1 completely prevents this DNA damage (Vargas Abonce, et al. in revision; Chapter 3). Thus, EN1 may be effective for reducing DNA damage in MND. fALS patients with C9ORF72 mutations show colocalization of H3K9me2 and C9ORF72derived dipeptide repeats suggesting a change in transcriptional suppression by epigenetic modulation [START_REF] Schludi | Distribution of dipeptide repeat proteins in cellular models and C9orf72 mutation cases suggests link to transcriptional silencing[END_REF]. Mice models including SOD1G93A [START_REF] Dobrowolny | Muscle expression of SOD1G93A modulates microrna and mRNA transcription pattern associated with the myelination process in the spinal cord of transgenic mice[END_REF], SOD1H46R [START_REF] Tanaka | Bromocriptine methylate suppresses glial inflammation and moderates disease progression in a mouse model of amyotrophic lateral sclerosis[END_REF]), SOD1G86R (Gonzalez de Aguilar, et al. 2008), C9ORF72 [START_REF] Esanov | A C9ORF72 BAC mouse model recapitulates key epigenetic perturbations of ALS/FTD[END_REF]) and TDP-43 [START_REF] Berson | TDP-43 promotes neurodegeneration by impairing chromatin remodeling[END_REF]) also show important epigenetic dysregulations. EN1 can change the histone methylation patterns, 6-OHDA, in addition to inducing breaks, causes dramatic changes in chromatin mark distribution such as H3K9me3, H3K27me3 (reduction of perinucleolar and perinuclear staining), MeCP2 and nucleolin (nucleolar localization lost) in the mDA neurons of the SNpc. Injection of EN1 normalizes these oxidative stress-induced changes [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF].

RETROTRANSPOSITION OF MOBILE ELEMENTS IN MND

Several cellular stressors activate epigenetic mechanisms in which histone modifications and methylation and hydroxymethylation of CpG residues in DNA lead to gene repression or activation, including genes encoding retrotransposons [START_REF] Mcewen | Mechanisms of stress in the brain[END_REF].

Retrotransposons constitute a tenfold larger fraction of mammalian genomes than protein coding genes [START_REF] Muñoz-Lopez | Study of transposable elements and their genomic impact[END_REF]Garcia-Perez, et al. 2018) and some of them appear to be transcribed and, even retrotranscribed (with insertions) in the brain [START_REF] Richardson | The influence of LINE-1 and SINE retrotransposons on mammalian genomes[END_REF]Hanks & Kazazian, 2016). Among these transposable elements, the most abundant are the Long INterspersed Elements (LINEs); of this family LINE-1 (L1) retrotransposons are the only active mobile elements in the human genome [START_REF] Beck | LINE-1 elements in structural variation and disease[END_REF], Hanks & Kazazian, 2016). L1 element expression is activated after stress but also during aging and age-related diseases [START_REF] Li | Activation of transposable elements during aging and neuronal decline in Drosophila[END_REF]) such as macular degeneration [START_REF] Kaneko | DICER1 deficit induces Alu RNA toxicity in age-related macular degeneration[END_REF], Rett syndrome [START_REF] Muotri | L1 retrotransposition in neurons is modulated by MeCP2[END_REF], Prion diseases [START_REF] Stengel | Expression profiles of endogenous retroviruses in Old World monkeys[END_REF], Fragile-X ataxia (Tan, et al. 2012) and, of importance here, transposable elements have also been implicated in the ALS pathology.

TDP-43 binds to transponsable elements (including SINE, LINE and LTR classes) and of those transcripts normally bound to TDP-43, 85 out of the 122 known mouse LINE elements and 26 out of 41 mouse SINEs, are over-expressed in two TDP-43 mouse models [START_REF] Li | Transposable elements in TDP-43-mediated neurodegenerative disorders[END_REF]. TDP-43 normally silences TE expression and when its function is compromised such as in ALS, TEs become overexpressed and contribute to the development of the pathology [START_REF] Li | Transposable elements in TDP-43-mediated neurodegenerative disorders[END_REF]. Furthermore, LINEs are overexpressed in the frontal cortex of C9ORF72 [START_REF] Prudencio | Repetitive element transcripts are elevated in the brain of C9orf72 ALS/FTLD patients[END_REF]) and TDP-43 [START_REF] Tam | Postmortem Cortex Samples Identify Distinct Molecular Subtypes of ALS: Retrotransposon Activation, Oxidative Stress, and Activated Glia[END_REF]) ALS patients. In light of EN1's repression of LINE1 transcription, hEN1 may be of interest for TDP-43 cases of ALS.

We have yet to determine if the degeneration of MNs in the En1-Het mice is associated with increased γ-H2AX foci, changes in chromatin markers such as H3K9me2 and nucleolin localization, and/or an increase in transposable element expression. If this were the case, then EN1 activity in preventing DNA damage, chromatin modeling or LINE1 expression may explain its effectiveness in restoring muscle strength, normalizing the spinal reflex, preventing NMJ denervation and reducing MN degeneration. The long lasting beneficial effects of EN1 in vivo (2-3 months; Chapter 4) could be due to the regulation of the chromatin structure. Regardless of whether such changes occur in the EN1-Het mice, EN1 neuroprotective activity suggests that it may be useful against the changes in human MN degeneration.

NON-CELL AUTONOMOUS ROLE OF EN1 AND THE INVOLVEMENT OF OTHER CELL TYPES

We cannot rule out the involvement of other cell types in both MN loss in the EN1-Het mice and in restoration by exogenous hEN1. This is obvious as many cells in the spinal cord internalize the protein after intrathecal injection (See Fig 6 in Chapter 4).

Accumulating evidence points out the importance of non-neuronal cell types in the development of MN pathogenesis [START_REF] Rodriguez | Neuron-microglia interactions in motor neuron degeneration. The inflammatory hypothesis in amyotrophic lateral sclerosis revisited[END_REF][START_REF] Geloso | The dual role of microglia in ALS: mechanisms and therapeutic approaches[END_REF]). In particular, astrocytes have been involved in the impairment of MN survival and disease progression (Pehar, et al. 2017;[START_REF] Yamanaka | The multi-dimensional roles of astrocytes in ALS[END_REF]. Transplantation of astrocytes derived from sporadic ALS patients into normal mouse spinal cord induces degeneration of adjacent MNs as well as NMJ abnormalities, with the associated behavioral deficits [START_REF] Nagai | Astrocytes expressing ALS-linked mutated SOD1 release factors selectively toxic to motor neurons[END_REF][START_REF] Qian | Sporadic ALS astrocytes induce neuronal degeneration in vivo[END_REF][START_REF] Yamanaka | The multi-dimensional roles of astrocytes in ALS[END_REF]. Importantly, reactive oxygen species produced within the motor neuron can cross the cell membrane and activate neighboring astrocytes and microglia which in turn produce inflammatory cytokines and further reactive oxygen species, which can spread to neighboring MNs exacerbating the disease process [START_REF] Barber | Oxidative stress in ALS: a mechanism of neurodegeneration and a therapeutic target[END_REF].

In this study, non-neuronal cells might be stimulated by the presence of EN1 in the extracellular space followed by its internalization and this in turn could result in the reduction of ROS providing neuroprotection observed in the recovery experiments. Several treatments that modify the biology of astrocytes can prevent the development of ALS-related symptoms by inducing the expression of support molecules such as detoxifying enzymes [START_REF] Vargas | Fibroblast growth factor-1 induces heme oxygenase-1 via nuclear factor erythroid 2-related factor 2 (Nrf2) in spinal cord astrocytes consequences for motor neuron survival[END_REF][START_REF] Vargas | Increased glutathione biosynthesis by Nrf2 activation in astrocytes prevents p75NTR-dependent motor neuron apoptosis[END_REF] or glutathione (Dringen & Hirrlinger, 2003;[START_REF] Vargas | Decreased glutathione accelerates neurological deficit and mitochondrial pathology in familial ALS-linked hSOD1G93A mice model[END_REF].

