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Abstract

ENGRAILED homeoprotein controls the development of ventral midbrain
dopaminergic (mDA) neurons and, in the adult, remains expressed assuring their survival. In
Parkinson disease (PD), it is these mDA neurons that degenerate. Their loss is responsible for
the classical motor symptoms due to reduced levels of the neurotransmitter dopamine.

We first questioned the importance of the transfer of ENGRAILED from cell to cell.
We demonstrated that blocking the transfer of ENGRAILED reduces dendritic length and
induced the death of mDA neurons. This and other data from the lab in PD models suggest a
potential use of ENGRAILED in the therapy for PD. Indeed, in an oxidative stress context,
mDA neurons of the substantia nigra exhibit an increased number of DNA strand breaks,
changes in nuclear and nucleolar heterochromatin marks and abnormally high expression of
repressed genes, in particular LINE-1 (L1) retrotransposons. L1 elements are repeated elements
distributed within the genome and were long thought to be entirely repressed as they represent
a threat to genome integrity. Indeed, they “move” throughout the genome using a “copy-paste”
mechanism and in doing so, they induce breaks in the DNA. We have shown that an injection
of recombinant ENGRAILED can revert the altered heterochromatin marks and repress L1
elements, rescuing the neurons from cell death following an acute oxidative stress. We then
pursued further investigations in order to better understand by which mechanisms
ENGRAILED exerts its protective activity. Our studies, published in EMBO Journal,
demonstrate that L1 inhibition, through three distinct means (i) an siRNA approach (ii)
stavudine, a reverse transcriptase inhibitor (iii) a viral gain of function of the PIWI protein, a
repressor of L1 elements, is protective in a PD mouse model and in an acute oxidative stress
condition.

As L1 are expressed at basal level in adult neurons, we are now currently exploring its
potential physiological role. We propose a threshold model in which L1 may participate to
normal neuronal function until a certain expression threshold which, when reached, will
damage the cell by DNA breaks. In order to test this, we are using the described anti-L1
strategies and assessing expression of important neuronal genes. We are also identifying
molecular partners of L1 elements in dopaminergic neurons to decipher the mechanisms by
which it could regulate gene expression. This will provide very original and new insights on
physiological roles of evolutionary conserved and long considered “parasitic” sequences in

adult neurons.
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Chapter I: Functions and Transfer of Homeoproteins

.1 The discovery of homeoproteins in Drosophila

In 1967, Walter Jakob Gehring, studying cell fate and determination, undertook
segmental gene interchange along chromosomes in the Drosophila. This induced “odd”
looking Drosophila, for example with legs instead of antennas on their head (Garber et al.,
1983; Gehring, 1987). This is how the first homeogene Antennapedia was identified.

Homeoproteins (HPs) are a class of transcription factors that control gene expression
thanks to their DNA-binding homeodomain (HD). The HD is a 60 amino acid-long sequence
encoded by a 180 nucleotide-long sequence called “homeobox™ (McGinnis et al., 1984). The
conservation of this feature was used to identify a large set of developmental homeotic genes
in the Drosophila as well as in vertebrates.

As depicted in Figure 1, the site and time of expression of homeotic genes along the
Drosophila anterior-posterior body is controlled by their positioning along the chromosome.
This colinearity rule (Lewis, 1978) explains why interchanging homeogene position could
induce morphological changes during development. Not only the timing and the site of
expression but also the concentration of homeoproteins is crucial in tissue patterning,

determination of cell fate and other developmental events.
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Figure 1: Hox gene expression in the Drosophila along the anterior-posterior body axis corresponds to their 3°-5" order in

the genome along the anterior-posterior axis. Taken from Gilbert et al, 1990.



The structure of the homeodomain was first described for ANTENNAPEDIA by
nuclear magnetic resonance spectroscopy. Homeodomains are composed of three alpha helices
arranged in a helix-turn-helix motif. The third helix, also called the recognition helix, is able
to bind target sequences in the large groove of double-stranded DNA (Billeter et al., 1990).
This DNA-HD contact reinforced by the interaction of the HD N-terminus with the double-
stranded DNA minor groove enables the HP to exert its regulatory functions. However, not all
HPs participate in development and now the consensual definition is that to be named

“homeoprotein”, a protein must only possess a homeodomain within its sequence.

