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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 nurtures the idea that HPs can act as
sensitizers or co-signalling partners of renowned signalling molecules. The fact that non-cell
autonomous ENGRAILED has the capacity to act as a co-signalling molecule was also
demonstrated in the case of Decapentaplegic (Drosophila TGF-B ortholog) in the Drosophila
wing disk (Layalle et al., 2011). Of note, NDUFS3 is an already identified target described in

studies on mDA neuron protection by cell autonomous ENGRAILED.
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Figure 17: En signalling at the growth cone. En is internalized by the growth cone. Within the growth cone it stimulates the
translation of Ndufs3, a complex [ mitochondrial protein. This activates ATP synthesis, which is externalized into the
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2015
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Working Hypothesis of Chapter I:
The importance of non-cell autonomous ENGRAILED for the physiology and

protective activity of mDA neurons has been understudied. As mentioned above, (Di Nardo et
al., 2007) demonstrate that ENT1 is present in the dendrites of mDA neurons. This pool of EN1
could transfer to adjacent cells and exert local physiological functions in dendrites far from the
nucleus. This refers to non-cell autonomous functions and could be independent of its
transcriptional activity. Indeed, association of HPs with the translation factor EIF4E has been
demonstrated (Nédélec et al., 2004). Since the mTOR pathway is implicated in dendritic
growth, maintenance and synaptic plasticity, one could not preclude that local EN1/2 might
directly impact dendritic morphology or maintenance.

This is supported with a recent study where authors added recombinant EN1 and EN2
on hippocampal cell cultures and demonstrated that this increased the complexity of the
dendritic trees of glutamatergic neurons (Soltani et al., 2017). Furthermore, the impact of non-
cell autonomous HPs on remodelling the cytoskeleton has been demonstrated in axon guidance
(Brunet et al., 2005) as well as in cell migration (Lesaffre et al., 2007). EN1/2 also impacts on
the expression of cell adhesion molecules which shape neuronal morphology (Siegler and Jia,
1999).

We therefore tested whether non-cell autonomous ENGRAILED impacts mDA neuron
morphology and survival in vivo and in vitro, and if so, by which pathway. In analogy with
other studies from the laboratory described above, I used an scFv antibody directed against
ENGRAILED. This strategy will allow us to specifically interfere with non-cell autonomous
functions while leaving cell autonomous functions intact, as the antibody is produced by
adjacent astrocytes as depicted in Figure 18.

Neurone producing and secreting

Engrailed

< & Engrailed's
° 9

transfer is
\/ blocked

\/ scFv Ab against Engrailed

@ Engrailed
Astrocyte producing and secreting scFv
Ab against Engrailed

Figure 18: The neurone produces Engrailed that is trapped in the intercellular space by the scFv secreted by the Astrocyte.
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Chapter II: From Engrailed protective abilities to transposable

elements

[I.1 ENGRAILED protects mDA neurons against oxidative stress through the reduction of

DNA strand breaks and heterochromatin maintenance

IT.1.a. Oxidative stress, genomic instability and epigenetic alteration in Parkinson
Disease and aging

Mitochondrial dysfunction and oxidative stress constitute a hallmark of PD. Oxidative
stress arises from an unbalance between the production of reactive oxygen species (ROS) and
the inefficient clearing of ROS by anti-oxidant enzymes. ROS can be produced as a
consequence of ATP synthesis. Therefore, neurons with very high energy demands are more
prone to oxidative stress. Furthermore, the dopamine synthesis pathway also produces ROS
(Delcambre et al., 2016). Mesencephalic DA neurons are thus likely to have high ROS
production. This can be aggravated by the fact that detoxification of ROS by antioxidants
enzymes is probably impaired in PD patients (Ambani et al., 1975; Kish et al., 1985). The idea
of oxidative stress as a driver in PD has also been underscored by the recent identification of
deletion and point mutations in the DJ-/ gene in familial forms of PD (Bonifati et al., 2003).
Indeed, DJ-1 is part of the anti-oxidative stress response and DJ-1 loss of function triggers
oxidative stress (Lavara-Culebras and Paricio, 2007; Taira et al., 2004).

ROS can be damaging to the cell in multiple ways. With regard to PD, ROS can induce
protein oxidation that inhibits protein degradation and leads to subsequent protein aggregation
such as a-SYNUCLEIN aggregates (Giasson et al., 2000). ROS can also induce DNA damage.
DNA damage might potentially be more harmful to neurons. Indeed, as post-mitotic cells,
neurons cannot use homologous recombination for DNA repair and are confined to the error
prone non-homologous end joining DNA repair pathway (Fishel et al., 2007). Furthermore,
DNA damage repair becomes less effective with aging in neurons (Lu et al., 2004; Vyjayanti
and Rao, 2006). Accordingly, accumulation of DNA strand breaks in the brain of PD patients
compared to controls has been reported in several studies (Hegde et al., 2006). This DNA
damage hypothesis is further supported by quantifications of the levels of 8-hydroxyguanosine,

a marker of oxidative-stress induced DNA damage, that are increased in the SNpc of PD
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patients (Alam et al., 1997). In the long run, this accumulation of DNA damage in the
mitochondria and the nucleus can trigger cell death (Madabhushi et al., 2014).

Furthermore, DNA damage can inhibit rRNA synthesis leading to nucleolar disruption
and elevated P53 levels inducing apoptosis (Rubbi and Milner, 2003). In line with this,
NUCLEOLIN, a protein that regulates the architecture of the nucleolus, has differential levels
of expression in PD patients, compared to healthy controls (Rieker et al., 2011). Staining for

NUCLEOLIN is also altered in the En/+/- mouse (Rekaik et al., 2015).

Aside from DNA damage and nucleolar stress, it is noteworthy to point out that
alterations of epigenetic marks have been reported in the context of PD. For instance, MeCP2,
a transcriptional repressor involved in chromatin remodelling, is less expressed in SNpc mDA
neurons of animals with altered nigrostriatal pathways (Gantz et al., 2011). Another example
is provided by the hypomethylation of the a-synuclein intron-1 in the brain and blood of
patients with PD (Ai et al., 2014; Edwards et al., 2010). For reviews on epigenetic changes
associated to PD, refer to (Feng et al., 2015; Klein and Benarroch, 2014).

In the field of aging (as a reminder the main risk factor for PD is aging),
heterochromatin loss is well documented and suspected to play an active role in the process.
The initial hypothesis of heterochromatin loss as a driver of aging was first put forward by
Villeponteau in 1997 (Villeponteau, 1997). The central idea is that heterochromatin loss
induces aberrant gene expression leading to cell dysfunction. Since then, numerous studies
have come to underpin heterochromatin loss during aging or in aging disease models such as
Progeria (Burgess et al., 2012; Fasolino et al., 2017; Larson et al., 2012; Pegoraro et al., 2009;
Scaffidi and Misteli, 2006; Tsurumi and Li, 2012).
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II.1.b ENGRAILED guarantees proper heterochromatin maintenance and reduces
DSBs

As presented in Chapter I, loss of one En/ allele in mice induces degeneration of mDA
neurons and injection of EN1/2 protects mDA neurons in multiple PD models (A30P a-

synuclein, MPTP, 6-OHDA) (Alvarez-Fischer et al., 2011).

Contra Ipsi

24h

24h
Figure 19: Injection of Engrailed protects mDA neurons (TH+) from degeneration in 6-OHDA model. TH staining in the
midbrain in 6-0HDA +/- En. Taken from Rekaik et al., 2015.

Additional mechanisms by which EN1/2 exerts its protective functions have been analyzed

(Rekaik et al., 2015). Indeed, upon oxidative stress, there is:

(1) loss of heterochromatin maintenance through alteration of epigenetic marks
inducing expression of aberrant genes

(ii)  increased DNA double strand breaks (DSBs).

Injection of EN1/2 rescues the loss of heterochromatin and reduces the number of DSBs, thus
protecting mDA neurons from degeneration. In Figure 20, one can appreciate: the formation of
DSBs stained by y-H2AX, altered H3K27me3 epigenetic marks induced by 60HDA injections
and reversal by ENGRAILED between 24 h and 7 days.

27



Sham

6-OHDA

100

% 100+

S o 804 o

i1 g ™
S 60 23

85 ™ 2 8 60

£q ~ S x

H] qé 40 l 5<

A 2 g 40+

83 E39

+T 204 =

z ®

£

2 o

L\
Sham En6h En24h En7d s En6h En24h En7d
6-OHDA 6-OHDA

Figure 20: 6-OHDA injection induces DSBs (stained by y-H2AX -red) and altered H3K27me3 staining (cyan) - Top Pannel -
That are reversed following Engrailed injection - Bottom Pannel- Taken from Rekaik et al., 2015.

Of particular interest, in En/+/- mice, we observed an increased expression of the LINE-
1 (L1) family of transposable elements. This is noteworthy as L1 can induce DSBs, a

hallmark of acute oxidative stress and Enl+/- models.

[1.2 Transposable elements: purely “parasitic” elements alive in our genome?

I1.2.a. Discovery and classification of transposable elements (TEs)

Discovered by Barbara McClintock in maize while studying
chromosome breakage, transposons are elements that move (or “jump”)
within the genome (McClintock, 1950). McClintock came to the
conclusion that mobile DNA elements led to the somatic mosaicism and
phenotypic diversity observed in the maize kernel. Her discovery
received little consideration at the time and was accepted by the scientific
community more than 20 years later with the understanding of the DNA

code. She was awarded the Nobel Prize in 1983.

Transposable elements (TEs) represent nearly half of our genome but were long thought to be
“junk” DNA. In the last decades, the discovery of novel regulatory roles (presented in 11.4) and
of their involvement in diseases (presented in 11.3) have led a regain of scientific interest for

TEs (Biémont, 2010).
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Figure 21 : The composition of the Human Genome. L1 elements represent around 21% of the genome.

Transposable elements are classified in different subfamilies:
1) Class I: retrotransposons need an RNA intermediate and mobilize in a “copy and
paste” manner (Boeke et al., 1985)
2) Class II: DNA transposons directly mobilize as DNA sequence in a “cut and
paste” manner (Kleckner, 1990)

Retrotransposons are further subdivided:
1) As autonomous: they encode the protein machinery sufficient to support
mobilization (LINE-1 or ERVs elements for example)
2) As non-autonomous: their mobilization relies on protein coded by other elements

(for instance SINEs co-opt the LINE machinery).
In this thesis work, I will focus on LINE-1 elements (L1) as they constitute the most pro-

eminent family of TEs that are still active and capable of transposition in an autonomous

manner in humans.
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Figure 22: The classes of transposable elements families, according to their type, structure, percentage within the human
genome reference sequence (HGR) and whether each class is transposition competent (=active) or not. Taken from Beck et

al., 2001

I1.2.b. The structure of L1 elements and Life Cycle

L1 are ~ 6kb long, contain a 5’ untranslated region (UTR), encode 2 proteins ORF1p
and ORF2p (Figure 23) and terminate with a 3> UTR punctuated by a poly(A) tail (Scott et al.,
1987) (Dombroski et al., 1991).