Moreover, a general enhancement of antioxidant and mitochondrial defenses in astrocytes reduces toxicity in MNs [START_REF] Cassina | Mitochondrial dysfunction in SOD1G93A-bearing astrocytes promotes motor neuron degeneration: prevention by mitochondrial-targeted antioxidants[END_REF][START_REF] Pehar | Mitochondriatargeted catalase reverts the neurotoxicity of hSOD1G93A astrocytes without extending the survival of ALS-linked mutant hSOD1 mice[END_REF], and this may be another means through which EN1 mediates protection for large α-MNs. Although it is important to keep in mind that EN1 promotes survival of adult MNs removed from their tissue context and also that EN1 accumulation by MNs in vivo seems to be dominant, possibly due to cell surface binding sites, suggesting that passage from INs to MNs is physiological (Chapter 5).

THE EN1-HET MOUSE, A MODEL FOR ALS?

The EN1-Het mouse presents muscle weaknesses, abnormal spinal reflex, NMJ denervation and large α-MN loss, all phenotypes highly reminiscent of changes in ALS patients and in many ALS mouse models. However, the EN1-Het mice do not present a number of important symptoms such as weight loss, respiratory distress, and complete paralysis or endpoint death.

Evidence argues for the idea that muscle weakness is due to changes in the spinal cord of the EN1-Het mice and not due to DA loss in the midbrain. In EN1 tlZ/tlZ mice in which a WNT1 EN1 transgene is used to rescue the EN1 mutant midbrain-hindbrain phenotype, the V1 interneuron connectivity defects are still present in the spinal cord and the mice show a clear inability to walk and maintain the balance in the rotarod test at high speeds when compared to agematched controls at 4 and 6 months old [START_REF] Gosgnach | V1 spinal neurons regulate the speed of vertebrate locomotor outputs[END_REF]. This shows that EN1 activity in the motor control of the spinal cord is independent from the midbrain locomotor system. Furthermore intrathecally injected hEN1 does not visibly reach beyond C3 and so the restoration and protection that we observed are most likely due to hEN1 acting solely at the spinal cord level.

The absence of weight loss in the EN1-Het mice may be an effect of the Swiss background mouse line. In contrast to virtually all mouse lines whose body weight asymptotes in mid adulthood (Jackson Laboratory; https://www.jax.org/#) both the EN1-Het mice and their WT littermates continue to gain weight reaching about 80 grams at 2 years of age. Thus, it is possible that metabolic defects specific to this genetic background may mask weight losses due to MN degeneration. It is also possible that the extensive α-MN loss up to about 60% at 15.5 months of age has little or no impact on feeding motor behaviors, although this is difficult to reconcile with the severe phenotypes observed in mouse models of ALS.

ALS patients and mice in some ALS models have respiratory or cardiac failure [START_REF] Simonds | Recent advances in respiratory care for neuromuscular disease[END_REF][START_REF] Asai | Sympathetic disturbances increase risk of sudden cardiac arrest in sporadic ALS[END_REF]Corsia, et al. 2008). We did not observe any obvious breathing difficulty in the EN1-Het mice and the long life span of the mice (at least up to two years thus far) indicates no early cardiac failure. The phrenic α-MNs that drive respiration are concentrated at the C3-C4 level in mice [START_REF] Webber | Structural and functional characteristics of individual phrenic motoneurons[END_REF][START_REF] Qian | Sporadic ALS astrocytes induce neuronal degeneration in vivo[END_REF]). Thus IN inhibition on phrenic α-MNs may be insensitive to reduced EN1 in the EN1-Het mice and in turn the α-MNs themselves. At the thoracic level that provides cardiac modulation [START_REF] Tsuchida | Topographic organization of embryonic motor neurons defined by expression of LIM homeobox genes[END_REF][START_REF] Tosney | Specifying the target identity of motoneurons[END_REF][START_REF] Simonds | Recent advances in respiratory care for neuromuscular disease[END_REF] inhibitory Ia interneurons are absent [START_REF] Wang | Early postnatal development of reciprocal Ia inhibition in the murine spinal cord[END_REF]. We did not assess phrenic MN number or α-MN number in thoracic spinal cord. It would be interesting to determine if the absence of phrenic MN and thoracic α-MNs loss correlates with the absence of breathing difficulties or cardiac function.

With regards to ALS patients, since all α-MNs derive from the same lineage and transcription factor program, we anticipate that phrenic MNs and thoracic α-MNs would respond to exogenous hEN1.

We observed no loss of intermediate neurons (by Cresyl violet staining) at any of the ages analyzed (Figure 4, chapter 4). These neurons include ChAT-positive γ-MNs. The resistance of γ-MNs is a common feature across models of ALS and in familial ALS [START_REF] Hedlund | Global gene expression profiling of somatic motor neuron populations with different vulnerability identify molecules and pathways of degeneration and protection[END_REF][START_REF] Lalancette-Hebert | Gamma motor neurons survive and exacerbate alpha motor neuron degeneration in ALS[END_REF]. γ-MNs are found in the same motor pools and are subject to the same local influences as α-MNs but they do not have excitatory propioceptive innervation that might contribute to MN loss in ALS [START_REF] Lalancette-Hebert | Gamma motor neurons survive and exacerbate alpha motor neuron degeneration in ALS[END_REF]. Our results are thus in line with the hypothesis that α-MNs might be a particularly vulnerable cell type that degenerates earlier and with more facility than other MN subtypes in the same pools. The absence of small neuron loss in the lumbar and cervical enlargements of the spinal cord of the EN1-Het mice is consistent with differential neuronal susceptibility. Changes in inhibitory interneurons in the spinal cords of ALS mouse models (such as the appearance of ubiquitinated inclusions) have been shown to follow MN degeneration [START_REF] Hossaini | Spinal inhibitory interneuron pathology follows motor neuron degeneration independent of glial mutant superoxide dismutase 1 expression in SOD1-ALS mice[END_REF]. While there is no apparent loss in small neurons, one cannot exclude that EN1+ interneurons are present but partially dysfunctional in the EN1-Het mice, or may become so at older ages.

RELEVANCE FOR THERAPEUTIC APPLICATIONS

MN degenerative diseases are complex and involve the convergence of multiple mechanisms that increase MN stress until a threshold level is crossed triggering cellular pathology and degeneration. Increasingly amounts of research have focused on molecules that might reduce the onset and/or progression of these diseases. These efforts are primarily directed at avoiding MN pathological processes, however the translation from animal models or human iPSCs to genuine effects in human patients has proven frustratingly ineffective. What could be the relevance of this work in terms of therapeutic applications?

There are important steps necessary to have hope for success in translating to the human our results with EN1-Het mice. One step is to determine if hEN1 stimulates survival of human MNs, especially those with mutations causing fALS. A limitation for the development of therapeutic molecules that target patients with specific mutations, such as those affecting SOD1, TDP-43 or FUS, is the limited population that can be treated. Here we show that EN1 is able to promote the survival of MNs derived from human iPSCs with different genetic backgrounds including neurologic normal, the SOD1 A4V and C9ORF72 mutations, demonstrating that EN1 could be a broad spectrum molecule that can act in spite of different pathologic pathways.

The EN1-Het mouse was never intended as an ALS model and, while the mice recapitulate many of the changes in the disease and mice models, important differences remain. Therefore a second important step would be to try hEN1 in an accepted mouse ALS model. But which one? All models to date have important limitations. One of the most widely used is the SOD1G93A mouse. In collaboration with BrainEver we outsourced a hEN1 trial (Scientific protocol for Study 0149118: Efficacy of Engrailed1 in a Model of Amyotrophic Lateral Sclerosis -Transgenic G93A SOD1 Mice). Intrathecal injections of hEN1 in the SODG93A mouse model produced a modest but significant delay in the onset and progression of clinical score. Due to ethical constraints, the trial was terminated before moderate to severe end point was reached and so we cannot say if the treated groups significantly diverged on other measures.