S5a 3B

Figure 2: Schematic drawing of the ANTENNAPEDIA Homeodomain-DNA Complex. The helices of the homeodomain are
represented by cylinders and the amino acid residues contacting the DNA are shown by circles. Arrows indicate specific
contacts with the DNA bases. The bars representing the core basepairs (TAAT/A A) are shaded. Taken from Gehring et
al., 1994.

I.2 Homeoproteins control Brain Morphogenesis

The HD is highly conserved across species and this enabled the identification, across
vertebrates and all eukaryotic species, of numerous HPs that often share sequence homologies
(Derelle et al., 2007; Joyner et al., 1985).

Mice make no exception and the development of the mouse brain is also controlled by
HPs (Bishop et al., 2000; Di Bonito et al., 2013; Nédélec et al., 2004; O’Leary et al., 2007,
Simeone, 2000; Simon et al., 2001; Wurst et al., 1994). As can be appreciated in Figure 3,

several HPs participate in the establishment of brain compartments. Indeed, the pattern of



expression of different HPs determines boundaries and gives rise to different brain areas
endowed with different brain functions (Prochiantz and Di Nardo, 2015).

For instance, the OTX2/GBX2 boundary defines the midbrain-hindbrain boundary
(MHB) (Joyner et al., 1985; Simeone, 2000; Wurst et al., 1994) .

Figure 3: Examples of boundaries (MHB: Midbrain-hindbrain boundary, PSB: pallial-subpallial boundary, DMB:
diencephalic-mesencephalic boundary, ZLI: zona limitans intrathalamica) defined by the expression of abutting
homeoproteins (in colors) with self-activating and reciprocal inhibitory properties. Taken from Prochiantz and Di Nardo,

2015.

Interestingly, HPs cross-interact to create those boundaries. On each side of the boundary, the
HPs are both self-activating and reciprocal inhibitors, thus creating a dynamic gradient of
expression.

* Figure 4 A shows the graded expression of four different HPs along the antero-
posterior and medial-lateral axes. For instance, Emx2 is more expressed posteriorly
while Pax6 is more expressed anteriorly.

* Figure 4 B illustrates the activation/inhibition relationship between HPs: EMX2
inhibits Pax6 expression and is reciprocally inhibited by PAX6.

The importance of the pattern of expression of HPs can be demonstrated by loss or gain of
functions. Indeed, dysregulation of this pattern displaces boundaries and strongly impacts brain
structure (O’Leary et al., 2007).

* Figure 4 C illustrates boundary displacements following changes in HP expression.

In this example Emx2 loss of function induces an increase in the somato-sensory

cortical area, while a gain of function induces an increase of the visual cortex area.
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Figure 4: Summary of Intrinsic Genetic Mechanisms of Area Patterning and Mutant Phenotypes. A) Graded colours represent
the graded expression of HPs in the brain. B) Arrows represent the interaction between HPs along the A-P axis. C) Loss and
gain of function of HPs induce a displacement of SI (Somatosensory), V1 (Visual), Frontal/Motor (F/M), Auditory (A1) areas.
Taken from O'Leary et al, 2007.

.3 Focus on ENGRAILED Homeoprotein

[.3.a ENGRAILED: a repressive transcription factor

During my thesis, | have focused on the function of the ENGRAILED homeoprotein in
dopaminergic neurons of the midbrain (mDA neurons). ENGRAILED has two paralogs:
ENGRAILED1 (EN1) and ENGRAILED2 (EN2), collectively ENGRAILED. At the
molecular level, ENGRAILED is mainly considered as a transcriptional repressor (Jaynes and
O’Farrell, 1991). In vivo, the active repression by ENGRAILED is due to its association with
GROUCHO or its orthologs in vertebrates, proteins from the TLE family (7Transducin like
Enhancer of Split) (Tolkunova et al., 1998). Other protein partners, such as co-factors
PBX/EXD, modulate its transcriptional activity. Around 203 genes have been identified as
targets of ENGRAILED by chromatin immunoprecipitation in drosophila embryos. Those
genes are involved in different developmental pathways including axon guidance, antero-

posterior development and muscle development (Solano et al., 2003).