RNA recognition motif for association with
ORFlp 40kDa RNA
S

Endonuclease for DNA nicking
ORF2p 150kDa _
Reverse transcriptase

Figure 23 : Structure of L1 elements

It has recently been discovered that L1 elements also encode an ORFO0 that may assist
L1 in mobility (Denli et al., 2015). The translation mechanism of ORF2p is much debated. It
is thought to be translated by an unconventional termination-reinitiation mechanism. It is to be

noted that the ratio ORF2p /ORF1p is of about 1/200 (Alisch et al., 2006).
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L1 is transcribed in the nucleus and the mRNA is exported to the cytoplasm where it is
translated and associates with ORF1p and ORF2p (Hohjoh and Singer, 1996). This forms a
ribonucleoprotein (RNP) that translocates back into the nucleus where the endonuclease
activity of ORF2p induces a DNA break (Feng et al., 1996). The RNA serves as a template for
reverse transcription into cDNA allowing for the reinsertion of a novel L1 DNA copy. This
process is called Target Primed Reversed Transcription (TPRT) and is still under active

investigation (Cost et al., 2002). For detail of the life cycle see Figure 24
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Figure 24 : Life cycle of L1 elements in the cell. L1 are transcribed in the nucleus then exported and translated in the
cytoplasm. The L1 protein associates with the L1 mRNA and translocates back in the nucleus where it can induce DNA breaks

and reinsert itself'in the genome by target primed reverse transcription.

Most L1 elements are truncated and in the human genome only ~ 80-100 L1 copies are
“full-length” (fIL1) and potentially able to transpose. Some of these flL.1 copies (around 10)
are the most active and considered as “hot” elements (Brouha et al., 2003). Due to incomplete
retrotrancription most L1 are 5’ truncated and are thus unable to mobilise (Lander et al, 2001).
This does not mean that they have no function. Among these functions they provide DNA
binding sites, favour the formation of DNA loops and be transcribed as non-coding RNAs if

inserted in frame with a transcription starting site.
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[I. 3 Dynamics of L1 elements in the genome

I1.3.a L1: a potential genomic threat

L1 elements can negatively impact the genome in multiple ways:

(1)

(ii)

(iii)

Direct insertion in a coding DNA sequence inducing a functional mutation: As such
several diseases have been associated with a mutagenic L1 insertion, amongst
which we can cite haemophilia (Kazazian et al., 1988) or some cancers (Deininger
and Batzer, 1999)

Disturbance of the heterochromatin/genomic environment of nearby genes
impacting gene expression: Rheostat hypothesis for reduced speed of transcription
(Han and Boeke, 2005), alteration of the methylation environment (Le et al., 2015),
or insertion of the L1-promoter inducing altered gene expression

DNA nicks due to the endonuclease activity of ORF2p (without the need of

subsequent transposition) inducing genomic instability (Gasior et al., 2006)

I1.3.b The Genome’s defence tactics

Due to the potential genomic threat, cells have developed an active line of defence to repress

TE activity. They mainly take the following forms:

(1)

(ii)

Chromatin repressive marks limiting TE expression through DNA methylation or
histone modification. They can be deposited by recognition and binding of
repressive proteins such as the Kriippel associated box containing zinc finger
proteins (KRAP-ZFPs)

TE-mRNA cleavage by the Piwi system (Téth et al., 2016) or microprocessors such
as Drosha (Heras et al., 2013)

Heterochromatin maintenance blocking L1 activity has been described as mediated by

either DNA methylation (MeCP2 mediated repression, CpG methylation) or histone
modification (H3K9me3, H3K27me3). This allows for DNA compaction in the vicinity of L1

elements, thus limiting transcription (Le et al., 2015; Muotri et al., 2010). Transposable

elements are for example repressed by the association of KRAB-ZFPs with their co-factor

KAPI1. KAPI1 then serves as a recruiter for heterochromatin-inducing proteins including DNA
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methyltransferases, histone deacetylases and methyltransferases. Very interestingly, the
repressive process of TE elements mediated by KAP1 differs between early embryonic and
adult somatic tissues (Ecco et al., 2017; Friedli and Trono, 2015; Iyengar and Farnham, 2011;
Quenneville et al., 2012). Indeed, in early embryonic stages or in ES cells, recruitment of
KRAB-KAPI to specific loci induces a DNA methylation while at later stages, in differentiated
tissues, it rather induces histone-based reversible modifications (Quenneville et al., 2012).
Furthermore, at adult stages KRAB-ZFPs present specific patterns of expression, suggesting a
tissue specific repression of endogenous retroviral elements. However, in regards to L1
elements, KAP-1 deleted mice exhibit only a modest up-regulation suggesting a regulation via

alternative pathways (Matsui et al., 2010; Rowe et al., 2010).

The Piwi repressive system is very well characterised in the germline and is an
illustrative example of bimodal repression of TEs. Indeed, Piwi acts at two levels: at the
chromatin level to silence TE transcription by deposition of repressive histone marks (Sienski
etal., 2012) and DNA methylation (Kuramochi-Miyagawa et al., 2008) but also by degradation
of TE-mRNA. To degrade TE-elements, PIWI proteins rely on TE transcripts templates (Figure
25). Indeed, piRNAs, mostly anti-sense to TE mRNA sequence, guide PIWI proteins for TE
degradation. The piRNAs originate from remnants TE copies (Aravin et al., 2007) or directly
from RNA transcripts of active TE copies. This implies that piRNA formation and L1
repression through piRNAs require minimal L1 transcription. One could compare this
mechanism to an adaptive immune response: there is a memory of former TE invasion within
the clusters generating piRNAs. For review of the germinal cells repressive system of L1

elements see (Yang and Wang, 2016).
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Figure 25: Piwi repress TE elements through heterochromatinization by deposition of H3Kme3 marks (left panel) and piRNA

silencing through element locus —— open for transcription

interference (right panel) via Aubergine (Aub) and Ago proteins. Taken from Yang and Wang, 2016.
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Some piRNAs have been detected in somatic brain cells (Lee et al., 2011; Yan et al.,
2011) as well as expression of 2 PIWI proteins, AGO and AUB (Perrat et al., 2013). Two
independent studies suggest the importance of piRNAs in synaptic transmission. Indeed, (Lee
et al., 2011) demonstrate that anti-sense suppression of piRNAs in cultured hippocampal
neurons reduced the size of the dendritic spines. In terms of long-term synaptic facilitation,
piRNA/Piwi could harbour a regulatory role by methylating CREB2, a critical plasticity related
gene, in Aplysia (Rajasethupathy et al., 2012).
However, whether the Piwi system is active in somatic brain cells such as mDA neurons, in

order to repress L1 elements, is not known.

[I. 3 L1 elements in the CNS or age related diseases

L1 elements have been associated with many diseases. For example, L1 expression or
transposition seems altered in different pathological conditions such as schizophrenia (Bundo

et al., 2014; Doyle et al., 2017), Rett Syndrome and Ataxia telangiectasia.

Rett Syndrome is particular interesting as it is due to mutations in MeCP2 (Amir et al.,
1999), a known repressor of L1 elements (Muotri et al., 2010). Rett syndrome is an X-linked
disease that mostly affects girls. It is characterised by normal development until 6-18 months
followed by the appearance of autistic symptoms, loss of speech, hand-wringing, anxiety, and
eventually motor deterioration (Chahrour and Zoghbi, 2007). Post-mortem brain tissue from
Rett Syndrome patient brains shows more L.1 DNA copies compared with age-matched control
patients (Jacob-Hirsch et al., 2018). This implies that neurons of Rett Syndrome patients may
undergo more retrotransposition. However, the impact of L1 activity on the pathology is
unknown. Indeed, L1 overexpression and retrotransposition could simply be by-products of the

MeCP2 loss of function.

The case of Ataxia telangiectasia (A-T) is also worth attention as it caused by a defect
in ATM, a sensor of DNA damage. ATM activates the DNA-damage checkpoint involving
p53, and induces DNA repair (Tichy et al., 2010). In A-T patients, there is a higher DNA copy
number of L1 elements (Coufal et al., 2011). The question of whether ATM is an inhibitor of
L1 retrotransposition or whether L1 takes advantage of unrepaired breaks to integrate more

frequently is unresolved.
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In the scope of neurodegenerative disorders, an increased expression of L1 has been
reported in Alzheimer disease (AD) and Amyotrophic Lateral Sclerosis (ALS) (Guo et al.,
2018; Liu et al., 2019). ALS is characterised by the degeneration of motor neurons leading to
muscle weakness and shares common clinical features with Fronto-Temporal Dementia
(FTLD) (Zarei et al., 2015). At the cellular level both diseases exhibit TDP-43 deposits (Scotter
et al., 2015). In a similar manner than in PD, DNA damage and chromatin decompaction are
observed. By ATAC-Seq, a method to map open chromatin regions, it was found that loss of
nuclear TDP-43 is associated with chromatin decondensation around L1s and increased L1
DNA content is reported (Liu et al., 2019). This increase in L1 expression could participate in
the neurodegenerative process by the formation of DNA breaks and the accumulation of R
loops, both being linked to the activity of repetitive genomic elements. R-loops are three-
stranded nucleic acid structure due to the formation of a DNA:RNA hybrid during transcription

or replication (Thomas et al., 1976).

Furthermore, expression of L1 elements has also been linked to aging. Indeed, SIRT6
represses L1 expression via KAP1 (Van Meter et al., 2014). SIRT6 is a member of the sirtuin
family and exhibits ADP-ribosyl transferase and histone deacetylase activities. SIRT6 has been
considered as an anti-aging protein: mice overexpressing SIRT6 have an extended lifespan, are
cancer resistance and show improved metabolic function (Kanfi et al., 2010, 2012).
Conversely, Sirt6 knockout mice exhibit premature aging, shortened lifespan and genomic
instability (Oberdoerffer et al., 2008). The authors observe that in the course of aging, SIRT6
is depleted from L1 loci, thus inducing an elevated expression of L1 elements that could
represent a threat to genomic stability and be mutagenic. The L1 repression by SIRT6 is
mediated via KAPI, a repressor of transposons very well characterized by the laboratory of

Didier Trono (cf. I1.3.b) The results are represented in Figure 26.
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Figure 26: Model for SIRT6-mediated age-related activation of L1 expression. In young mice, Kapl and SIRT6 compact the
L1-5"UTR thus repressing the expression of L1. In old mice, depletion of SIRT6 induces a failure to compact the L1-5"UTR
and induces high levels of L1 expression. Taken from Van Meter et al., 2014

II. 4 L1 elements: regulatory roles and evolutionary co-option?

When Barbara McClintock initially discovered TEs, as a
pioneer, she had postulated regulatory roles for them. However, in
light of the potential genomic threat and association with diseases,
the view of TEs as mainly negative and harmful was prominent for

many years. This was however decried as early as the 1970s by Roy

J. Britten (top picture) and Eric Davidson (bottom picture) who
pushed forward the regulatory hypothesis for TEs advanced by
McClintock (Britten and Davidson, 1971).

They indeed hypothesized that TEs could spread regulatory elements
within the genome to drive the evolution of regulatory networks. At
the age of 91, 1 year before his death, Roy J. Britten published his

last paper in which he proposed that many TE insertions create

potentially effective genomic changes and that the selection of some

of them are responsible for human lineage evolution (Britten, 2010).
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The work of Britten and Davidson has gained much support in recent years. Indeed,
discovery of “domestication” or “exaptation” of TEs as well as attribution of regulatory roles
has made the scientific community reconsider the dominate view that L1 elements are purely

“parasitic”.