An important issue is the route of administration of any therapeutic agent. We chose intrathecal administration as an easy access to the CSF and the SC parenchyma. Importantly,

INTERESTING REMAINING QUESTIONS

We showed that EN1 has a role in normal MN adult physiology and that it is a non-cell autonomous MN protective factor. This neuroprotection could be direct in the sense that EN1 is transported into the MNs, either physiologically or following intrathecal injection. The noncell autonomous activity could also be indirect with EN1 regulating, in the INs, the expression of secreted factors acting directly on the MNs or indirectly, through other cell types. Another possibility is that secreted EN1 is internalized by any cell type with consequences on the expression, by these cell types, of MN protective factors. Although all these mechanisms, alone or in combination are plausible, the fact that EN1 protects isolated MNs in culture, added to the preferential accumulation of injected EN1 in the MNs and the negative effect of neutralizing extracellular EN1 strongly suggests that direct EN1 transfer from INs to MNs is the main, although not necessarily the only, mechanism of action. Indeed, many experiments will have to be done to better analyze the protective mechanism of EN1.

It is known that EN1 reduces the number of γH2AX foci both in vivo and in vitro in several neuronal types (Rekaik, et al. 2015, Vargas Abonce, et al. in revision, Chapter 3) and that it changes chromatin marks and inhibits LINE-1 retrotransposition [START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF][START_REF] De Thé | Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression[END_REF]. It remains to be determined if spinal cord MNs of EN1-Het mice have any changes on γH2AX, H3K9, H3K27, MeCP2, nucleolin, ORF1p and L1 expression and/or pattern. Also, this could shed light on the pathways through which EN1 mediates MN survival. In particular, a regulation of the chromatin structure in the neurons that internalized EN1 could explain the duration of the protection (up to 3 months).

There is an important discussion in the ALS field concerning the first steps that lead to ALSlike symptoms. Some studies suggest independent degeneration of cortical motor neurons and spinal motor neurons, anterograde propagation of disease from motor cortex to spinal cord or retrograde progression of disease from spinal cord to motor cortex (Kiernan & Judson, 1991).

Our work focused on spinal MNs; now it would be interesting to analyze the motor cortex of the EN1-Het mice for possible changes due to retrograde progression of the disease. In particular, it would be interesting to examine signs of alteration of the inhibitory interneurons that control primary motor cortex. This work concentrated on large α-MNs. In light of evidence for Renshaw cell pathology and loss in several ALS models [START_REF] Morrison | Time course of neuropathology in the spinal cord of G86R superoxide dismutase transgenic mice[END_REF][START_REF] Malessa | Amyotrophic lateral sclerosis: glutamate dehydrogenase and transmitter amino acids in the spinal cord[END_REF][START_REF] Chang | Glycinergic innervation of motoneurons is deficient in amyotrophic lateral sclerosis mice: a quantitative confocal analysis[END_REF]Pasquali, et al 2009), studies must now be developed aimed at analyzing pathological changes affecting the interneurons. This can be done with a battery of tests and markers, allowing for the identification of DNA breaks, heterochromatin alteration and the expression of several genes including LINEs, SINEs, ERVs, IAPs (mobile elements) GlyT2, calbindin, parvalbumin, and gephyrin. In addition, it will be important to analyze the electrophysiological interactions between V1 interneurons and MNs that may contribute to α-MN loss. It has been previously demonstrated that the loss of interneuron inhibition leads to MN hyper excitability and death [START_REF] Qian | Sporadic ALS astrocytes induce neuronal degeneration in vivo[END_REF]. In this context, alterations in the balance between excitation and inhibition in the spinal cord of the EN1-Het mice, it will be interesting to verify through physiological recording of the synaptic interaction between Renshaw cells and α-MNs.

The EN1-Het mice show hallmarks reminding of the etiology of ALS patients and of some commonly used ALS mice models. It will thus be interesting to try to determine if spinal α-MNs of the EN1-Het mice show markers common to other ALS models and patients such as the mislocalization and aggregation of proteins related to neuronal death. For example, the mislocalization and subsequent aggregation of TDP-43 as has been observed in pathological tissue obtained from a number of neurological disorders including frontotemporal dementia (FTD), Parkinson disease, polyglutamine diseases and several myopathies (Feiler, et al. 2015;Spiller, et al. 2016). In addition, FUS is normally located in the nucleus but FUS-positive cytoplasmic inclusions are considered as pathological hallmarks of most non-SOD1 sALS cases and FTD [START_REF] Wang | Interaction of FUS and HDAC1 regulates DNA damage response and repair in neurons[END_REF]. Could the reduction of EN1 result in molecular changes leading to similar protein aggregation and cellular inclusions?

The EN1-Het mouse is not an ALS-model and using it to test EN1 neuroprotective activity is a bit of a catch-22 games. Indeed, based on the work on Parkinson disease showing that EN1 protects mDA neurons in several mouse and non-human primate models and not only in the EN1-het mouse should encourage us to extend our study to other ALS mouse models and to patient-derived α-MNs as was already initiated and will be pursued. noter que les HPs protègent les neurones qui ne les expriment pas, ce qui suggère que la protection des HPs contre le stress oxydatif a peu de spécificité pour le sous-type neural. 
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  is found surrounding the central canal and ependymal layer. The butterfly shaped gray matter is further divided into four main columns: the dorsal horn comprised of sensory nuclei, the intermediate column and lateral horn constituted of autonomic neurons and the ventral horn containing the motor neurons.(See Figure 1.1.) 

  animals (US National Institutes of Health), the European Directive number 86/609 (EEC Council for Animal Protection in Experimental Research and Other Scientific Utilization) and French authorizations n° 00703.01 "Les homéoprotéines comme thérapeutiques dans la maladie de Parkinson" and n° APAFIS #6034-2016071110167703 v2, "Neuroprotection des moto-neurones de la moelle épinière" delivered by the Ministère de l'Enseignement Supérieur, de la Recherche et de l'Innovation.

  Strength. The Transducer (IITC LifeScience Grip Strength Meter, ALMEMO 2450 AHLBORN, World Precision Instruments) was calibrated and the scale of the values set to grams. During the test each mouse was lifted by the tail to the height where the front paws were at the same height as the bar (about 15 cm). The mouse was then moved towards the bar until it was within reach. The grip was visually inspected to assure symmetric firm grip with both paws and resistance to the experimenter pull before measuring the animal's force. The mouse was pulled away at a constant speed until the grasp was broken. The maximal value measured by the transducer was recorded. Measurements were discarded if the mice left the bar without resistance, they turned backwards during the pull or if they used only one paw or the hind paws. The test was repeated 5 times for each animal with a minimal resting time of 5 minutes between tests and the mean of all values was used for analysis after normalizing for each animal's weight. At least 4 mice per group were used to test for statistical significance.

  euthanized by an overdose of Dolethal (Pentobarbital, Vétoquinol) (1µl/g body weight). Skin and muscles were removed and the spinal cord was dissected after laminectomy and placed in PBS (1x) to remove the meninges and surrounding connective tissue. Cervical and Lumbar enlargements were separated and placed in Formaldehyde Solution 4% (PFA, Thermo Scientific) for 1 hour post-fixation at room temperature with mild mixing. The tissue was then washed in PBS (1x), three times for 30 minutes at room temperature and finally placed in PBS (1x), 20% Sucrose overnight at 4°C. After cryoprotection the spinal cords were embedded in Tissue Freezing Medium (TFM, Microm Microtech), frozen on dry ice and 30 µM sections prepared on an HM 560 Microm cryostat (Thermo Scientific).

  .) overnight at 4°C. Coverslips were washed 3 times in PBS (1x) and incubated with appropriate secondary antibodies (1:2000) for 2 hours at room temperature and washed 3 times in PBS (1x) and then mounted with DAPI Fluoromount-G® (Southern Biotech). spinal cord or muscle sections were washed in PBS (1x) 3 times and sections permeabilized with 200µl PBS (1x), 2% Triton (Sigma) for 45 minutes at room temperature. Demasking was carried out in 200µl PBS (1x), 100µM glycine buffer for 30 minutes at RT. Sections were blocked in 200µl PBS (1x), 10% Normal Goat Serum (NGS, Invitrogen) or Fetal Bovine Serum (FBS, Gibco) 1% Triton for 1 hour at room temperature.