[.3.b Role of Engrailed during development

Collectively, EN1 and EN2 regulate the formation of the boundary between the
diencephalon and the mesencephalon, as well as the rostral-caudal axis of the optic tectum in

the chick. During mouse development, En/ is expressed in the anterior neuroepithelium as



soon as the first somite stage. Invalidation of En/ results in the absence of the midbrain and
homozygous mice deleted for En/ die after birth. En2 is expressed at later stages (five-somite)
and deletion gives rise to a reduction in the size of the cerebellum (Wurst and Bally-Cuif, 2001;
Wurst et al., 1994) and to an altered cerebellar foliation (Joyner et al., 1991; Millen et al.,
1994). En2 mutants are, however, viable. This suggested, that En/ and En2 play distinct roles
with Enl being more important in the midbrain. However, replacement of En/ with En2
rescued the defects observed. This demonstrated that EN1 and EN2 are biochemically
equivalent and suggested that it is rather the site, time and duration of En//2 expression that is

important (Hanks et al., 1995).

Interestingly, association of En2 with neurodevelopmental disorders such as autism
spectrum disorders (ASD) has been demonstrated (Genestine et al., 2015). For ASD, studies
rely not only on genetic association studies (Petit et al., 1995; Wang et al., 2008; Yang et al.,
2008) but also on cerebellar morphology changes. For instance, mirroring a reported
neuroanatomical feature of autistic brains, £n2 mutants display a significant decrease in the

number of Purkinje, granule deep nucleus, and inferior olive cells (Gharani et al., 2004).

[.3.c Expression of ENGRAILED in the adult midbrain

Originally studied for their role during development, homeoproteins remain however
expressed in the adult where they are endowed with crucial roles for neuron physiology and

maintenance.

In the adult brain, Engrailed remains expressed in the Substantia Nigra pars compacta
(SNpc) and Ventral Tegmental Area (VTA) but also in the Inferior Colliculus (IC), Cerebellum
(Cb) and the Superior Olive (SO) as depicted in Figure 5. More precisely, En/ is more
expressed in the SNpc and the VTA while En2 is more expressed in the Cb.

Figure 5: Expression (pink) of Engrailed in the adult mice brain. VIA: Ventral Tegmental area, IC: Inferior Colliculi, Cb:

Cerebellum, SN, Substantia Nigra, SO: Superior Olive. Taken from Prochiantz et Di Nardo 20135.



At a cellular level in mDA neurons of the SNpc, EN1/2 is detected in the nucleus, as
would be expected for a transcription factor. However, En/ mRNA is also present in proximal
dendrites and translated locally via an mTOR-dependent signalling pathway. Intriguingly,
translation is activated upon depolarization suggesting a potential role of EN1 in local and

activity-dependent signalling (Di Nardo et al., 2007).

En1 mRNA

Figure 6: Detection of Enl mRNA in dendrites (arrows) of mDA neurons in the SNpc. Taken from Di Nardo et al., 2007.

In terms of function, the cerebellum participates in the regulation of motor behaviours
and coordination. Recent studies suggest its potential implication in higher cognitive functions
(Riva and Giorgi, 2000). The mDA neurons of the SNpc and the VTA also participate in
voluntary movement as they provide dopamine, key neurotransmitter for movement. However,
they are also implicated in mood and rewarding pathways (Graybiel et al., 1994). In terms of
connectivity, mDA neurons of the SNpc project to the dorsal striatum via the nigrostriatal
pathway (Bjorklund and Dunnett, 2007). In contrast, mDA neurons of the VTA project to the
ventral striatum (nucleus accubens), limbic systems, ventral hippocampus and prefrontal
cortex via the mesolimbic and mesocortical pathways, as illustrated in Figure 7 for some of the

latter structures (Bentivoglio and Morelli, 2005).

Nigrostriatal

Mesocortical pathway

pathway

Mesolimbic
pathway

Figure 7: The mesocortical, nigrostriatal, mesolimbic pathways of the mDA neurons of the SN and VTA. Taken from Money
and Stanwood, 2013.