The most famous example of domestication is probably the RAG enzymes allowing for
V(D)J recombination creating diversity in immune repertoires (Huang et al., 2016). Indeed,
RAG enzymes originate from a DNA transposon and allow for cut and paste recombination of
the V, D and J segments. This process is key in the adaptive immune response of jaw
vertebrates (Flajnik and Kasahara, 2010). In the prokaryote world, the parallel can be made
with the CRISPR-Cas system. It consists of an endonuclease activity coupled to a guide RNA.
The guide RNAs are generated by clusters that record the previous exposure of the cell to
parasitic elements. It targets and digests the nucleic acids of the invader thus providing a basis
for adaptive immunity (Barrangou et al., 2007). It has been demonstrated that Cas1 originates

from a transposon named Casposons (Krupovic et al., 2014).

Furthermore, some TEs are a source of non-coding regulatory RNAs such as IncRNA,
miRNAs, circRNAs (Kelley and Rinn, 2012; Liang and Wilusz, 2014; Roberts et al., 2014).
Studies have shown the implication of those IncRNAs deriving from HERVH retrovirus for
human stem cell pluripotency (Lu et al., 2014). Regarding L1 elements, the knockdown of L1
by antisense oligonucleotides induces a transition of embryonic stem cells (ESC) to a 2-cell
(2C) state (Percharde et al., 2018). This is mediated by the recruitment of NUCLEOLIN and
KAPI1 by the L1 RNA repressing the 2-C transcriptional program in ESCs.
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Figure 27: Graphical abstract from Percharde et al. (2018) depicting the importance of L1 elements in ESC identity and
developmental progress. In the LINE1 KD model, there is activation of Dux, MERVL and loss of ESC self-renewal while in
WT conditions LINE-1 elements recruit Nucleolin and Kap1 that repress Dux and 2-cell genes allowing 2-cell exit and proper
development as well as ESC self-renewal.

In the early embryo, L1 elements could also be implicated in X chromosome
inactivation. X inactivation is the process by which nearly one whole X chromosome is
repressed for dosage compensation in females XX. X inactivation is maintained in somatic
cells. The Xist gene, situated at the centre of the X chromosome, is key in initiating the silencing
of'the chromosome which is then propagated along the chromosome. However, introducing the
Xist in an autosomal chromosome is less efficient, suggesting the existence of repression
“boosters” along the inactivated X chromosome (For review (Chow and Heard, 2009)). In the
1990s, Mary Lyon postulated that transposable elements participate in X inactivation. The
Lyon Hypothesis received later support from further studies (Bailey et al., 2000 (Lyon, 2000)).
Indeed, authors demonstrate that L1 elements are 2-fold enriched on the X chromosome
compared to autosomes and that their density is higher in the initiation centre of inactivation.
However, one cannot firmly conclude that this is causative. Indeed, L1 elements could have
accumulated in the favourable X inactivated chromosome and undergone less negative
selection. The authors suggest that if L1 elements were to be indeed drivers of the X
inactivation, then this would be though an XIST RNA protein complex interacting with clusters

of L1 elements to mediate the repackaging.
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At the beginning of the 21* century, the global scientific view was that L1
retrotransposition was limited to germinal cells or to early development and rare in somatic
cells. The team of Fred Gage however made the observation that L1 retrotransposition could
occur in neural progenitors, proposing that it participates to the somatic mosaicism of the brain
and affects neuronal plasticity and behaviour (Muotri et al., 2005; Coufal et al., 2009). This

reopened the question of the physiological significance of L1 elements within somatic brain

cells.
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Working Hypothesis Chapter Il:

When we started the project, most studies on L1 elements in neurodegeneration
remained correlative, and, the physiological and pathological importance of L1 and
retrotransposons within the brain very largely unexplored. Our goal was to investigate the
potential implication of L1 elements in the degeneration of dopaminergic neurons in the

context of oxidative stress and PD model.

This interest was based on results obtained in the laboratory including:

(1) The overexpression of L1 elements in a mouse model of PD
(i1) The occurrence of DNA damage and heterochromatin loss, two features of L1

activation (Li et al., 2013a), in our models of PD and oxidative stress

We thus pursued to study whether L1 elements could participate in the mDA
degeneration observed and whether the protective activity of ENGRAILED was partly
mediated by L1 regulation.

Based on the observation of a basal expression of L1 elements in mDA neurons from
specific hotspots located in introns of long genes, we then questioned a potential physiological

role of L1 elements in adult neurons.
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RESULTS






Non-cell autonomous ENGRAILED regulates dendritic growth

and maintenance

Summary and objectives:

In order to study the function of non-cell autonomous ENGRAILED, I blocked the transfer of
ENGRAILED by a single chain antibody approach secreted in the extracellular milieu. I
performed those experiments in vivo and in vitro demonstrating that ENGRAILED is necessary

for the maintenance of dendrites and the survival of mDA neurons.

I have however not yet been able to elucidate the mechanisms through which ENGRAILED
exerts these functions, and the project will be pursued. The results described below are in the
form of a manuscript in progress that we intend to complete before uploading it as a preprint

on the bioRxiv site.
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Non-cell autonomous ENGRAILED regulates dendritic growth

and maintenance

Introduction

During development, the homeoprotein (HP) transcription factors ENGRAILED -1
(EN1) and ENGRAILED -2 (EN2) participate in the brain compartmentalization (Davidson et
al., 1988) and in the differentiation of progenitor neurons (Condron et al., 1994). In the adult
brain, ENGRAILED (EN1 and EN2) remains expressed in several brain regions, including in
the mesencephalic dopaminergic (mDA) neurons of the Substantia Nigra pars compacta

(SNpc) and Ventral Tegmental Area (VTA).

Parkinson disease (PD), the second most common neurodegenerative disease, is
characterized by a progressive loss of mDA neurons in the SNpc and the development of motor
and non-motor pathologies (Olanow and Tatton, 1999). Recent studies have shown that EN1
is a survival transcription factor for adult mDA neurons (Sonnier et al, 2007; Nordstroma et
al., 2014; Chatterjee et al., 2019). Similarly, to several HPs, EN1 and EN2 transfer between
cells thanks to secretion and internalization sequences present in the DNA-binding
homeodomain. Due to this internalization sequence, EN1 or EN2 injected in the midbrain are
internalized by SNpc mDA neurons and protect them from degeneration in several mouse and
non-human primate PD models (Alvarez-Fischer et al., 2011; Blaudin de Thé et al., 2018a;
Rekaik et al., 2015; Thomasson et al., 2019).

This begs for a distinction between cell autonomous and direct non-cell autonomous
ENGRAILED functions. The latter functions require that ENGRAILED be secreted and
internalized either by the same cell that secreted it or by abutting ones. To this date the only
physiological non-cell autonomous signalling function of ENGRAILED is in retinal ganglion
cell (RGC) axon guidance or maintenance (Brunet et al., 2005; Wizenmann et al., 2009; Yoon
et al., 2012). Strikingly, once internalized, the proteins act through the regulation of local
translation and signals in interaction with the Ephrin and Adenosine signalling pathways
(Brunet et al., 2005; Wizenmann et al., 2009; Stettler et al., 2012). Interestingly, in mouse PD
pharmacological models, the protective activity involves the translation of mitochondrial

Complex I, NDUFS1 and NDUFS3 proteins (Alvarez-Fisher et al., 2011).
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In the present study, we have investigated the possibility that EN1 might signal back to
the mDA neurons that produce it. Indeed, EN1 and its mRNA are present in neuronal terminals
in vivo, thus close to possible secretion sites (Di Nardo et al.,, 2007). We report that the
expression of a single chain antibody recognizing EN1 and EN2, thus neutralizing extracellular
ENGRAILED (eEN) in vivo, reduces mDA neurons survival and the extent of axonal and

dendritic arbours. In vitro loss of eEN confirms the effect on the neuropile.

Results

Non-cell autonomous ENGRAILED regulates dendrite maintenance and survival
of mDA neurons in vivo and dendritic growth in midbrain primary culture in vitro

1. In vivo effect of non-cell autonomous Engrailed on mesencephalic dopaminergic
neuron survival and dendritic arbour

In order to block the transfer of secreted ENGRAILED, we used a single chain antibody (scFv)
tool (validated in supplementary Fig. 1) delivered by an AAV8-GFAP-scFv-GFP/mCherry
virus. Due to the GFAP (Glial Fibrillary Acidic Protein) promoter, the single-chain antibody
is secreted by the adjacent astrocytes and cannot interact with cell-autonomous ENGRAILED
in the neurons. As negative control a single cysteine to serine point mutation (AAV8-GFAP-
scFvMUT-GFP/mCherry) rendering the single chain antibody unable to recognize Engrailed
was used, in parallel with non-infected conditions. The production of active and mutated scFvs

can be followed thanks to a 3xMyc-tag in C-terminal position of the antibodies.

In vivo, we performed stereotaxic injection of the AAV8-GFAP-scFv and control viruses in
the SNpc of adult wild-type mice for a duration of either 3 months or 3 weeks and analysed
dendrite extent and the number of mDA neurons expressing the Tyrosine Hydroxylase (TH)
enzyme. Indeed, in mDA neurons, EN1/2 and EN1 was previously reported to be expressed in
the dendrites, together with its mRNA (Di Nardo et al., 2007). The two time points yielded
similar results, with a 20% reduction in the size of the mDA dendritic arbour in the Subtancia
reticulata and 23% loss of mDA neurons as early as 3 weeks after infection with the active
virus (Fig 1. a and b). This suggests that, in adult mice, not only does ENGRAILED act on
dendritic maintenance but also on mDA neuron survival. In agreement with these results, TH
staining in the Striatum, a nucleus of the forebrain receiving axonal inputs from the mDA

neurons of the SNpc, was significantly reduced by 6% (Fig 1.c).
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Figure 1 : Extracellular Engrailed regulates TH survival and dendritic arborisation in vivo

a) Quantification of TH-positive dendrites and mCherry expression in ventral midbrain 3 months after AAV8-GFAP-scFv-mCherry
unilateral injection, number of mice n = 5; number of Slices n = 3 per mice.TH staining values passed D’Agostino and Pearson omni-
bus normality test. Tested for difference using Paired t-test assuming gaussian distribution number of pairs = 15. p value = 0.0005
***_ Pairing effecient Correlation = 0,8511, p value<0.0001 ****

b) Quantification of TH-positive dendrites and of the number of TH neurons in AAV8-GFAP-scFVMUT-GFP injected side (scFv-Mut)
and AAV8-GFAP-scFv-GFP (scFv) injected side and associated midbrain images. Number of mice n =4; number of Slices n = 3 per
mice. Number of TH counted on scFv-MUT and scFv sides : 1231 and 938. Passed D’Agostino and Pearson omnibus normality
test. Paired t-test assuming gaussian distribution number of pairs = 12. p value = 0,0029 ** Effective pairing p-value = 0,0013 **
For dendritic innervation: Passed D’Agostino and Pearson omnibus normality test. Paired t-test assuming gaussian distribution
number of pairs = 14. p value = 0,0151 * Effective pairing p-value = 0,0004 ***. This experiment has been reproduced twice with
similar results.

¢) Quantification and image showing a reduction of TH innervation in the striatum. Number of mice n = 3; number of slices n = 5 per
mice. Passed D’Agostino and Pearson omnibus normality test. Unpaired t-test assuming equal SD p-value = 0,0180 *.