  .) overnight at 4°C. The next day sections were washed 3 times in PBS (1x), 0.1% Triton and incubated with corresponding secondary antibodies for 2 hours at room temperature. Slides were washed 3 times in PBS (1x) before mounting with DAPI Fluoromount-G® (Southern Biotech). For tongue sections Alpha bungarotoxin (Alexa fluor 488 conjugate) was used at the same time as the secondary antibodies. MUSCLE EOM and Lumbrical muscles were washed in PBS (1x) 3 times. Muscles were permeabilized with 200µl PBS (1x), 2% Triton (Sigma) for 45 minutes at room temperature and incubated in 200µl PBS (1x), 100µM glycine buffer for 30 minutes at room temperature. Muscles were then blocked in 100µl PBS (1x), 10% Normal Goat Serum (NGS, Invitrogen) 1% Triton for 1 hour at room temperature and then incubated with primary antibodies (See Table 2.3.) overnight at 4°C. EOM and lumbrical muscles were then washed 3 times in PBS (1x), 0.1% Triton and incubated with secondary antibodies (1:2000) (Alpha bungarotoxin, Alexa fluor 488 conjugate, Thermofisher and Donkey-anti-Mouse 594 (Alexa)) for 2 hours at room temperature. They were washed 3 times in PBS (1x) and then whole-mounted with DAPI Fluoromount-G® (Southern Biotech).

  Figure 2F illustrates that MEFs in culture express none of the HPs and that, in the embryonic cultures, GBX2 is expressed in striatal neurons only, LHX9 and OTX2 in midbrain and striatal neurons and EN1 in midbrain neurons only. For comparison, OTX2 is expressed in adult midbrain and striatum and EN1 in adult midbrain whereas LHX9 and GBX2 are barely expressed in the two structures (Fig 2F). These data demonstrate that a distinct HP can protect neurons that do not normally express it, two striking examples being the protection of striatal and midbrain neurons by EN1 and GBX2, respectively.

Figure 3A .

 3A Figure3A. As quantified in Figure3B, the reduction in γH2AX foci was dose-dependent for mEN1, hLHX9, hGBX2 and mOTX2 at concentrations ranging from 2.3/3.3nM to 0.3/0.4nM depending on the HP. Thus, each of the HPs tested protects neurons from oxidative stress, promotes their survival and reduces the level of DNA damage caused by H 2 O 2 .

  . Enzymatic reaction revealed the presence of β-Galactosidase in small cells in the neuropil of the spinal cord of adult EN1-Het mice but not in WT mice. The β-Galactosidase-positive cells were in the known position of spinal interneurons. RT-qPCR of EN1 mRNA showed similar levels of expression in WT mice at 4.5 and 16 months of age (Fig1, A, B). EN1-Het mice had about half the levels of EN1 mRNA compared to WT mice at both ages. These results show that the EN1 locus is active in the adult spinal cord, EN1 expression in EN1-Het mice is half of the level of WT mice and expression levels are constant at least through 16 months of age.

FIGURE 1 .

 1 FIGURE 1. ENGRAILED 1 EXPRESSION IN ADULT MICE SPINAL CORD. RT-qPCR of the lumbar enlargement of 4.5 (A) and 16 (B) month old EN1-Het mice and WT littermates showing the stable expression of EN1 in the WT at both ages and the reduced expression of the EN1 gene in the heterozygous mice. Comparisons made by Unpaired T-test with equal SD comparing WT with EN1-Het (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001).

  mice show early and progressive motor deficits EN1-Het mice display the same average weight gain as their WT littermates at all ages studied(Fig 2A). We used three tests to assess muscle weakness and a lower spinal reflex in EN1-Het mice and their WT littermates at different ages. Forepaw grip strength is a noninvasive method used to evaluate changes in muscle strength of mice over long periods(De Luca, et al. 2018). In WT mice there was no significant change in the weight-normalized forepaw grip strength between two and 15.5 months of age(Fig 2B). At one and two months of age EN1-Het mice were similar to WT mice, however, starting at three months of age EN1-Het mice showed a significant reduction in weight-corrected forepaw grip strength that persisted through 15.5 months of age.The inverted grid test assesses strength of the four limbs together to resist gravity. There was no change in the number of seconds WT mice maintained themselves on the inverted grid from two to 15.5 months of age (Fig2C). EN1-Het mice held onto to the inverted grid significantly less time than WT mice starting at two months of age. In addition, the time holding onto the grid diminished from two months of age in the EN1-Het mice revealing a progressive loss of strength.Since EN1-Het mice have a dopaminergic cell loss in the ventral midbrain with associated Parkinson-like deficits[START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF]) we used the hind limb extensor reflex as a measure of purely spinal function. WT mice had an extensor score of about three at all ages tested (Fig2D). One month old WT and EN1-Het mice were similar. Two month-old EN1-Het mice had a slightly reduced and significantly abnormal score compared to WT mice. The hind limb extensor reflex score of the EN1-Het mice deteriorated over time and was significantly abnormal compared to WT mice. Together these results show that EN1-Het mice have a progressive loss of muscle strength and a deteriorating spinal reflex compared to WT mice.

  behavioral tasks. Comparisons by Unpaired T-test with equal SD comparing WT with EN1-Het at each time point (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001).

  cervical and lumbar enlargements of the spinal cord in the EN1-Het mice and their WT littermates. The number of Nissl-stained neurons in the ventral spinal cord were counted and gave similar results for the cervical (not shown) and lumbar enlargements (Fig 4). Numerous clearly Nissl-stained neurons are seen in the ventral spinal cord (Fig 4A). At 15.5 months of age there was an evident absence of large densely stained cells. We classed the neurons by cross sectional area into three sizes: small neurons of 100-199µm 2 ; intermediate sized neurons of 200-299µm 2 ; and large neurons of 300µm 2 and larger. The total number of neurons in the ventral spinal cord did not change from 1 through 15.5 months of age and there was no difference between EN1-Het and WT mice (Fig 4B). When analyzed by size, the number of small and intermediate sized neurons remained constant at all ages and with no difference between EN1-Het and WT mice (Fig 4C, D). The number of large neurons of the WT mice remained constant at all ages analyzed (Fig 4E). The number of large neurons in the EN1-Het mice was similar to WT at 1 and 3 months of age. Starting at 4.5 months of age the number of large neurons in the EN1-Het mice was significantly reduced by around 20%. The loss of large neurons was greater at 9 months of age and at 15.5 months the EN1-Het mice had only about 40% the number of large neurons compared to WT mice. mice until 15.5 months old, when they show a simplification of the morphology and a reduction of the percentage of endplates with perforations. E) As early as 3 months old, lumbrical muscles in the EN1-Het mice show a significant decrease in the percentage of fully occupied endplates when compared to controls, this percentage declines as the mice grow age in the EN1-Het group, while for the control group the innervation of NMJs remains stable. Scale bar: 100 µm applies to all; Comparisons made by Unpaired T-test with equal SD comparing WT with EN1-Het (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001).

  including large-sized α-MNs (Fig 6A). EN1-Het and WT mice were evaluated for muscle weakness and hindlimb extensor reflex at three months of age. Two days later the EN1-Het mice were separated into two groups one of which received 5µl of vehicle and the other 1µg of hEN1 in 5µl of vehicle. At three months of age, before intrathecal injections, EN1-Het mice had reduced forepaw grip strength, held onto the inverted grid for less time and had a slightly abnormal hind limb reflex score compared to WT mice (Fig 6 D-F). At 4.5 months of age EN1-Het mice treated with vehicle continued to do worse than WT mice on forepaw grip strength, inverted grid holding and had an abnormal extensor reflex score

FIGURE 6 .

 6 FIGURE 6. INTRATHECAL hEN1 REVERSES THE EN1-HET PHENOTYPE. A) Confocal micrographs showing representative images of the lumbar enlargement stained for ChAT (Green) and EN1 (Red) in a WT mouse 24 hours after intrathecal injection of 1µg of hEN1. B) Inset of the right ventral horn showing that exogenous hEN1 is internalized by neurons in the lumbar enlargement. C) There are no differences in the weight of the animals before and after the injection. D) There is no improvement in the strength of the EN1-Het mice treated with vehicle, however there is a clear increase in the strength of the animals when hEN1 is injected. E) Significant recovery in the maximum time the EN1-Het mice is able to hang on the grid is observed after injection of hEN1 while there are no changes in the performance of heterozygous mice after vehicle injection. F) The hindlimb extensor score shows the abnormal reflexes of the EN1-Het mice are not corrected after the injection of vehicle but are normalized after the injection of hEN1. No changes are observed in the WT group for any test before or after the injection. Scale bar: 500µm. Comparisons made by Unpaired Ttest with equal SD (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001).

  hEN1 injection at 3 months on further survival (Fig 7C). ChAT staining showed that a single hEN1 injection saved the large ChAT-expressing neurons, thus α-MNs (Fig 7D). Together, these experiments demonstrate that a single hEN1 injection restores muscle strength, normalizes the spinal reflex, prevents NMJ denervation and increases αMN survival.