Dysfunctions in the mDA circuitry have been implicated in numerous neuropsychiatric
disorders such as schizophrenia or addiction and degeneration of mDA neurons in the SNpc is
an important feature of Parkinson disease (PD) (Brisch et al., 2014; Luo and Huang, 2016;
Simpson et al., 2014; Tagliaferro and Burke, 2016; Volkow et al., 2007).

[.3.d mDA neurons and Parkinson disease

Parkinson disease (PD) is the second most common neurodegenerative disease and
affects around 2-3% of the population over 65 years of age (Olanow and Tatton, 1999).
Although some genetic factors have been identified, such as point mutations in the gene coding
for a-SYNUCLEIN and duplications/triplications of the a-synuclein gene (Polymeropoulos et
al., 1997; Stefanis, 2012), most cases are sporadic. The major risk factor is aging, but several
environmental factors have been positively correlated with the disease including exposure to
pesticides (Hatcher et al., 2008; Sandy et al., 1996). Along with movement disruption, patients
exhibit cognitive impairment, autonomic dysfunction, sleep disturbances, depression and

hyposmia (For review (Poewe et al., 2017)).

At molecular and cellular levels, PD is characterised by the loss of mDA neurons in the
SNpc. As already mentioned, mDA neurons produce dopamine, an essential neurotransmitter
for harmonious movements (Marsden, 1983). Another major hallmark of the disease is the
presence of intracellular inclusions containing the a-SYNUCLEIN protein (Bennett et al.,
1999). The exact causes of mDA degeneration are not fully understood but several pathways
are implicated including a-SYNUCLEIN proteostasis, mitochondrial function, oxidative
stress, calcium homeostasis, axonal transport and neuroinflammation (Bennett et al., 1999;

Braak et al., 2003; Dauer and Przedborski, 2003; Dias et al., 2013).
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Figure 8: The main identified mechanism of neuronal degeneration in Parkinson Disease including protein misfolding,
alteration of protein degradation, production of reactive oxygen specie and mitochondrial dysfunction. Taken from Dauer and

Prsedborski, 2003.

[.3.e ENGRAILED protects mDA neurons in Parkinson Disease models

Coming back to ENGRAILED, some studies have reported that genetic variability
within the Enl/2 genes is a susceptibility factor for sporadic PD (Haubenberger et al., 2011;
Rissling et al., 2009). Even more interestingly, the group of Horst Simon (Simon et al., 2001)

provided evidence that EN1/2 regulate the expression of a-synuclein, a major culprit in PD.

Engrailed has been demonstrated to be crucial for the maintenance of mDA neurons
(Albéri et al., 2004; Simon et al., 2001; Sonnier et al., 2007). Mice disposing of only one allele
of Enl, have comparable numbers of mDA neurons at birth but exhibit a progressive and
specific mDA neuron loss between 8 weeks and 24 weeks. As in PD, the loss of mDA neurons
in the SNpc is more pronounced than in the VTA (38% versus 23%) (Sonnier et al., 2007).
Correlating with mDA neuron death in the SNpc, there is a significant 37% decrease in

dopamine in the striatum, as assessed by high performance liquid chromatography (HPLC).
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Figure 9: Enl+/- mice exhibit a loss of dopaminergic neurons in the Substantia Nigra. Left panel : % of TH cells in the SN
over weeks. Right panel : Image of TH staining in wt and Enl+/- mice at 48w. Taken from Sonnier et al., 2007.
Engrailedl+/- mice display motor symptoms that mimic some characteristics of the
human disease. Indeed, they present abnormal spontaneous motor activity in the open-field test
and in the motor coordination rotarod test, they tend to fall more often than wildtype (WT)
siblings. In terms of non-motor symptoms, they exhibit impaired social interactions and

depressive like behaviours. This is summarized in the following table.

MOTOR SYMPTOMS NON-MOTOR SYMPTOMS
Abnormal spontaneous motor activity Anhedonia and Adipsia
Deficit in motor coordination Impaired social interaction
Sensitization to amphetamine Depressive like behaviour

Figure 10: Enl+/- mice exhibit motor and non-motor symptoms characteristic of Parkinson Disease. Results extracted from
Sonnier et al., 2007.