2. Blocking Engrailed transfer in vitro in midbrain primary neurons reduces
dendritic length

To assess the effect of the transfer of ENGRAILED from cell to cell in vitro we developed a
co-culture model constituted of a bottom layer of secondary cultured midbrain astrocytes plated
5 days before adding midbrain primary neurons expressing EN1 (Fig.2.a). The astrocytes were
either not infected or infected with either AAV8-GFAPscFv or control virus, 3 days before
adding the neurons dissociated from embryonic day (E14.5) mouse embryos. This co-culture
was maintained for 10 days and then fixed and stained for MAP2 or TUJ1, specific neuronal
markers, allowing for dendritic visualization. The GFP staining permits to visualize infected

astrocytes, while the Myc-tag allows one to assess the scFv/mut-scFv production (Fig. 2.b and

c).

As quantified and depicted in Figure 3, blocking ENGRAILED transfer significantly reduced
by 30% the mean dendrite length, while the mean intensity of MAP2 and TUJ1 staining in the

dendrites remained unchanged. No change was observed in the negative control.

These results implicate that non-cell autonomous ENGRAILED impacts both neuronal
survival as observed in vivo and dendritic arbour maintenance (in vivo) or development (in

vitro). The latter effect on dendrite growth possibly implies the dynamic of the cytoskeleton.
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Figure 2 : Co-culture model and production of the scFv in vivo and in vitro
a) Staining against GFAP (red) and MAP2 (green). MAP2-positive neurons (green) are EN1-positive (red)

b) Western blot detection of scFv secretion in 10 days neuron-astrocyte co-cultures following infection by AAV8-GFAP-scFv or
AAVB-GFAP-scFv-Mutated. Detection by Western blot using an anti-myc antibody.

c) Infection of astrocytes by the AAV8-GFAP-scFv or AAV8-GFAP-scFv-Mutated showed by GFP reporter and production of the
scFv stained by anti-myc (blue).
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Figure 3: Blocking extracellular Engrailed reduces neuropile growth in vitro

a) Quantifications of branch length, area covered and staining intensity for MAP2 (left) or TUJ1 (right) in CTRL (no Virus and scFv
Mut) and scFv conditions; n = 393 neurons on 16 images for no virus, n = 351 neurons on 13 images for AAV8-GFAP-scFv, n = 454
neurons on 15 images for AAV8-GFAP-scFv-Mutated)

For MAP2, data did not pass normality test; differences were tested with Kruskal-Wallis / branch length: p-value = 0.004 *** / area:
p-value = 0.0024 ** / intensity p-value = 0.3907 ns

For TUJ1, all data passed normality test; differences were tested with Ordinary-One Way Anova. Branch length p-value = 0.0376 *
/ Area p-value = 0.0259 * / Intensity p-value = 0.8628

b) MAP2 staining of neurons in either no virus or AAV8-scFv



Discussion

Although this study is still in progress, the results presented here demonstrate for the first time
a non-cell autonomous autocrine activity of ENGRAILED. However, this autocrine pathway
does not exclude a paracrine with EN internalization by non mDA neurons in the pars
reticulata. The experiments do not allow us to identify the sites from which the protein is
secreted and if this activity involves EN1 and EN2 or only one of the two proteins. However,
the in vivo in situ hybridization studies (Di Nardo 2007) showing that only the EN1 mRNA is
present in the dendrites suggest that EN1 is translated locally and secreted locally. This will be
investigated in the future, but if it is demonstrated, one will have to identify the signals that

trigger EN1 translation and secretion and to investigate whether they are activity dependent.

The survival effect of non-cell autonomous EN was not anticipated. It seems to be also at the
origin of the decrease in striatal innervation by TH terminals. One could speculate that this
decrease is independent of neuronal death and based on EN1 transport into the axon and local
autocrine activity. However, this was not observed (unpublished results) and the neuronal death
hypothesis is favoured. Indeed, the 6% decrease in innervation is smaller than the 23% neuronal
death, a discrepancy that needs to be explained but might involve compensatory sprouting. An
important issue will be to analyse the retrograde information, travelling from dendrites to cell
bodies and allowing one to understand how events taking place the level of dendrites can

impinge on neuronal survival.

Because we find (Di Nardo et al 2007) that EN1 co-localizes in the dendrites with its mRNA,
it can be speculated that the internalized protein has an activity distinct from the one present
originally in the dendrites. If so, it would mean that either the internalized protein is modified
to exert a novel function or that EN1 is present in distinct compartments before secretion and
following re-uptake. However, it could also be proposed that dendritic protein primarily result
from internalization, which could be verified by evaluating the amount of distal intra-dendritic

EN1 in scFv infected mice.

In previous studies (Bruner 2005, Wizenmann 2009, Settler 2012, Yoon 2017), it was shown
that EN1/2 regulates local translation, in particular that of mRNAs encoding mitochondrial
complex I proteins with a rapid transient effect (100 seconds) on ATP synthesis (Stetter 2012).

Indeed, this can have direct or indirect effects on cytoskeleton components and dynamic. [ have
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not yet have had the time to investigate this pathway. However, RT-PCR experiments on
mRNA extracted from neurons in culture for 10div in presence of the scFv suggest that the
effect of eEN is not at a transcriptional level for many cytoskeleton or signalling proteins
including 77kB, EphAS5, Cdc42, RhoA, Racl, Rockl/2, Pakl, Arp2/3, Actin, Tubulin and
Cofilin1/2 (Figure 4).

Gene expression by RT-qgPCR

I No Virus
B MUT
B scFv

o

Normalised to Gapdh and Control (scFv Mut)
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Figure 4: Analysis of Gene Expression implicated in dendritic growth after blockin extracellular Engrailed

The next step will be to analyse which mRNAs are translated in cultures of purified midbrain
neurons that express EN1/2 upon EN1 internalization. To that end, we shall use a BAC-TRAP
virus (Heiman et al., 2008) that will be expressed in these cells and sequence the mRNAs
pulled-down with the polysomes. If the results are of interest to understand the dendrite growth

and survival phenotypes, the same BAC-TRAP approach will be used in vivo.
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Materials and Methods

Animals

Mice were treated as defined by the guidelines for the care and use of laboratory animals (US
National Institute of Health) and the European Directive 2010/63/UE. All experimental
procedures were validated by the ethical committee (CEA 59) of the French Ministry for
Research and Education. Swiss OF1 wt (Janvier) were maintained under a 12 h day/night cycle
with ad libitum access to food and water. A maximum of six mice were housed in one cage,
and cotton material was provided for mice to build a nest. Experimental groups consisted of

three to eight adult male mice. No randomization or blinding was used.

In Vivo stereotaxic injections

For injections, mice were placed in a stereotaxic instrument, and a burr hole was drilled into
the skull 3.3 mm caudal and 1 mm lateral to the Bregma. The needle was lowered 3,8 mm from
the surface of the skull, and AAV8-GFAP-scFv-GFP/mCherry or AAVS8-GFAP-scFvMut-GFP
(Vector Biolabs 2pl, 10"* GC/pul) injections were performed over 15 min at day 0.

Co-Culture system

Midbrain primary astrocytes were dissected from P 1 and cultured in DMEM F12 (Life
Technologies), 10% FBS (Gibco), High Glucose, PeniStrepto, HEPES. When cells reached
confluence, they were detached by trypsination and replated on poly-ornithine/laminin coated
wells. Cells were infected where indicated by AAV8-GFAP-scFv-GFP/mCherry or AAVS-
GFAP-scFvMut-GFP (Vector Biolabs 2pl, 10" GC/ul) added into the media. Midbrain primary
neurons were dissected from E 14.5 embryos and cultured in Neurobasal medium (Life
Technologies) supplemented with glutamine (500 IM, Sigma), glutamic acid (3.3 mg/l Sigma)
aspartic acid (3.7 mg/l, Sigma), anti-anti (Gibco), and B27 (Gibco). After 10 days, cells were
fixed in 4% PFA (Life Technologies) for 20 min.

Western Blot

For protein separation gels were NuPAGE™ 4-12% Bis-Tris Protein Gels, 1.0 mm, 15-well
ThermoFischer Scientific NP0323BOX. The samples migrated in 1X MES or MOPS solution
at 200V for 1h. Transfer was performed at 400mA for 1h on PVDF membranes. Membranes
were blocked in 5% Milk-TBST 1h, then incubated overnight at 4degrees with primary
antibodies in 2.5% Milk-TBST, rinsed 30 min in TBST and incubated 1h at room temperature
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with a secondary HRP antibody in 2.5% Milk-TBST. Followed 30min of TBST washes the
membranes were revealed with ImageQuant LAS-400 (GE Healthcare). Myc rabbit antibody
(Sigma) and Anti-Rabbit HRP were used at a concentration of 1:1000.

Immunostaining

Immunostainings were done as described earlier (Alvarez-Fischer et al, 2011). The following
primary antibodies were used: anti-TH chicken (Abcam, ab76442), anti-MAP2 chicken
(Abcam), anti-TUJ1 Rabbit (Life Technologies), anti-MYC Rabbit (Sigma), anti-GFAP
chicken or mouse (Abcam), anti-GFP chicken (Life Technologies), anti-EN1/2 rabbit (in
house), anti-RHOA mouse. All primary antibodies were used at a dilution of 1/500. Secondary
antibodies were as follows: 488 anti-chicken, 647 anti-chicken, 488 anti-mouse, 546 anti-
mouse, 647 anti-rabbit Alexa Fluor (Life Technologies). Secondary antibodies were used at a
dilution of 1/1000. Immuno-cytochemically labelled cell cultures were imaged by confocal
microscopy (CSU Yokogawa Spinning Disk W1), brain sections were imaged by confocal

microscopy (CSU Yokogawa Spinning Disk W1) as well as by Wide field (Axiozoom Zeiss).

TH cell counting

TH cell counting in conditions comparing ipsi- (treated) and contralateral (control) sides were
done as follows: For every brain, a minimum of four serial sections were stained, and the
number of TH cells was counted in the SNpc of both ipsi- and contralateral sides. Total mice
and number of TH cells were then tested for difference in a paired manner (Ipsi against

corresponding Contra side).

Image quantifications

For mean dendritic length of branches, Fiji scripts as well as data treatment in R were written
and used in order to compute the total sum of dendritic length. These are supplied in
supplementary data (Sup. 2) and rely on thresholding, edge detections combined with skeleton
analysis plugin. They were elaborated based on publications (Narro et al., 2007) and with
guidance by Philippe Mailly from the CIRB Orion Platform. Sholl analysis were considered
but impossible as cell cultures could not allow isolation of unique neurons. Total length of

dendrites was summed and divided by number of neurons providing the mean dendritic length.
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RT- qPCR

Total RNA from cultures was extracted with the mRNeasy Mini Kit (Qiagen) with DNA
removal using Quiazol. RNA was processed with the QuantiTect Reverse Transcription Kit
(Qiagen). cDNA was diluted 1:50 with RNase-free water for quantitative PCR samples, which
were analyzed in duplicates with a LightCycler 480 II (Roche) and SYBR Green [ Master mix.
After Tm profile validation, gene expression was determined by the 2—AACt method with Hprt

or Gapdh as control genes.