FIGURE 7 .

 7 FIGURE 7. INTRATHECAL hEN1 REVERSES THE EN1-HET MICE PHENOTYPES. A) The EN1-Het mice treated with vehicle show a reduction in the percentage of endplates with perforations that is restored if the animals are treated with hEN1. B) The EN1-Het mice treated with vehicle shows a clear reduction in the number of endplates that are fully innervated; this reduction is avoided if the animals are injected with 1µg of hEN1. C) The EN1-Het mice treated with 1µg of hEN1 show protection of MNs, EN1-Het treated with vehicle show a clear reduction in the number of large neurons. C) The EN1-Het mice show a reduction of ChAT+ neurons with areas bigger than 300µm 2 , thus MNs. While the EN1-Het mice treated with 1µg of hEN1 show a partial protection of α-MNs. Comparisons made by Unpaired T-test with equal SD (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001).

FIGURE

  FIGURE 8. A SINGLE INJECTION OF hEN1 RESTORES MUSCLE STRENGTH AND NORMALIZES SPINAL REFLEX FOR MONTHS.A) Weight normalized grip strength values are reduced for the EN1-Het mice this is present at 3 months old but is restored 1 week after the injection of hEN1. This improvement persists for up to 4 months after the injection. B) EN1-Het mice show a significant reduction in the maximum time holding to inverted grid at 3 months of age.The ability to hold on is moderately improved after injection for about 4 months. No changes in WT mice are observed. C) The hindlimb extension reflex score shows abnormal reflexes for the EN1-Het mice at the beginning of the study. One week after the injection this deficit is absent through 2 months after which the reflex starts slowly deteriorating for 4 months. No differences in the extension of hindlimbs present for the WT littermates at any age. Note that at the last time point analyzed treated EN1-Het mice show reduced motor

FIGURE

  FIGURE 9. MICE INJECTED WITH hEN1 AT 3 MONTHS OLD SHOW A DELAY IN MOTORDEFICITS, NMJ ABNORMALITIES AND MN LOSS.A) Six months after the injection of hEN1 the EN1-Het mice show reduced strength when compared to WT mice but perform better than age matched untreated mice. B) Treated mice hold onto the grid longer than EN1-Het untreated mice of the same age, however they are less able to stay in the inverted grid as long as their WT littermates. C) The spinal reflex of EN1-Het mice at 9 months old is clearly abnormal. Those injected with hEN1

FIGURE 10 .

 10 FIGURE 10. hEN1 INJECTED AT 9 MONTHS OF AGE DOES NOT IMPROVE THE MOTOR PERFORMANCE OF EN1-HET MICE. A) Normalized grip strength values are reduced for the EN1-Het mice at 9 months old and declines with age in both the treated and untreated groups. B) Significant reduction in the maximum time the EN1-Het mice hang onto the grid is less than WT mice at 9mo and hEN1 administered at 9mo does not improve performance. No changes were observed in WT mice. C) The hindlimb extension reflex is abnormal in the EN1-Het mice at 9mo. The mice treated with hEN1 showed a modest trend for improvement for two months and then deteriorated to vehicle-treated EN1-Het mice and both groups continued to worsen. Comparisons made by One-Way-ANOVA with Tukey's multiple comparisons test comparing the three groups at each time point. (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001).

  FIGURE 12. THE PROTECTIVE ACTIVITY OF hEN1 REQUIRES HIGH-AFFINITY DNA BINDING. A) Reduction in normalized grip strength values for the EN1-Het mice is present at 3 months old and is gradually reversed after the injection of WT hEN1. EN1-Het mice injected with hEN1Q50A show the typical decrease in strength of untreated EN1-Het mice. B) A significant reduction in the maximum time EN1-Het mice hang on the grid is evident since 3 months of age, this deficit is reduced progressively after injection of WT hEN1 for 1.5 months for the treated mice, while the animals injected with mutated protein show no improvement. C) The hindlimb extension score is abnormal for the EN1-Het mice at the beginning of the study. Two weeks after the injection of hEN1 these deficits are absent and the extensor score remains normal for 1.5 months. EN1-Het mice injected with Q50A continue to show a worsening of the reflex through the duration of the study. No changes were observed for the WT mice in the three behavioral tasks analyzed at any time point. Comparisons made by One-Way-ANOVA with Tukey's multiple comparisons test comparing the three groups at each time point. In the figure, upper panel corresponds to Q50A compared to WT and lower panel to Q50A compared to hEN1. (*p<0.05; **p<0.005 ; ***p<0.0005; ****p<0.0001).

  of the study (4.5 months old), EN1-Het mice injected with hEN1 performed significantly better than those injected with Q50A in all the behavioral tasks and were undistinguishable from their WT littermates (Fig13 A, B) at the NMJ. In contrast, the injection of Q50A was unable to induce the recovery of muscular strength or NMJ normal morphology. The counting of the MN numbers after Q50A injection is currently ongoing.

FIGURE

  FIGURE 13. HIGH-AFFINITY DNA BINDING IS REQUIRED FOR MUSCLE FORCE RESTORATION AND NMJ RECOVERY. A) hEN1 improves the time EN1-Het mice are able to hold onto the grid, while the animals injected with mutated protein show no improvement. B) WT hEN1 normalized hindlimb extension reflex score in the EN1-Het mice while EN1Q50A does not. C, D) The percentage of endplates with perforations and those fully innervated in EN1-Het mice treated with hEN1 are recovered while those injected with hEN1Q50A show reduction. Comparisons made by Unpaired T-test with equal SD. (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001).

  14D). Mice injected with the control virus performed as untreated animals(Fig 14). The hindlimb extensor reflex score was similar in all the three groups until week six, when the antiEN1-scFv injected mice started to exhibit abnormal retraction of the hindlimbs and hindlimb tremors decreasing their extensor score. The reflex score worsened in the antiEN1-scFv injected mice while no changes were observed in the untreated or control virus injected mice(Fig 14E) 

  virus injection. E) The hindlimb extensor score is abnormal starting at six weeks after the injection of antiEN1-scFv. No changes are observed in the control virus injected group at any time. Scale bar: 500 µm left; 100µm right. Comparisons made by One-Way-ANOVA with Tukey's multiple comparisons test comparing the three groups at each time point. In the figure, upper panel corresponds to antiEN1-scFv compared to WT and lower panel to antiEN1-scFv compared to control virus. (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001). Interestingly, there was no change in the number of α-MNs in the lumbar enlargement of the spinal cord (Fig 15D).

FIGURE

  FIGURE 15. EXPRESSION OF antiEN1-scFv IN THE SPINAL CORD LEADS TO NMJDENNERVATION.A, B) Graphs showing no differences in the average area of the endplates or percentage of endplates with perforations between experimental groups. C) Sixteen weeks after the injection of AAV8-GFAP-scFv against EN1, lumbrical muscles show a decrease in the percentage of fully occupied endplates when compared to

FIGURE

  FIGURE 1. ENGRAILED 1 PROMOTES SURVIVAL OF ADULT DISSOCIATED MNs. A) The number of cells with neuronal morphology and ISL1 staining in a coverslip diameter show a clear dose dependent effect on MN survival. Significance was assessed by One-Way-ANOVA with Dunnet's multiple comparisons test comparing against control (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001).

  the survival effect was dose dependent after 15 DIV. At 2 DIV and 5 DIV we counted about 21-31 TUJ1 labeled neurons in a coverslip diameter (Fig 2B). Islet1 labeling revealed that virtually all of the neurons are MNs (18-29). After 5 DIV, in absence of added trophic factors or hEN1, MNs started to die. In contrast, in the presence of 2.5nM hEN1 all differentiated MNs survived through 15 DIV (Fig 2C). Furthermore, MNs cultured with hEN1 grew long and complex neurites not seen in the absence of the HP (Figure 2D). When cultured with hEN1 about 16-27 MNs had extensive processes corresponding to 50-80% (Fig 2D). Thus human MNs derived from human iPSCs respond to hEN1.