The occurrence of (i) the selective loss of mDA neurons in the SNpc with (ii) the motor
and non-motor symptoms, mirrors key aspects of PD indicating that these mice might be a
good model for the human disease. Several studies from other laboratories came in support of
this idea, including those from the group of Patrick Brundin demonstrating that the autophagic
protein degradation pathway is altered in En/+/- mice (Nordstroma et al., 2015). The same
study reports fragmentation of mDA axons, supporting retrograde degeneration of mDA
neurons as in PD (Tagliaferro and Burke, 2016). Furthermore, neuroinflammation in the SNpc
of Enl+/- mice was found (Ghosh et al., 2016). A very recent study (Chatterjee et al., 2019)
puts forward that En/+/- mice display enhanced aggregation of pathological a-SYNUCLEIN
following intrastriatal injection of pre-formed a-SYNUCLEIN fibrils, suggesting that this

mouse line might provide a highly relevant model to test experimental therapeutic strategies.
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Indeed, in the meantime a study has been using En/+/- mice in pre-clinical testing of a potential

PD drug (Ghosh et al., 2016).

An exciting finding in therapeutic context is that EN2 infusion reverses the behavioural
phenotype observed in the Enl+/- mouse and protects mDA neurons from death (Sonnier
2017). The fact that the administration of EN2 reverts the effect of En/ loss, also adds up to
the idea that both EN1 and EN2 are biochemically equivalent as discussed above (Hanks et al.,
1995; Sonnier et al., 2007). Indeed, the latter use of EN1/2 as a therapeutic protein is based on
its ability to translocate across membranes and on its long-lasting activity. The protective
abilities of ENGRAILED have been continuously studied in the laboratory. They imply
different levels of action, including local protein translation, transcription and epigenetic

modifications.

Regarding translational regulation, ENGRAILED upregulates the expression of
NDUFS3 and NDUFSI, two key regulators of the mitochondrial respiratory chain complex I,
thus inducing an increase in ATP synthesis. ENGRAILED does so through direct regulation of
translation via its specific binding to EIF4e (Alvarez-Fischer et al., 2011).
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Figure 11: Left: MPTP and rotenone induce a degeneration of dopamine by binding to mitochondrial complex 1. Right:
Engrailed injection protects mDA neurons by binding to the mRNA machinery and increasing the translation of Ndufs1. Taken

from Sanders and Greenameyre, 2011.

Finally, ENGRAILED promotes the expression of anti-apoptotic factors upon acute
oxidative stress in a transcription dependant manner (Rekaik et al., 2015). The protective effect

of ENGRAILED on heterochromatin maintenance will be presented in Chapter I1.
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|.4. Homeoproteins can transfer between cells through unconventional pathways

[.4.a Discovery and mechanism

A very striking feature of homeoproteins is that they possess a non-conventional
mechanism for cell to cell translocation. As many ground-breaking observations, this novel
signalling mechanism was discovered by chance. Indeed, while Alain Joliot and Alain
Prochiantz were studying the effect of a HD on neuronal morphology, a negative control
yielded positive results. As a mean to internalize the HD, cells in culture were scraped to disrupt
their cell membrane. The negative control consisted of “unscraped cells”. Surprised to see an
effect of the HD on neuronal morphology even with “unscraped cells”, Joliot and Prochiantz
tagged the HD with FITC and observed its intracellular and intra-nuclear accumulation (Joliot
et al., 1991). This was followed by the demonstration that full-length HPs are secreted and
internalized thanks to two secretion and internalization domains embedded within the HD
(Figure 12), thus highly conserved. This is greatly interesting as it suggests that around 300 or
so homeoproteins may use this direct inter-cellular signalling pathway to exert part of their
biological functions (Di Nardo et al., 2018). So far, this pathway has been validated for 13 HPs
out of 13 tested, including ENGRAILED, PAX6, VAX1, HOXD1 and OTX2 (Di Nardo et al
2018). This signalling mode is a reminder of well described direct cell to cell transfer of
transcription factors in plants through plasmodesmata (Bolduc et al., 2008; Ruiz-Medrano et

al., 2004; Winter et al., 2007).