PAK1/2-F GCTTTGTCCCAACTGCTGAG Ephrine A5 F CTCTGGACGTGCCTTCTCTTGT
PAK1/2-R AGCAGCTACTGGCGGTG Ephrine A5 R AATCTCTTCCCACCCGTTCTTT
Cofilin1-F AGACAAGGACTGCCGCTATG RhoA F GGTACATGGAGTGTTCAGCAAA
Cofilin1-R GCTTGATTCCTGTCAGCTTCT RhoA R GTTCACAAGGCTTCACAAGATG
Cofilin2-F CCTCCTTCTTCTCGTCCCAGT Cdc42 F CTAGTTTAGCAAACGTGTCCCC
Cofilin2-R ACTGTAACTCCAGATGCCATAGT Cdc42 R CCTTCATGAGTTCCATCACAGA
Rock1-F ATCAGTGGGCTTGGGAAACG RaclF AAGCTGAAGGAGAAGAAGCTGA
Rock1-R AAACTTTCCTGCAAGCTTTTATCC Racl R CAAACACTGTCTTGAGTCCTCG
Rock2-F GAGTCTGCTGGATGGCTTAAA GAPDH F TGACGTGCCGCCTGGAGAAAC
Rock2-R TTCACCAAAAGCACCTCTTCCA GAPDH R CCGGCATCGAAGGTGGAAGAG
Arp2-F CTCCGTCCTACCCTCGATTG HPRT F AGCAGGTGTTCTAGTCCTGTGG
Arp2-R AAGGACGCCATCAAAATCTGC HPRT R ACGCAGCAACTGACATTTCTAA
TrkB-F ACGTTTGTCACTCGACCCTC

TrkB-R CTCAGGGCTTGCGCGT

Supplementary material

Supplemental 1: Validation of the scFv Tool

Supplemental 2: Fiji Scripts for area covered, intensity and dendrite quantifications
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#@ File (label = "Output directory for Skeleton Image", style = "directory") output
#@ File (label = "Output directory for Branch information", style = "directory") output2
#@ File (label = "Input directory", style = "directory") input

processFile(input, output, output2);

function processFile(input, output, output2) {
image = getFileList(input);
image = Array.sort(image);

setBatchMode(true);

for (i = 275 ;i<image.length; i++) {

if (endsWith(imageli], "561.TIF") && indexOf(imagel[i], "thumb") <=-1) {
open(imageli]);

run("Z Project...", "projection=[Max Intensity]");

run("Median...", "radius=3");
run("Tubeness", "sigma=1.00 use");
setThreshold(9, 900);
setOption("BlackBackground", false);
run("Convert to Mask");
rename("Threshold"+imageli]);

save(output2 + "Threshold"+imageli]);

open(imageli]);
run("Z Project...", "projection=[Max Intensity]");

run("Median...", "radius=3");

run("Tubeness", "sigma=1.00 use");

setMinAndMax(9, 65535);

setAutoThreshold("Default dark no-reset");

run("Find Edges");

rename("Edges "+imageli]);

imageCalculator("AND create", "Threshold"+image[i],"Edges "+imageli]);
selectWindow("Result of Threshold"+imageli]);

save(output2 + "Somme"+imageli]);
selectWindow("Threshold"+imageli]);

run("8-bit");

run("Skeletonize (2D/3D)");

run("Analyze Skeleton (2D/3D)", "prune=none show");

saveAs(".tiff", output + "/Skeleton Image " +imagel[i]+".tiff");
selectWindow("Branch information");

saveAs("Results", output2 + "/Branch information " +imagel[i]+".csv");
close("Results");

close("Branch information");

i
#@ File (label = "Output directory for Zone d'innervation", style = "directory") output
#@ File (label = "Output directory for Intensite du signal", style = "directory") output2
#@ File (label = "Output directory for Images Zone d'innervation", style = "directory") output3
#@ File (label = "Input directory", style = "directory") input

processFile(input, output, output2);

function processFile(input, output, output2) {
image = getFileList(input);
image = Array.sort(image);

for (i = 0 ;i<image.length; i++) {

if (endsWith(imageli], "642.TIF")) {
open(imageli]);

run("Z Project...", "projection=[Max Intensity]");

run("Median...", "radius=3");

run("Tubeness", "sigma=1.00 use");
setAutoThreshold("Huang dark no-reset");



setOption("BlackBackground", false);

run("Convert to Mask");

run("Set Measurements...", "area area_fraction limit redirect=None decimal=3");
run("Measure");

saveAs("Results", output+"/Zone d'innervation "+imagel[i]+".csv");
close("Results");

run("Analyze Particles...", "size=10-Infinity circularity=0.0-1.00 show=0utlines display clear summarize add");
selectWindow("tubeness of MAX_"+imagelil);

rename("Analyse particles " + imagel[i]);

saveAs(".tiff", output3 + "/Analyse particles " +imagel[i]+".tiff");
close("Results");

close("Summary");

selectWindow(imagelil);

run("Z Project...", "projection=[Max Intensity]");

run("Set Measurements...", "mean area_fraction limit redirect=None");

selectWindow("MAX_"+imageli]);

roiManager("Show None");

roiManager("Show All");

roiManager("Measure");

saveAs("Results", output2+"/Intensite du signal "+imagel[i]+".csv");
run("Close All");

close("Results");

1}



ENGRAILED homeoprotein blocks degeneration in adult

dopaminergic neurons through LINE-1 repression

Summary and objectives:

The aim of this project was to decorticate the link between ENGRAILED and L1 elements in
the degeneration of midbrain dopaminergic (mDA) neurons. Indeed, En/+/- mice depict a
progressive loss of mDA neurons accompanied by DNA strand breaks and genomic instability.
As Enl+/- mice also exhibit an increase in the expression of L1 elements, we questioned

whether L1 elements could play a role in mDA neurodegeneration.

We carried out loss of function (LOF) of L1 elements by three different means: a siRNA
approach, a PIWI gain of function (GOF) as well as the inhibition of reverse transciptases by
the drug stavudine. We successfully rescued the mDA neurons from death and reduced the

number of DNA breaks in acute oxidative stress models as well as in the E£nl+/- mice.

We further demonstrate that ENGRAILED is an endogenous repressor of L1 elements by direct
binding to the L1 promoter.
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Engrailed homeoprotein blocks degeneration
in adult dopaminergic neurons through

LINE-1 repression
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Abstract

LINE-1 mobile genetic elements have shaped the mammalian
genome during evolution. A minority of them have escaped
fossilization which, when activated, can threaten genome integ-
rity. We report that LINE-1 are expressed in substantia nigra
ventral midbrain dopaminergic neurons, a class of neurons that
degenerate in Parkinson’s disease. In Engrailed-1 heterozygotes,
these neurons show a progressive degeneration that starts at
6 weeks of age, coinciding with an increase in LINE-1 expression.
Similarly, DNA damage and cell death, induced by an acute oxida-
tive stress applied to embryonic midbrain neurons in culture or to
adult midbrain dopaminergic neurons in vivo, are accompanied by
enhanced LINE-1 expression. Reduction of LINE-1 activity through
(i) direct transcriptional repression by Engrailed, (i) a siRNA
directed against LINE-1, (iii) the nucleoside analogue reverse tran-
scriptase inhibitor stavudine, and (iv) viral Piwill expression,
protects against oxidative stress in vitro and in vivo. We thus
propose that LINE-1 overexpression triggers oxidative stress-
induced DNA strand breaks and that an Engrailed adult function is
to protect mesencephalic dopaminergic neurons through the
repression of LINE-1 expression.
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Introduction

More than half of the mammalian genome derives from active or
fossilized transposable elements (Lander et al, 2001; de Koning
et al, 2011). Among them, Long INterspersed Elements (LINEs) are

the most abundant representing ~ 21% of the human genome
(Lander et al, 2001). LINE-1 (L1), a subfamily of the non-LTR LINE
retrotransposons, are the only active mobile elements in the human
genome “jumping” from one genomic position to another by retro-
transposition (reviewed in Beck et al, 2011). Of more than 500,000
copies in the human genome, most are truncated, rearranged, or
otherwise mutated leaving approximately 100 full-length L1
elements in the human (Brouha et al, 2003) and 3,000 in the mouse
(Goodier et al, 2001). Full-length L1 elements are comprised of a 6
8 kB sequence containing a promoter in the 5’UTR, two open read-
ing frames (ORFs), and a 3'UTR with a poly(A) tail. ORF1 encodes
an RNA-binding protein with strong cis preference, and ORF2
encodes an endonuclease, which creates a DNA strand break (DSB),
and a reverse transcriptase (Beck et al, 2011). The full-length L1
sequence provides thus all the necessary machinery for mobilization
and expansion in the genome.

Until recently, full-length L1 were thought to be primarily
expressed in germ cells in conditions alleviating the strong repres-
sive activities of Piwi proteins of the Argonaut family (Siomi et al,
2011). These conditions correspond to an endangering stress, and
the resulting Ll-induced mutations in germ cells have been
described as the last line of defense of organisms in highly unfavor-
able environmental conditions (Siomi et al, 2011). This view has
changed with the finding that mobile elements are also active in
somatic tissues, particularly in the brain (Erwin et al, 2014). L1
activity has been demonstrated in dividing neural stem cells (Muotri
et al, 2005), but a few reports provide data supporting the existence
of L1 activity and retrotransposition in non-dividing cells (Kubo
et al, 2006) and in post-mitotic neurons (Evrony et al, 2012; Macia
et al, 2017). As in the germline, L1 become activated primarily upon
stress, during aging (Li et al, 2013) and in age-related diseases (Li
et al, 2012).

Mesencephalic dopaminergic (mDA) neurons from the substantia
nigra pars compacta (SNpc) become dysfunctional during aging
with a decrease in SNpc volume in non-human primates (Collier
et al, 2007) and in humans (Alho et al, 2015). This dysfunction can
be accelerated and associated with mDA neuron death in response
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to specific mutations or environmental stressors, such as exposure
to neurotoxins, giving rise to Parkinson’s disease (PD; Kalia & Lang,
2015). Various mouse models of PD exist based on toxin administra-
tion or on mutations in genes that cause familial PD. A recent
murine model, with a progressive degeneration of mDA neurons
along with motor and non-motor phenotypes, consists in the
deletion of one allele of Engrailed-1 (Enl; Sonnier et al, 2007;
Nordstrom et al, 2015). Engrailed-1 (Enl) is a homeoprotein tran-
scription factor specifically expressed in adult mDA neurons together
with its paralogue Engrailed-2 (En2). In the absence of one Enl
allele (Enl-het mouse), mDA neurons die faster and, after 1 year,
their number in the SNpc is reduced to 62% of that observed in
wild-type (wt) siblings. Dopaminergic cell death is less pronounced
in the ventral tegmental area (VTA), as also observed in PD (Sonnier
et al, 2007).

Enl and En2 (collectively Engrailed or Enl/2) are biochemically
equivalent in the midbrain (Hanks et al, 1995) and, similarly to
most homeoproteins, are secreted and internalized by live cells
(Joliot & Prochiantz, 2004). The latter property has allowed us to
use Enl and En2 as therapeutic proteins in the Enl-het mice and
in three other mouse models of PD: 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) or 6-hydroxydopamine (6-OHDA)
intoxication and the injection of cell-permeable mutated (A30P) o-
synuclein (Sonnier et al, 2007; Alvarez-Fischer et al, 2011). More
recently, we have shown that mDA neurons from EnI-het mice
show signs of, and are more sensitive to, oxidative stress. In
particular, they present numerous DSBs, a strong alteration of
several epigenetic marks and an abnormal expression of genes
primarily in the chromatin remodeling and DNA damage response
(DDR) pathways (Rekaik et al, 2015). Accordingly, following the
local injection of 6-OHDA, a drug that induces oxidative stress and
that mDA neurons capture specifically, wt mDA neurons exhibit
similar changes in their epigenetic marks and enter cell death.
Subsequent Engrailed injection into the SNpc blocks cell death and
restores all examined epigenetic marks in the surviving neurons
(Rekaik et al, 2015).