  100mM H 2 O 2 killed almost 100% of cells, while hEN1 from 100 pM to 12.5nM stimulated 100% survival (Fig 3B). Human MNs carrying the C9Orf72 and SOD1A4V mutations were highly vulnerable to the same oxidative stress with almost total cell death (Fig 3 C and D) and hEN1 was only able to partially protect the cells from H 2 O 2 and at the highest concentrations tested . These results suggest that MNS derived from ALS patient iPSCs are more sensitive to oxidative stress and that hEN1 partially protects them.

FIGURE 3 .

 3 FIGURE 3. ENGRAILED 1 PROMOTES SURVIVAL OF ALS PATIENT DERIVED hMNs. A) 80-90% of control human MNs die after exposure to 100mM H 2 O 2 and hEN1 can provide full protection. B) Isogenic control MNs corrected for the mutation show a similar response to H 2 O 2 and protection by hEN1. C) MNs derived from a patient with the C9Orf7 mutation are highly sensitive to H 2 O 2 and hEN1 partially protects at 390pM-12.5nM. D) MNs derived from a patient bearing the SOD1A4V mutation are also highly sensitive to oxidative stress and hEN1 provides partial protection in the range of 700pM-12.5nM. Significance was assessed by One-Way-ANOVA with Dunnet's multiple comparisons test comparing against control (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001).

A

  cell autonomous deleterious effect of reduced EN1 in the V1 INs may reduce inhibition of MNs leading to greater discharge rate and eventually to hyper-excitability. In this case exogenous hEN1 may compensate for a reduction in V1 INs perhaps by restoring mitochondrial function and re-establishing appropriate inhibition. Alternatively, or in addition to activity on V1 INs, exogenous hEN1 could act non-cell autonomously on MNs in the EN1-Het mice. In other words, V1 INs may provide EN1 to MNs on which they synapse.

L

  'un des mécanismes par lesquels les HPs agissent comme des facteurs neuroprotecteur est la réduction des dommages à l'ADN. Une concentration de 100µM d'H 2 O 2 augmente le nombre de foci γH2AX d'environ quatre fois en 1 heure dans les cellules du mésencéphale et du striatum. Le prétraitement avec quatre HPs a réduit le nombre de foci de manière dose dépendante. Ces résultats montrent qu'EN1, EN2, OTX2, GBX2 et LHX9 représentant trois classes différentes d'HPs, protègent les neurones en culture contre le stress oxydatif induit par l'H 2 O 2 et que l'un des mécanismes de cette neuroprotection est la réduction des dommages de l'ADN. CHAPITRE 4. LE FACTEUR DE TRANSCRIPTION ENGRAILED-1 ET LA PHYSIOLOGIE ET LA SURVIE DES MOTONEURONES SPINAUX Les homéoprotéines peuvent agir de façon cellulaire et non cellulaire autonome. EN1 assure la survie des neurones dopaminergiques matures (DA) de la Substantia Nigra pars compacta (SNpc) dans laquelle ce facteur de transcription est exprimé toute la vie. L'internalisation de la protéine EN1 exogène par les neurones DA les protège de la dégénérescence dans plusieurs modèles de la maladie de Parkinson. Dans la moelle épinière, EN1 est exprimée par les INs inhibiteurs V1 qui forment des synapses inhibitrices sur les larges MNs-α et régulent les fonctions alternées fléchisseur-extenseur. Puisque les HPs ont des effets directs ou indirects sur la survie des neurones, nous avons émis l'hypothèse qu'EN1 est importante pour la physiologie et la survie des MNs. L'expression d'En1 est maintenue chez les souris adultes, et les souris ayant une réduction d'EN1 présentent une faiblesse musculaire précoce et des réflexes spinaux anormaux dès l'âge de 2 mois. Ceci s'accompagne d'une dénervation de la JNM des muscles lombricaux vers l'âge de 3 mois et d'une perte ultérieure des larges MNs-α de la moelle épinière à 4,5 mois, sans changement dans le nombre de neurones de taille intermédiaires ou de petite taille. Ces changements dégénératifs s'aggravent avec l'âge chez les souris En1-Het ; il n'y a pas d'anomalies observées chez les souris WT à aucun âge. Puisque les HPs protègent les neurones DA et les CGR du stress in vivo, nous avons testé si une seule injection intrathécale de hEN1 dans la moelle épinière de souris En1-Het pouvait sauver l'un des phénotypes observés. Sachant qu'une dégénérescence importante des neurones moteurs survient entre 3 et 4,5 mois chez les souris EN1-Het, nous avons établi la fenêtre thérapeutique pour le traitement à 3 mois, lorsque des anomalies à la JNM et des déficits moteurs sont déjà présents mais qu'il n'y a pas de perte de MNs-α. Une injection unique intrathécale d'1µg de hEN1 à 3 mois restaure la force musculaire, normalise le réflexe spinal et l'innervation des JNM et favorise la survie des MNs-α. Il est intéressant de noter que l'activité réparatrice et protectrice d'EN1 exogène dure plusieurs mois. Nous avons ensuite fait exprimé un antiEN1-scFv dans la moelle épinière de souris sauvage pour neutraliser l'EN1 extracellulaire. L'expression d'antiEN1-scFv sécrété dans la moelle épinière de souris sauvage entraîne une faiblesse musculaire progressive, un réflexe spinal anormal et une dénervation de la JNM rappelant celle de la souris En1-Het. Les souris présentant une expression réduite d'EN1 endogène développent une faiblesse musculaire, un réflexe spinal anormal, une dénervation des JNM et une dégénérescence progressive des MNs, démontrant qu'EN1 a un rôle important dans la physiologie des MNs. Lorsque de l'hEN1 exogène est fourni lorsque les symptômes sont déjà présents mais avant que les larges MNs-α ne dégénèrent, la force musculaire est restaurée, le réflexe extenseur est normalisé, la dénervation des JNM est empêchée et les MNs survivent, ce qui suggère que hEN1 a une valeur thérapeutique potentielle pour les MNM, en particulier pour la SLA. CHAPITRE 5. ENGRAILED1 ET LA SURVIE DES MOTONEURONES HUMAINS IN VITRO. ENGRAILED 1 a des effets neuroprotecteurs in vitro et in vivo. Nous avons démontré que les souris dont l'expression d'EN1 est réduite, ont une perte progressive des larges MNs-α qui peut être évités par une seule injection intrathécale de protéine humaine EN1 recombinante. Le chapitre 5 a permis d'examiner si les MNs adultes de souris peuvent répondre à EN1 en l'absence du contexte tissulaire et si hEN1 peut favoriser la survie des MNs humains différenciés issus des cellules souches pluripotentes induites humaines (CSPi). EN1 augmente la survie des MNs en culture issus de la moelle épinière adulte de souris. Les MNs dérivés des CSPi humaines commencent à mourir après 5 JIV. L'ajout d'hEN1 ce qui suggère qu'en plus d'éventuels effets délétères dans les INs V1 qui n'expriment que la moitié du niveau normal d'EN1, son transfert est nécessaire pour le bon fonctionnement des MNs. Il reste à démontrer si cela se produit directement sur les MNs ou par un effet indirect dans les cellules non neuronales, comme les astrocytes et les microglies. Il sera important d'élargir l'analyse de l'effet d'EN1 exogène dans les modèles de MNM acceptés et largement utilisés, y compris les motoneurones dérivés des CSPi de patients. Enfin, la compréhension des mécanismes exacts qui sous-tendent la protection des MNs par EN1 est une étape cruciale dans la progression vers des applications thérapeutiques.