The exact mode of transfer is still under investigation. It appears, however, that

internalisation and secretion do not rely on the same processes nor on the same sequences

(Figure 12).
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Figure 12: Top) Homeoproteins domains and associated functions. Taken form Prochiantz et Di Nardo 2015.

Bottom) Alignment of HDs for 10 HP verified for intercellular transport. The helices are indicated by bold dark
lines. Of note, internalization and secretion sequences contain hydrophobic and basic residues characteristic of nuclear import
and export sequences.

The internalisation sequence has been named penetratin. Internalisation occurs at 4°C
as well as at 37°C, suggesting an energy-independent capture mechanism (Derossi et al., 1994).
Internalisation is dependent on a two-step membrane disruption event thanks to the third alpha-
helix comprised in the HD (Dupont et al., 2007). However, the alpha-helical structure of the
helix is not necessary since the insertion of prolines does not disturb internalisation (Derossi et
al., 1996). The tryptophan in position 48 is of main importance for internalisation. Seemingly,
penetratin can cross pure lipid membranes without forming pores (Thorén et al., 2000). This is
in agreement with the very low toxicity of penetratin observed in cell studies (Derossi et al.,

1998).

The sequence required for secretion spans from the end of the second helix to the middle
of the third helix. Secretion has been mainly studied for EN2. EN2 is found associated with
lipid-rich caveolae-like vesicles, suggesting that these vesicles could participate in EN2

secretion (Joliot et al., 1997).
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Besides its physiological importance in biology, this signalling mechanism has also
opened the field of peptide transduction, a category of peptides used to target hydrophilic
compounds into the cell interior, following cargo-peptide coupling (Prochiantz, 2011). As an
example, we have taken advantage of the natural internalisation of homeoproteins in vivo by
injecting or infusing the ENGRAILED protein locally and directly into the brain (See
paragraph on the protective activities of ENGRAILED).

[.4.b The difficulty to distinguish cell autonomous from non-cell autonomous
functions

Since HPs translocate between cells, it is important to distinguish (i) autonomous
functions from (ii) non-cell autonomous functions. However, as the secretion and
internalisation sequences are within the HD it makes it impossible to mutate those sequences
without affecting both cell autonomous and non-cell autonomous functions. To address this
issue, mini-genes encoding single chain antibodies (scFvs) have been developed to specifically
impede HP non-cell autonomous functions. Indeed, following expression, scFvs, thanks to a
secretion signal, are secreted into the extra-cellular matrix (ECM) where they trap the HPs
extracellularly. Most of the time, and as verified for those used in the laboratory, scFvs are
inactive intracellularly due to glutathione which reduces the disulphide bonds necessary for
antigen recognition. This strategy has been used and published for PAX6, ENGRAILED and
OTX2 in order to study the importance of non-cell autonomous transfer in specific biological
functions (Lesaffre 2007; Wizenmann 2009; Layalle 2011; Di Lullo 2011; Bernard 2016,
Kaddour 2019).

The results conducted so far on non-cell autonomous functions have been summarized

in Figure 15.
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1.4.c Non-cell autonomous functions of PAX6 and OTX2

Regarding OTX2, recent work in the team has demonstrated that OTX2 is produced
and secreted by the choroid plexus and then internalised in parvalbumine (PV) positive
interneurons in the visual cortex. Accumulation of OTX2 induces the maturation of PV
interneurons that in turn regulate the opening and closure of the critical period for the

acquisition of binocular vision.

Expressing the anti-OTX2 scFv and blocking OTX2 transfer in the adult mouse reopens
plasticity and restores binocular vision in an experimental model of amblyopia, a
developmental disorder in which one eye does not achieve normal visual acuity (Bernard et al.,

2016).
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Figure 13: A two-threshold model for Otx2 in critical period timing. In normal situation, Otx2 is produced by the Choroid
plexus and secreted in the CSF, Otx2 then accumulates in PV cells. When a certain threshold is reached the critical period
opens (ON) and then closes at a second threshold (OFF). Blocking the accumulation of Otx2 with the scFv strategy, induces

a visual plasticity in the adult (On again).