The latter experiments suggest that Engrailed is important to
protect mDA neurons against oxidative stress associated with
normal or pathological aging and demonstrate that part of this
protection is associated with heterochromatin maintenance. Follow-
ing the idea that the expression of L1 and other mobile elements
increases with heterochromatin loss (Wang & Elgin, 2011), with age
(Van Meter et al, 2014), in some neurodegenerative diseases (Li
et al, 2012; Tan et al, 2012), and in conditions of oxidative stress
(Giorgi et al, 2011), we undertook to explore a possible relationship
between L1 expression and Engrailed protective activity. The results
demonstrate that Engrailed represses the expression of L1 mobile
elements in neurons within its expression territory, in particular by
adult mDA neurons, and that this repression protects these neurons
against oxidative stress negative effects.

Results
L1 families are expressed in adult mDA neurons

Analysis of next-generation RNA sequencing (RNA-Seq) data of
RNA extracted from laser microdissected SNpc from 6-week-old wt
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Swiss OF1 mice (Rekaik et al, 2015; GEO accession number:
GSE72321) showed that the three main active L1 families (A, Tf,
and Gf) are expressed, with a number of reads for the Tf and A
subfamilies in the same order than that found for tyrosine hydroxy-
lase (Th), a strongly expressed marker of mDA neurons (Fig 1A).
This was confirmed on SNpc tissue punches by RT-qPCR, using
primers in the 5’UTR of L1 Tf/Gf or L1 A (Fig 1A).

Thanks to its poly(A) tail (Doucet et al, 2015), L1 mRNA was
purified from adult mouse ventral midbrain tissue on oligo-dT
columns to ensure the presence of the 3'UTR, digested with DNase
and reverse-transcribed with oligo-dT primers. PCR was achieved
with forward and reverse primers in the 5UTR and 3’ region of
Orf2, respectively (Fig 1B). L1 amplicons of the Tf/Gf and A families
are detectable at the expected sizes (Fig 1B), and enzyme digestion
patterns were as expected (data not shown). Amplicon identity was
confirmed by Sanger sequencing in three regions, the 5UTR, Orfl,
and Orf2. The sequenced amplicons obtained with the L1 Tf/Gf-
specific 5UTR forward primer were pairwise aligned (EMBOSS
Water) to a consensus sequence of the L1 subfamily L1 Tf (L1spa;
GenBank AF016099.1; Fig EV1) and those obtained with a primer in
the L1 A 5'UTR to a consensus L1 A sequence, respectively (L1 A;
GenBank AY053455.1; data not shown).

Expression of full-length L1 in the adult ventral midbrain is
further demonstrated by L1 mRNA translation into protein, as
shown in Fig 1C where L1 Orflp was identified by Western blot.
Further, L1 expression in post-mitotic mDA neurons was verified,
and Fig 1D-F illustrate by immunohistochemistry and in situ
hybridization the co-localization of TH and Orflp (Fig 1D and F)
and L1 Tf RNA (Fig 1E).

L1 expression in the ventral midbrain is not exclusive to mDA
neurons as other neuronal subtypes, identified in Fig 1D by NeuN
staining, also express Orflp. However, Orflp staining intensity is
significantly higher in TH™ neurons compared to adjacent neurons
as quantified in Fig 1D. Figure 1F shows, by double immunohisto-
chemistry, that Orflp is present in all TH-positive mDA neurons in
the SNpc. The specificity of the staining was verified by the neutral-
izing effect of the polypeptide used to raise the anti-Orflp antibody
(Fig 1C and F).

Figure 1G further shows that brain L1 expression is not limited
to the ventral midbrain but is present in other brain regions.
Expression is generally higher in neural tissues than in heart or
kidney and more abundant in testis. We also compared the expres-
sion of Piwi genes in the same tissues (Fig 1H). Piwill, 2, and 4
are expressed at extremely low levels compared to the expression
in the testis (logarithmic scale). The comparison between testis
and brain for L1 and Piwi expression suggests that other repressive
mechanisms than Piwi proteins might be operative in the brain to
restrain L1 activity.

This series of experiments demonstrates that L1 RNA is
expressed in different brain regions and that full-length L1 RNA and
the Orfl protein are expressed in post-mitotic ventral midbrain
neurons and, most particularly, in mDA SNpc neurons.

Kinetic analysis of oxidative stress-induced L1 expression and
DNA damage in vitro and in vivo

Midbrain DA neurons are particularly sensitive to oxidative stress
due to sustained intrinsic activity and dopaminergic metabolism,

© 2018 The Authors
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Figure 1. Full-length L1 elements are expressed in the adult mouse ventral midbrain and in TH* neurons of the SNpc.

A RNA from the three main L1 families (A, Tf, and Gf), Hprt, and Th was measured in RNA-Seq data on laser microdissected SNpc [GEO accession number GSE72321
(Rekaik et al, 2015)] and by RT-gPCR in SNpc tissue punches. RPM, reads per million; Ct, gPCR cycle threshold.

B Poly(A)+ RNA was purified from manually microdissected ventral midbrain, digested with DNase |, and reverse-transcribed with oligo(dT) primers. The sequence
between the 5’UTR and Orf2 was amplified by PCR (the position of the primers is indicated by two bars) and sequenced. The experiment was also done using the RT
buffer but not the enzyme (RT™) to control for genomic DNA contamination. Local alignments of the L1 Tf/Gf amplicons to a L1 Tf consensus sequence are shown in

Fig EV1.

C Orflp from ventral midbrain was measured using Western blot analysis (first lane). The same experiment was made but this time blocking the antibody with the

Orflp peptide before incubation (second lane).

D Midbrain slices were analyzed by immunofluorescence against Orflp in TH*, NeuN*, or TH™ NeuN* neurons, and Orflp fluorescence intensity distribution was
measured (right). Scale bar represents 30 pm. ****p < 0.0001; n = 284 NeuN*/TH™ neurons, and n = 160 NeuN*/TH* neurons were quantified from three mice (three

sections per mouse); two-sample Kolmogorov—Smirnov test.

E Midbrain slices were analyzed by in situ hybridization with L1 Tf 5’UTR oligonucleotide antisense probes in TH* neurons of the SNpc (labeled by
immunofluorescence). Scrambled probes were used as a negative control (left). The right panels show an enlargement of the region delineated by a square. Scale bars

represent 100 and 20 pum (left and right panels, respectively).

F  Midbrain slices were analyzed by immunofluorescence against Orflp in TH* neurons. The same experiment was made blocking the antibody with the Orflp peptide.

Scale bars represent 20 and 10 pum (left and right panels, respectively).

G RNA from neuronal and non-neuronal tissues was analyzed for L1 expression by RT-qPCR with primers located in the 5'UTR for subfamily detection (L1 Tf/Gf, L1 A)
and in Orf2. Cycle thresholds from tissues obtained from three mice were normalized to values obtained from kidney tissues using the ddCt method relative to the

expression of Gapdh; error bars represent SEM.

H RNA from neuronal and non-neuronal tissues was analyzed for Piwi family expression by RT-qPCR. Cycle thresholds from tissues obtained from three mice were
normalized to values obtained from kidney tissues using the ddCt method relative to Gapdh; error bars represent SEM.

itself a generator of oxidant molecular species (Chen et al, 2008).
Following reports highlighting an induction of L1 elements upon
stress in different systems (Rockwood et al, 2004; Giorgi et al,
2011), we tested whether oxidative stress modifies L1 expression
in midbrain neurons in culture and in adult mDA neurons
in vivo.

Embryonic day 14.5 (E14.5) ventral midbrain mouse neurons,
which at this stage all express Engrailed but of which mDA
neurons represent a small percentage, were cultured for 7 days.
H,0, was then added to the culture for 1 h, thus inducing an
oxidative stress to all neurons. The analysis was limited to 1 h of
H,O, exposure because DNA damage is still reparable under these
conditions. We followed L1 transcription by fluorescence in situ
hybridization (FISH) at different time points and observed that L1
transcription, as measured by the number of L1 foci and foci
intensity, is significantly increased already after 15 min of stress
and stays so for at least 1 h (Fig 2A). The increase in L1 tran-
scription thus reflects the recruitment of new L1 expression foci
as well as an increase in expression at L1 foci. A simultaneous
analysis of DNA break formation by y-H2AX staining and quan-
tification reveals that DSBs are detectable posterior to the increase
in L1 transcription.

A strong oxidative stress was then inflicted in vivo to mDA
neurons specifically, by injecting 6-OHDA at the level of the SNpc,
and immunostaining for Orflp was performed. Figure 2B illustrates
and quantifies the increase in L1 expression observed 3 h after
stress and also establishes that this increase does not take place in
TH-negative neurons that do not capture 6-OHDA due to the
absence of a DA uptake mechanism.

To have a better idea of the kinetics, we followed DNA guanine
oxidation, DSB formation (y-H2AX staining) in TH-positive cells,
and the increase in L1 Tf/Gf transcripts in SNpc tissue punches
15 min, 1 h, and 3 h after injection of 6-OHDA. Figure 2C demon-
strates that guanine oxidation in TH-positive cells is significantly
increased 1 h post-stress and remains stable thereafter, while DNA
breaks appear only between 1 and 3 h specifically on the injected
side. In comparison, the same Figure (right panel) shows that an
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increase in L1 Tf/Gf expression, already observable 15 min post-
stress, is pursued for 1 h and followed by a slight expression
decrease during the following hours (Fig 2C), but still significantly
higher at 6 h compared to the non-injected side (Fig EV2A).

Data on the activation of other stress pathways in the same
punch biopsies can be found in Fig EV2B. TH expression was not
modified confirming that no dopaminergic cell death takes place
during this time frame (Rekaik et al, 2015).

L1 transcription is part of the H,0,-induced DNA strand
break pathway

Following the nuclear import of the L1 ribonucleoprotein complex,
the Orf2-encoded endonuclease generates one or several nicks in
the DNA, and L1 RNA reverse transcription is initiated at the
newly generated 3'OH terminus by target-site primed reverse tran-
scription (Beck et al, 2011). The kinetics demonstrating that DSB
formation is detectable posterior to the oxidative stress-induced L1
transcriptional increase led us to envisage that part of these breaks
may be a consequence of L1 overexpression.

The classical repressor pathway of L1 involves the Argonaut
proteins of the Piwi family that bind piRNAs and block LINE tran-
scription (Kuramochi-Miyagawa et al, 2008). As shown in Fig 1H,
Piwi family members are expressed at low levels in the adult brain,
including in the SNpc. The most highly expressed Piwi is Piwill
(mouse Miwi), which was thus used as a tool to inhibit L1 expres-
sion. To verify a protective effect of Piwill, midbrain neurons were
infected with an AAV2 expressing Piwill and exposed to H,0,. As a
negative control, neurons were infected with the same viral vector
expressing GFP and also exposed to H,0,. As illustrated (left) and
quantified (right) in Fig 3A, the strong H,0,-induced L1 transcrip-
tion (FISH analysis) and DSB formation observed in the control
condition (AAV2-GFP) are antagonized by Piwill expression
(AAV2-Piwill).