  MNs are broadly categorized as upper MNs that originate in layer 5 of the cerebral cortex and lower MNs located in the Redex lamina IX in the brainstem and the spinal cord (SC). Spinal MNs (spMNs) are affected in several devastating motor neuron diseases (MNDs). Lower MNs are cholinergic neurons that receive important intraspinal inputs from spinal sensory neurons and several types of interneurons

(INs) and a small amount of inputs from upper MNs. They are anatomically categorized as brachial, visceral (that form the autonomic nervous system) and somatic depending on the targets they innervate and are generally sub-classified in 3 main groups, alpha-, beta-and gamma-MNs (See Fig 1.1). Alpha-motor neurons (α-MNs) selectively innervate extrafusal muscle fibers and possess a large cell body and high excitability and firing rates. Their muscle targets are the limbs and they form the basic reflex circuit since they are the key to rapid muscle contraction. They receive monosynaptic innervation from sensory neurons and functional subtypes of α-MNs are identified by the muscle fiber type they innervate. Slow-twitch Fatigue-Resistant (SFR) muscle fibers are innervated by SFR MNs that respond to low stimulation thresholds. Fasttwitch Fatigable muscle fibers (FF) are innervated by FF MNs that have about 20% larger membrane surface and fire after the initial recruitment of SFR neurons. Fast-twitch Fatigue Resistant muscle fibers (FFR) are innervated by FFR MNs that have characteristics intermediate between FF and SFR MNs

TABLE 1

 1 

	MN subtype	Low-excitable fast fatigable (FF)	Highly-excitable slow (S)	Intermediate force (FR)
	Dendritic arborization Large (20% larger than S)	Small	
	Dendritic Branching	Complex dendritic trees	Small dendritic branching	
	Axon	Large caliber axons with fast conduction velocity	Small axons with slow conduction	
	Firing behavior	Highly Phasic	Tonic	
	Muscle involvement	Short-lived powerful muscle contractions	Slow movements and posture maintenance	Suggested intermediate characteristics
	NMJ	Contact 300-2,000 muscle fibers	Contact < 200 muscle fibers	
	Recruitment during movement	Late	Early	
	Affected in Aging/NMDs	Early	Late	
	References	Burke		

.1. α-MN SUB-CLASSIFICATION

TABLE 1

 1 

	.2. MOTOR COLUMNS

TABLE 1

 1 

		.3. AUTONOMIC NERVOUS SYSTEM
		Sympathetic system	Parasympathetic system
	Responsible for	Metabolism, "Flight or fight reflex"	Rest and digest functions
	MN location	Thoracic and Lumbar (T1-L2)	Brainstem and sacral segments S2-S4
	Targets	Heart, Lungs, Kidney, Intestine and colon Gastrointestinal tract, gland secretion and sexual behavior

  . Briefly human MN progenitors (olig2+) kindly provided by Dr. Stephane NEDELEC (Institute du fer a Moulin), where rapidly thawed at 37°C, diluted in pre-heated N2B27 medium (ADMEM/F12, Neurobasal medium, Penicillin/Streptomycin, Glutamax 200mM, 2-ME 0.1mM, B27 supplement minus VitA and N2 supplement, all from Life Technologies) and pelleted by centrifugation at 250 RPM for 5 minutes. The supernatant was discarded and cells

were dispersed by gentle flicking and resuspended in 5mL of N2B7 medium and plated on pre-coated Poly-l-Ornithine (1/5) and laminin (4µg/mL) in 24 well plates with glass coverslips for immunocytochemistry. Cells were cultured and differentiated as explained in Table 2.1.

TABLE 2 .1. MN DIFFERENTIATION PROTOCOL FROM OLIG2+ PROGENITORS FROM STEPHANE NEDELEC Final concentrations

 2 

						ROCK							
			Ascorbic	Retinoic		inhibitor							
			acid	Acid	SAG	Y-27632	DAPT	BDNF	GDNF	CNTF	NT3	IGF	Forskolin	IBMX
		Media	µM	nM	nM	µM	µM	ng/mL	ng/mL	ng/mL	ng/mL	ng/mL	µM	µM
	Day1	N2B27 medium	500	100	500	10	10						
	Day2	N2B27 medium	500	100	500		10	10	10	10	10	10	10	100
	Day3	N2B27 medium											
	Day4	N2B27 medium											
	Day5												
	+/-EN1	N2B27 medium	500				5	10	10	10	10	10	10	100
	Day6	N2B27 medium											
	Day7 and on N2B27 medium	500					10	10	10	10	10	10	100

TABLE 2

 2 

.2. MN DIFFERENTIATION PROTOCOL FROM ALS IPSCS FROM HEDLUND'S LABORATORY

TABLE 2 .3. PRIMARY ANTIBODIES Cell cultures (Embryonic, LHUMES, MNs derived from iPSCs)

 2 

	Antibody	Manufacturer	RRID	Clonality	Host species Concentration
	Anti-Beta III	Sigma-Aldrich	T8660	Monoclonal	Mouse	1:1000
	Anti-phospho-Histone H2A.X (Ser139), clone JBW301	Millipore	05-636	Monoclonal	Mouse	1:500
	Islet 1 Antibody	Thermofisher	PA5-27789	Polyclonal	Rabbit	1:500
	Anti-Islet 1	Abcam	ab109517	Monoclonal	Rabbit	1:1000
		Spinal cord				
	Antibody	Manufacturer	RRID	Clonality	Host species Concentration
	Anti-Choline Acetyltransferase	Abcam	ab18736	Polyclonal	Sheep	1:1000
	Anti-Choline Acetyltransferase	Millipore	AB-144P	Polyclonal	Goat	1:500
	Anti-Vesicular Acetylcholine Transporter (VAChT)	Millipore	ABN100	Polyclonal	Goat	1:300
	Anti-Vesicular Acetylcholine Transporter (VAChT)	Sigma-Aldrich	106M4886V	Monoclonal	Rabbit	1:500
	Anti-Engrailed 1				Rabbit	1:300
	Anti-MAP2	Abcam	ab5392	Polyclonal	Chicken	1:500
	Anti-TDP-43	Abcam	ab185133	Monoclonal	Rabbit	1:1000
	Anti-GFAP	Abcam	ab207165	Monoclonal	Rabbit	1:1000
	Anti-Err3	Abcam	ab49129	Polyclonal	Rabbit	1:1000
	Anti-NeuN	Abcam	ab177487	Monoclonal	Rabbit	1:500
	Anti-Neurofilament heavy polypeptide	Abcam	EPR20020	Monoclonal	Rabbit	1:500
	Anti-Myc tag	Abcam	ab9106	Polyclonal	Rabbit	1:500
	Anti-GFP	Abcam	ab13970	Polyclonal	Chicken	1:500
	Anti-OPN1	Abcam	ab11503	Polyclonal	Goat	1:500
		Muscles				
	Antibody	Manufacturer	RRID	Clonality	Host species Concentration
	Neurofilament (165 kDa)	DSHB (2H3)	AB-2315387	Monoclonal	Mouse	1:50
	Synaptic vescicle glycoprotein 2A	DSHB (SV2)	AB-2315387	Monoclonal	Mouse	1:100

Human MN derived cells were treated with hEN1 at defined time point 0 (first day of post mitotic neurons). Oxidative stress of the MNs was carried out by incubating in 100µM H 2 O 2 diluted in N2B7 or mTeSR media for 2 hours at 37°C

  the LDH assay experiments statistical significance was determined by one-way ANOVA and a post hoc Dunnet's test for comparisons to H 2 O 2 using 8 replicates per condition. Conflict of Interest Statement: A.P and K.L.M. are listed on several patents for the use of HPs for the treatment of neurodegenerative disease and they are co-founders and hold shares in a company developing HPs for therapeutic use.Homeoproteins are DNA binding proteins regulating gene expression throughout life. Many of them transfer between cells and are thus internalized by live cells. This has allowed for their use as therapeutic proteins in animal models of Parkinson disease and glaucoma. Part of their therapeutic activity is through a protection against neuronal death. Here we show that internalized homeoproteins from three different classes protect embryonic ventral midbrain and striatal neurons from oxidative stress, both at the level of DNA damage and survival. The interest of this finding is that it lends weight to the possibility that many homeoproteins play a role in neuroprotection through shared mechanisms involving, in particular, DNA protection against stress-induced breaks.
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ABSTRACT