The effects of blocking extra-cellular PAX6 in the zebrafish eye has also been studied
(Lesaffre et al., 2007). Induction of scFv-AntiPAX6 and analysis of the eye morphology 30
hours post-fertilisation demonstrated a decrease in eye size, either symmetrical (as in Figure
14 B) or asymmetrical (Figure 14 C) compared to normal eyes (Figure 14 A). In extreme cases,
one eye can be completely absent (Figure 14 D). Total eye loss as in Figure 14F corresponds

to the cyclopean phenotype and might be an injection-induced artefact.
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Figure 14: Eye phenotypes induced by secreted anti-Pax6 single-chain antibody. (a-f) Eye phenotypes observed at 30 hours
post-fertilization after injection of secreted single-chain anti-Pax6 (spaP6) mRNA into one cell embryos. (a) Normal, (b) small

eyes, (c¢) dissymmetric eyes, (d) single eye, (e) no eye, (f) cyclops. Taken from Lesaffie et al, 2007.

Neutralizing PAX6 extracellular activity also demonstrated that non-cell autonomous
PAXG6 regulates oligodendrocyte precursor cell (OPC) migration in the chick embryonic neural
tube (Lullo et al., 2011) and cajal-retzius cell migration in the developing neocortex (Kaddour
et al., 2019). In the context of this thesis, these effects on migration are interesting, as they

suggest that HPs may act on cytoskeleton reorganizing proteins to modify migration.
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Figure 15: Studies of non-cell autonomous functions of Homeoproteins.
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1.4.d Non-cell autonomous functions of ENGRAILED

Non-cell autonomous ENGRAILED has been demonstrated as crucial for guidance of

retinal growth cones (Brunet et al., 2005) and retino-tectal patterning (Wizenmann et al.,

2009b).

The couple formed by EphrinA ligands and their receptors were long thought to be key
for retino-tectal patterning. However, in total absence of EphrinAs, degenerated retino-tectal
maps still form suggesting the existence of alternative and complementary pathways (Cang et
al., 2008). In line with this, studies demonstrated that an external gradient of EN2 withholds
signalling cues for retino-tectal mapping (Brunet et al 2005; Wizenmann et al, 2009). Indeed,
axons of retinal ganglion cell (RGC) cultured in gradients of EN2 display different behaviours
according to whether they are from nasal or temporal origin (Brunet et al, 2005). As depicted
in Figure 16, nasal axons are attracted by EN2 (the gradient of EN2 is in blue), whereas

temporal axons are repelled.
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Figure 16: In the top panel the temporal axons are repelled by EN2 (blue gradient) while in the bottom panel, nasal axons

are attracted. Taken from Brunet et al, 2005.
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This is due to non-cell autonomous signalling as it is demonstrated, with an

internalization deficient EN2, that internalization is necessary for axon guidance.

By using transcription and translation inhibitors (anisomycin, rapamycin, actinomycin)
as well as tritiated leucine, the same authors show that EN2 signals not by transcriptional means
but by inducing protein translation. This is also supported by elevated phosphorylation levels
of EIF4E in the presence of EN2.

Non-cell autonomous function of ENGRAILED was further validated in vivo by the
scFv approach (Wizenmann et al., 2009). Indeed, antero-posterior tectal membranes of
Xenopus display a gradient of extracellular ENGRAILED and blocking the extracellular
ENGRAILED with an scFv approach induces an abnormal growth of temporal axons in the
chick and in Xenopus (Wizenmann et al 2009). Interestingly, EN1/2 activity is synergistic with
EphrinAS5 signalling (Wizenmann et al 2009). As demonstrated in the in vitro turning assay
(Brunet et al, 2005), this non-cell autonomous ENGRAILED/EphrinAS synergistic signalling
relies on a translational regulation by ENGRAILED.

The analysis of this pathway was further dissected demonstrating that internalised non-
cell autonomous ENGRAILED acts on the local translation of NDUFS3 (Stettler et al., 2012).
NDUPFS3 is part of the complex I of the mitochondria and this stimulates ATP synthesis. ATP
is then exported and hydrolysed into adenosine in the ECM. Adenosine signals back on the
growth cone via membrane receptors that in turn impact on EphrinAS signalling. This is
engaging as it appends to the fact that adult HPs carry regulatory roles independently of their
initially studied transcriptional functions. It further nurtu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>