To further ascertain the ability of Piwill to protect midbrain
neurons against oxidative stress, the protein was expressed by trans-
fection together with GFP. This allowed us to count in the same

© 2018 The Authors
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Figure 2. Kinetics of L1 activation and DNA strand breaks induced by oxidative stress in vitro and in vivo.

A Midbrain primary neurons were treated with H,0,, active L1 transcription sites were analyzed by fluorescence in situ hybridization (FISH), and DNA damage was
revealed by y-H2AX immunofluorescence (left) and quantified (middle) at different time points. Scale bars represent 5 pm. *P < 0.05; **P < 0.01; ****P < 0.0001;

n = 4 wells per condition; 150 neurons were counted per condition; one-way ANOVA with Dunnett’s multiple comparison test; error bars represent SEM. L1 FISH foci
fluorescence intensity was quantified at the same time points (right). ***P < 0.001; ****P < 0.0001; n = 208 foci per condition from three different wells; Kruskal—
Wallis test with Dunn’s multiple comparisons test; error bars represent SEM.

B Midbrain sections were stained for Orflp, 3 h after 6-OHDA injection and analyzed by confocal microscopy (left), and Orflp fluorescence intensity distribution was
measured in TH (middle) and non-TH (right) neurons. Scale bar represents 50 um; ***P < 0.001; For Orflp quantification, 370 (ipsilateral; injected) and 326
(contralateral; non-injected) TH neurons and 100 (ipsi) and 120 (contra) non-TH neurons were analyzed from three mice (three sections per mouse); two-sample
Kolmogorov—Smirnov test.

C Midbrain sections were stained at several time points after 6-OHDA injection and analyzed by confocal microscopy for 8-oxoguanine (left panel left axis) and y-H2AX
(left panel right axis). L1 transcription was measured by RT-qPCR at the same time points in SNpc punches (right panel Ctrl at 100%). *P < 0.05; **P < 0.01;

***p < 0.001; ***P < 0.0001; n = 4 for yH2AX, n = 6 mice per condition for 8-oxoguanine, n = 5 mice per condition for RT-qPCR; the statistical testing was performed
as compared to 15 min time point (left) or to control condition (right) using one-way ANOVA with Bonferroni’s multiple comparison test; error bars represent SEM.

dishes the number of y-H2AX foci in cells expressing or not Piwill This series of experiments brings strong evidence in favor of an
(based on GFP expression). As illustrated and quantified in Fig 3B, important implication of L1 expression in the formation of DNA
the decrease in the number of y-H2AX foci is only seen in trans- breaks and shows that overexpression of Piwill represses H,0,-
fected cells. induced L1 transcription and DNA damage.
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Figure 3. Piwill overexpression protects in vitro against oxidative stress-induced DNA damage.

A Midbrain primary neurons were infected with an AAV2-Piwill or AAV2-GFP for 1 week. Neurons were then treated with H,0, for 1 h, L1 transcription was analyzed
by FISH (top panel), and DNA damage was examined by y-H2AX immunofluorescence (bottom panel). Quantifications are shown on the right. Scale bars represent
5 um. **P < 0.01; ****P < 0.0001; n = 3—4 for FISH and n = 5-6 for y-H2AX wells per condition, 300-400 neurons were quantified per condition; one-way ANOVA
with Tukey’s multiple comparisons test for FISH quantification and Kruskal-Wallis test with Dunn’s multiple comparisons test for y-H2AX; error bars represent SEM.

B Midbrain primary neurons were transfected with pCMV-GFP and pCMV-Piwill or pCMV-GFP and a void pCMV plasmid for 48 h, after which neurons were treated
with H,0, for 1 h. DNA damage was then analyzed by y-H2AX immunofluorescence in either transfected (GFP*) or untransfected (GFP™) neurons (left) and quantified
(right). Scale bar represents 5 um. ****p < 0.0001; n = 4-6 wells per condition, 200 neurons were quantified per condition; ANOVA with Tukey’s multiple comparisons
test was used for transfected neurons and Student’s t-test for untransfected neurons; error bars represent SEM.

L1 expression and activity lead to DNA damage and
neuronal death

To directly evaluate whether L1 activation induces DNA damage,
embryonic midbrain neurons were transfected with a mouse codon-
optimized L1 expression vector containing the endogenous L1
S'UTR promoter downstream of a CMV promoter (Newkirk et al,
2017). As illustrated and quantified in Fig 4A, the average number
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of DNA breaks identified by y-H2AX staining was increased by the
expression of L1 but not by that of the same L1 expression vector
carrying a double mutation abolishing Orf2p reverse transcriptase
and endonuclease activities as in (Xie et al, 2011).

L1 activity requires the transcription and translation of its bicis-
tronic mRNA followed by reverse transcription. To inhibit reverse
transcription, we used stavudine (2’,3’-didehydro-2’,3’-dideoxythy-
midine, d4T), a nucleoside analogue and strong L1 reverse

© 2018 The Authors
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Figure 4. Stavudine and siRNA against Orf2 protect in vivo against oxidative stress-induced DNA damage and cell death.

A

Midbrain primary neurons were treated overnight with stavudine or sham and then transfected with a wt or a retrotransposition-incompetent (mutated) L1 plasmid
for 48 h; DNA damage was measured by y-H2AX immunofluorescence. *P < 0.05; n = 6 wells per condition, 400 neurons quantified per condition; Kruskal-Wallis test
with Dunn’s multiple comparisons test; error bars represent SEM.

Midbrain primary neurons were treated with stavudine or sham overnight and then with H,0, and stavudine or sham for 1 h; DNA damage was measured by y-
H2AX immunofluorescence. **P < 0.01; n = 3-4 wells per condition, this experiment was done three times and a representative experiment is displayed, 300 neurons
were quantified per condition; one-way ANOVA with Tukey’s multiple comparisons test; error bars represent SEM.

Midbrain primary neurons were transfected with an anti Orf2 siRNA or a control siRNA for 4 days and treated with H,0, during 1 h; DNA damage was analyzed by
y-H2AX immunofluorescence (left) and quantified (right). Scale bar represents 5 um. ***P < 0.001; ****P < 0.0001; n = 3 wells per condition, 150 neurons quantified
per condition; ANOVA with Tukey’s multiple comparisons test; error bars represent SEM.

Midbrain sections were stained for TH, 24 h after 6-OHDA sham or 6-OHDA stavudine injections in the SNpc, and the number of TH* neurons was quantified by
unbiased stereological counting on both ipsilateral (injected) and contralateral (uninjected) sides. Scale bar represents 1 mm; **P < 0.01; n = 4 mice per group;
Student’s t-test; error bars represent SEM. The experiment was done twice. The results of an independent experiment are shown in Fig EV4.

Orf2 or control siRNA was coupled to the cell-penetrating peptide Penetratin and infused for 3 days in the SNpc of wt mice. Mice were then injected with 6-OHDA
and sacrificed 24 h later, and the number of TH* neurons was counted. Scale bar represents 1 mm. *P < 0.05; n = 8 mice per group, Student’s t-test; error bars
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represent SEM. The experiment was done twice. The results of an independent experiment are shown in Fig EV4.

transcriptase inhibitor as shown previously (Jones et al, 2008) and
confirmed here by the gradual decrease in L1 retrotransposition in
response to increasing doses of stavudine (Fig EV3A, left panel).
We next quantified the inhibitory activity of stavudine on DNA
break formation induced either by L1 overexpression (Fig 4A) or
H,0, addition (Fig 4B). A similar inhibition of DNA break formation
induced by H,0, was obtained by transfecting embryonic midbrain
neurons with a siRNA directed against Orf2p but not with a control
siRNA (Fig 4C).

A protective effect of stavudine was also obtained in vivo in the
6-OHDA experimental paradigm. Indeed, the results of Fig 4D
demonstrate that the injection of stavudine, 30 min before and at
the same time as 6-OHDA, protects against mDA neuron death
measured 24 h later (replicate experiment shown in Fig EV3C). In a
similar experiment, the anti-Orf2p siRNA linked to the cell-perme-
able peptide Penetratin was infused for 3 days at the level of the
SNpc before an acute 6-OHDA injection. Figure 4E demonstrates the
protective effect of the anti-Orf2p siRNA, and Fig EV3B confirms,
using the Orflp antibody, the efficiency of this strategy to block the
expression of the bicistronic L1 mRNA in vivo (64% inhibition of
Orflp expression). A second, independent, experiment demonstrat-
ing the in vivo efficacy of the anti-Orf2p siRNA is shown in
Fig EV3D.

Engrailed is a direct repressor of L1 expression

Adult mDA neurons from Enl-het mice present an enhanced rate of
progressive cell death starting at 6 weeks of age (Sonnier et al,
2007). At this time, all neurons are still present but abnormal
nuclear phenotypes are observed, including DNA damage and the
loss of heterochromatin marks (Rekaik et al, 2015). In a previous
study, we reported that En2 internalization strongly protects
midbrain neurons in culture and mDA neurons in vivo against H,0,-
and 6-OHDA-induced stress, respectively (Rekaik et al, 2015). In
view of the data presented above, we decided to investigate whether
protection by Engrailed could, in part, be due to L1 repression by
this transcription factor. The in vitro experiments of Fig SA support
this idea. Indeed, the DNA breaks provoked by L1 overexpression
are not formed if the cells have been treated with recombinant En2
(Fig 5A), and L1 transcription (FISH analysis) induced by H,O,
treatment is also strongly repressed by En2 (Fig 5B).

In the in vivo paradigm, Fig 5C demonstrates the repressive effect
of En2 injected in the SNpc on L1 Tf/Gf and L1 A transcription 6 h
after an acute oxidative stress in the SNpc. Repression takes place in
the presence of cycloheximide (CHX), a potent inhibitor of transla-
tion. It is thus in favor of a direct effect of internalized En2 as no
intermediate protein synthesis is required. The only alternative to a

Figure 5. Engrailed protects against L1-induced DNA damage and is a direct transcriptional repressor of L1.

A Plasmids overexpressing mouse L1 (wt or mutated) were transfected in midbrain primary neurons and subsequently treated with recombinant En2 or sham. DNA
damage was measured by y-H2AX immunofluorescence 48 h later. ***P < 0.001; n = 6 wells per condition; 200 neurons were quantified per condition; Kruskal—

Wallis test with Dunn’s multiple comparisons test; error bars represent SEM.

B Midbrain primary neurons were treated overnight with sham or En2 (100 ng/ml; 3 nM) and then with H,0, for 1 h. Active L1 transcription sites were analyzed by
FISH. Scale bar represents 5 pm; ****p < 0.0001; n = 4 wells per condition, 200 neurons quantified per condition; ANOVA with Tukey’s multiple comparisons test;

error bars represent SEM.

C Mice were injected in the SNpc with 6-OHDA and 30 min later with 2 pl En2 protein (150 ng/pl) in the presence of the protein synthesis inhibitor CHX; L1
transcription was measured by RT-qPCR. **P < 0.01; n = 5 mice per group; Student’s t-test; error bars represent SEM.
D Mice were injected in the SNpc with En2 protein, and L1 transcription was measured by RT-qPCR. *P < 0.05; n = 3 wells per condition, three experiments were done

(in vitro), n = 3 mice (in vivo); Student’s t-test; error bars represent SEM.