Most homeoprotein transcription factors have a highly conserved internalization domain used in intercellular transfer. Internalization of homeoproteins ENGRAILED1 or ENGRAILED2 promotes the survival of adult dopaminergic cells, whereas that of OTX2 protects adult retinal ganglion cells. Here we characterize the in vitro neuroprotective activity of several homeoproteins in response to H 2 O 2 . Protection is observed with ENGRAILED1, ENGRAILED2, OTX2, GBX2 and LHX9 on midbrain and striatal embryonic neurons whereas cell-permeable c-MYC shows no protective effects. Therefore, five homeoproteins belonging to 3 different classes (ANTENNAPEDIA, PAIRED and LIM) share the ability to protect embryonic neurons from midbrain and striatum. Because midbrain and striatal neurons do not express the same repertoire of the 4 proteins, a lack of neuronal specificity together with a general protective activity can be proposed. In contrast,

  3 + 4.0%. Two hours after adding H 2 O 2, neuron survival was reduced to 36.5 + 14.1% (p<0.0001 compared with Control). The survival of neurons pretreated with 12.5nM hEN1 was significantly greater (66.4 + 9.6%, p<0.005) compared to H 2 O 2 -treated cells. The LDH assay gave qualitatively similar results and was thus used thereafter, making it easier to test different preparations and dose-responses over a large range of HP concentrations.

  To verify if this is also the case in the present in vitro conditions and for the 4 HPs studied, embryonic midbrain neurons were cultured for 6 DIV, treated with the mEN1 at a 2.5nM concentration for 24h and exposed for 1h to 100µM H 2 O 2 . The cells were fixed and γ2HAX foci were revealed by immunocytochemistry in neurons identified by βIII tubulin labeling. Without H 2 O 2, neurons had only one or two γH2AX foci while H 2 O 2 increased the number of foci about four-fold. Pretreatment with mEN1 reduced the number of γH2AX foci as illustrated in

  . OTX2 promotes the survival of adult dissociated RGCs in vitro, protects RGC in vivo against NMDA excitotoxicity and mDA neurons against 6-OHDA ([START_REF] Torero-Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF][START_REF] Rekaik | Engrailed homeoprotein protects mesencephalic dopaminergic neurons from oxidative stress[END_REF]. This similar pro-survival activity of two distinct transcription factors of two different families led us to develop an in vitro assay to assess the ability of several HPs belonging to different classes to protect embryonic neurons against cell death and DNA damage caused by H 2 O 2 oxidative stress. EN1, EN2 and GBX2 are members of the Antennapedia class; OTX2 is of the Paired class and LHX9 of the Lim class of HPs

activités des cellules hôtes au niveau de la transcription, de l'épigénétique et/ou de la traduction. L'homéoprotéine EN1 est exprimée dans les INs V1 et persiste chez l'adulte.

Puisque 1) les HPs peuvent transférer entre les cellules, 2) ont des effets neuroprotecteurs sur les neurones du SNC, 3) dans la moelle épinière, seuls les interneurones V1 expriment EN1 et 4) ces cellules font des synapses directement sur MNs-α pour réguler son activité physiologique, nous avons supposé que le EN1 est important pour la physiologie et la survie des MNs. CHAPITRE 2. MATÉRIEL ET MÉTHODES. Pour le chapitre 3, nous avons mis au point un test in vitro afin de déterminer la capacité de plusieurs HPs à protéger les neurones embryonnaires. Pour cela, nous avons mis en culture des neurones embryonnaires du mésencéphale et du striatum pendant 6 jours in vitro (6 JIV) et les avons exposés au stress oxydatif avec du peroxyde d'hydrogène (H 2 O 2 ). Nous avons pré-incubé les cellules avec plusieurs concentrations de différentes HPs pendant 24 heures avant de les traiter avec 50mM d'H 2 O 2 . La survie cellulaire a été évaluée à l'aide du test de cytotoxicité de la lactate déshydrogénase (LDH). Nous avons analysé les dommages à l'ADN causés par 100µM d'H 2 O 2 en comptant le nombre de foci γ-H2AX dans les neurones. Pour le chapitre 4, nous avons utilisé des souris mutantes En1-LacZ chez lesquelles les 72 premiers acides aminés du gène En1 sont remplacés par une séquence tau-LacZ donnant un allèle nul En1. Nous avons utilisé la force de préhension des pattes avant ainsi que le test de la grille inversée pour évaluer la force musculaire et le score extenseur des membres postérieurs pour les réflexes spinaux. Nous avons étudié la morphologie de la JNM au niveau des muscles extraoculaires, de la langue et des muscles lombaires en utilisant l'alphabungarotoxine pour visualiser les groupes de récepteurs à l'acétylcholine et les anticorps dirigés contre le neurofilament et la protéine 2A des vésicules synaptiques afin de visualiser les terminaisons des axones moteurs. Nous avons analysé le nombre de neurones présents dans les renflements cervicaux et lombaires de la moelle épinière à l'aide d'une coloration au crésyl violet et d'un marquage ChAT. Dans le but de tester les effets protecteurs possibles de la protéine hEN1, le comportement des souris a été étudié à différents âges et, deux jours plus tard, on leur a injecté 1µg de hEN1 dans le sillon vertébral entre L1 et T13. L'analyse comportementale et le prélèvement des tissus ont été effectués après 1,5 ou 6 mois pour comparer avec nos précédentes observations.
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The homeoprotein ENGRAILED 1 and spinal motor neuron physiology and survival.

All in all, our results show that EN1, EN2, OTX2, GBX2 and LHX9 representing three different classes of HP transcription factors can protect embryonic cultured neurons from two ontogenetically diverse brain regions against H 2 O 2 -induced oxidative stress. They suggest that HPs have neuroprotective activity in embryonic cells that do not express the particular protein, further studies will be necessary to determine if this is the case for mature neurons i.e., one protein for all or one protein per cell type.

this technique has already been implemented in ALS patients for intrathecal infusion of the GABA B agonist baclofen using a percutaneous pump to treat spasticity-related pain, unfortunately with no clear beneficial effects (McClelland, et al. 2018).

We do not have a clear understanding of the mechanisms underlying EN1-mediated MN protection. The only therapeutic agents approved for ALS treatment, Riluzole and Edavorone also have no clear mechanism of action. Riluzole inhibits sodium, calcium, potassium and glutamate currents [START_REF] Gibson | Amyotrophic lateral sclerosis: drug therapy from the bench to the bedside[END_REF]. Unfortunately the benefits of Riluzole are limited [START_REF] Miller | Riluzole for amyotrophic lateral sclerosis (ALS)/motor neuron disease (MND). Amyotrophic lateral sclerosis and other motor neuron disorders: official publication of the World Federation of Neurology[END_REF] and the drug has no effect on muscle strength or function [START_REF] Lacomblez | A confirmatory dose-ranging study of riluzole in ALS[END_REF]. Since the effect of recurrent inhibition is particularly strong in physiological states of MN hyper-excitability, such as enhanced persistent Na + and Ca + inward currents PICs [START_REF] Venugopal | Modulation of inhibitory strength and kinetics facilitates regulation of persistent inward currents and motoneuron excitability following spinal cord injury[END_REF], increased Renshaw cell activity (mediated by exogenous EN1) could counteract the mechanisms that increase MN firing in ALS, ultimately reducing the hyperexcitated MN state and its pathological consequences. Above all, this work demonstrates that a single injection of hEN1 restores NMJ denervation and that the beneficial effects last 2-3 months. Re-innervation of muscles in ALS patients correlates with long-term survival [START_REF] Bruneteau | Muscle histone deacetylase 4 upregulation in amyotrophic lateral sclerosis: potential role in reinnervation ability and disease progression[END_REF] suggesting that EN1 might improve the lifespan by maintaining the NMJ/MN axon architecture. It remains to be determined how this may be transformed into a protocol efficient for patient treatment.

Pour le chapitre 5, nous avons dissocié les cellules de la moelle épinière de souris adultes et les avons cultivées en l'absence ou en présence de concentrations croissantes de la protéine