E Electrophoretic mobility shift assay (EMSA) was done using recombinant En2, a biotinylated oligonucleotide of the region encompassing a in silico predicted

8 of 19

Engrailed-binding site in the L1 5'UTR and NP6, a competing oligonucleotide with six Engrailed-binding sites. The experiment was done three times. An extract from
the consensus L1 Tf 5’UTR sequence (GenBank: AF016099.1) indicates in red and underlined the two predicted binding sites for Engrailed (left scheme). Both binding
sites were tested in EMSA experiments and bind Engrailed protein, and the results shown (right) were obtained for binding site 2. The sequence in red indicates the
L1 5'UTR oligonucleotide used for the gel shift.

Chromatin from adult cerebellum expressing En2 was incubated with the anti-Engrailed antibodies 4G11, 86/8 or the respective IgG. DNA was extracted and L1 Tf/Gf
and A promoter regions and a putative binding site in the Otx2 gene were amplified by gPCR. The Tdp1 gene was included as a genomic region where Engrailed does
not bind (negative binding site). Engrailed binding to the L1 Tf/Gf promoter is eightfold (4G11) and fivefold (86/8) enriched relative to Tdpl. Results are represented as
% input. n = 2 technical replicates, error bars represent SEM.
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direct transcriptional effect of En2 is an En2-induced structural chro-
matin change or RNA intermediate.

Engrailed is primarily a transcriptional repressor. To further
verify a direct regulation of L1 transcription, an activator form of
Engrailed (EnHD-VP64) constructed by fusing its homeodomain to a
tetramerized Herpes virus activator domain (Rekaik et al, 2015) was
added to midbrain neurons in culture or injected in the SNpc, in the
presence of CHX. Figure 5D demonstrates that EnHD-VP64 activates
L1 transcription in vivo (and Fig EV5C in vitro), thus behaving as an
anti-Engrailed, and further supporting a direct transcriptional regu-
lation of L1 expression by Engrailed. Accordingly, it has been previ-
ously reported that EnHD-VP64 infused in the SNpc activates the
formation of DSBs and induces mDA neuron death (Rekaik et al,
2015).

Three putative Engrailed-binding sites in the 5'UTR of the
consensus L1 Tf (GenBank: AF016099.1) were identified by in
silico analysis, allowing for the design of primers spanning two
of the predicted binding sites (Fig SE). We used these putative
Engrailed-binding domains present in the L1 5'UTR to design a
gel shift experiment. Both domains were bound by the Engrailed
recombinant protein. Figure SE illustrates En2 binding to domain
II (shift and supershift with an anti-Engrailed antibody) and its
specific displacement by NP6 (a competing multimerized
Engrailed-binding site (Desplan et al, 1988)). In the adult mouse
brain, mDA neurons expressing Engrailed in the SNpc are sparse
(< 14,000). In contrast, granules cells in the cerebellum, also
expressing Engrailed, constitute the most abundant brain
neuronal population (about 10 million neurons). Chromatin
immunoprecipitation (ChIP) was performed with two distinct
Engrailed antibodies on 20 manually microdissected ventral
midbrains and four cerebella. H3K9me3, a repressive mark on
full-length L1 promoters (Bulut-Karslioglu et al, 2014; Pezic et al,
2014), was used as a positive control. Compared to a negative
binding site (Tdpl) and to an IgG, ChIP with an H3K9me3 anti-
body gave a 55-fold and sixfold enrichment of the L1 promoter
in cerebellar and midbrain tissues, respectively (Fig EV5A).

In the same conditions, a monoclonal (4G11) and polyclonal
(86/8; Di Nardo et al, 2007) Engrailed antibody immunoprecipitated
the L1 Tf/Gf and A promoter regions encompassing the Engrailed-
binding sites starting from cerebellar chromatin with a eightfold
(4G11) and fivefold (86/8) enrichment relative to the negative bind-
ing site Tdpl and to an IgG (Fig SF). This demonstrates that
Engrailed binds the L1 promoter region in vivo. Midbrain chromatin
did not allow us to immunoprecipitate the same region, presumably
due to the lower number of Engrailed expressing cells in this tissue.
We thus turned to nuclei isolated from primary midbrain neurons
incubated with 10 nM En2 (the concentration used in the protection
essays), with poly(dI-dC) or NP6, and the chromatin was immuno-
precipitated with the anti-Engrailed polyclonal antibody.
Figure EV5B shows that the antibody specifically pulls down DNA
fragments of the 5'UTR of L1 Tf/Gf and L1 A families containing the
putative Enl/2-binding site and that this immunoprecipitation is
entirely eliminated by NP6 but not by dI:dC, in full agreement with
the gel shift experiment, thus demonstrating specificity.

Finally, we followed the repression of retrotransposition by
Engrailed by inducing its expression in HEK cells transfected with
the wt and mutated L1 reporter plasmids described above
(Fig EV3A, right panel). In this model, L1 activity is monitored by
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GFP expression. This experiment illustrates that only the wt L1 plas-
mid is retrotranspositionally active but that this activity is reduced
upon the induction of En2 by doxycycline.

All in all, this series of experiments establishes that Engrailed is
a repressor of L1 expression in the adult midbrain and in primary
midbrain neuron cultures and that part of the protective Engrailed
activity against oxidative stress-induced DNA breaks is through
direct L1 repression by this transcription factor.

Piwill expression decreases mDA neuron cell death in
Enil-het mice

The repression of L1 by Engrailed made it plausible that the progres-
sive mDA neuron loss observed in Enl-het mice, and starting at
6 weeks of age, involves a partial de-repression of L1 transcription.
This led us to analyze L1 expression in these mice. RNA-Seq data
(GEO GSE72321) from laser microdissected SNpc (Rekaik et al,
2015) were mapped onto a consensus L1 Tf sequence (Llspa;
GenBank AF016099.1). Figure 6A demonstrates an increase in the
number of L1 reads in Enl-het mice in 6-week-old Enl-het mice
compared to wt siblings, including in the 5'UTR region which
should be enriched for non-truncated full-length L1 elements
(Fig 6A, expanded view in the right panel). Expression at 6 weeks
in both genotypes was verified by RT-qPCR on laser-captured SNpc,
VTA, and cortex, showing a specific up-regulation of L1 Tf/Gf RNA
and L1 A (Fig 6B) in the SNpc. Orflp increase in Enl-het mice was
confirmed by immunohistochemistry as shown and quantified in
Fig 6C.

The results described so far demonstrate that an important adult
function of Engrailed is to repress L1 expression, thus protecting
mDA neurons against oxidative stress. If so, it could be anticipated
that the overexpression of Piwill, a bona fide L1 repressor, would
have an Engrailed-like activity on accelerated mDA cell death in
Enl-het mice. To verify this point, an AAVS8 encoding Piwill, or
mCherry as a control, was injected in the ventral midbrain of Eni-
het or wt mice at 5 weeks of age, and the animals were analyzed at
9 weeks. Figure 7A illustrates the expression of exogenous Piwill in
infected midbrain neurons, including mDA neurons, and Fig 7B
quantifies, by RT-qPCR and Western blot, Piwill expression levels
after infection with either Piwill or mCherry expressing viruses in
wt animals. To validate the use of Piwill as a tool to decrease Orflp
expression, Orflp staining intensity was quantified in neurons
expressing TH. Figure 7C shows the significant decrease in ORF1p
upon Piwill overexpression in mDA neurons. As reported before
(Sonnier et al, 2007), the number of mDA neurons at 9 weeks is
reduced by more than 20% in Enl-het mice compared to wt siblings,
both groups being injected with an AAV8-mCherry (Fig 7D). In the
same experiment, injection of EnI-het mice with an AAV8 Piwill
rescues a significant number of mDA neurons, confirming that part
of mDA cell death observed in Enl-het mice is triggered by L1 de-
repression in Engrailed hypomorphs.

Discussion

Homeoprotein transcription factors are expressed throughout life,
and their sites of expression vary considerably between develop-
mental and adult stages (Prochiantz & Di Nardo, 2015). Adult

© 2018 The Authors
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Figure 6. LINEs are implicated in En1-het neurodegeneration.

A RNA-Seq data of laser microdissected SNpc from EnI-het and wt mice (GEO accession number GSE72321) were mapped against a consensus L1 Tf sequence. The area
underneath the curve for wt was 140,745, compared to 219,725 for EnI-het. The black line on the graph corresponds to the sequence amplified by RT-qPCR (L1 Tf).
Enlarged view of the 5'UTR region is shown on the right.

B RNA from laser-dissected SNpc, VTA, and entorhinal cortex of 6-week-old EnI-het mice and their wt littermates was analyzed by RT-qPCR. *P < 0.05; n = 4 mice per
group; Student’s t-test; error bars represent SEM.

C Midbrain sections of 8-week-old wt and EnI-het mice were stained for Orflp and analyzed by confocal microscopy (left), and Orflp fluorescence intensities were
quantified (right). Scale bar represents 50 um; ***P < 0.001; 231 (wt) and 227 (En1-het) neurons were quantified in three different mice; Kolmogorov—Smirnov test.

functions are poorly understood, and previous studies from our in the adult (Sonnier et al, 2007; Alvarez-Fischer et al, 2011;
laboratory have demonstrated that Engrailed and Otx2 are involved Torero-Ibad et al, 2011; Beurdeley et al, 2012; Spatazza et al, 2013;
in the regulation of neuronal survival and cerebral cortex plasticity Bernard et al, 2014, 2016; Rekaik et al, 2015). A case of particular
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Figure 7. Piwill overexpression in Enl-het mice rescues mDA neurons.

A Five-week-old EnI-het mice were injected with AAV8-Piwill. Four weeks later, midbrain sections were stained for TH and Piwill to verify Piwill expression (see upper
panel for injected side compared to lower panel non-injected, contralateral side). Scale bar represents 40 pm.

B Eight-week-old wt mice were injected with AAV8-Piwill or AAV8-mCherry control. Three weeks later, mice were sacrificed, the SNpc region manually dissected and
RNA or proteins extracted. Piwill RNA was quantified by RT-qPCR relative to Hprt and Piwill protein by Western blot relative to B-actin. n = 4 mice (RT-qPCR) and
n = 5 mice (WB); error bars represent SEM.

C Eight-week-old wt mice were unilaterally injected with either AAV8-Piwill or AAV8-mCherry as above. Three weeks later, Orflp fluorescence was measured in TH*
neurons from on the contralateral side (Contra) or on the ipsilateral, injected side (Ipsi) as illustrated, ****P < 0.0001; 211 (Contra) and 226 (Ipsi) neurons were
quantified from three different wt mice (three sections per mouse); Kolmogorov—-Smirnov test. Scale bar represents 20 pm.

D Five-week-old EnI-het mice were injected with AAV8-Piwill or AAV8-mCherry, and wt littermates were injected with AAV8-mCherry. Four weeks later, midbrain
sections were stained for TH, and the number of TH* neurons on the injected side was measured by unbiased stereological counting. Scale bar represents 1 mm;
*P < 0.05; ***P < 0.001; n = 6-8 mice per group, ANOVA with Tukey’s multiple comparisons test; error bars represent SEM.
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interest is provided by mDA neurons which are protected against
oxidative stress by Engrailed (Rekaik et al, 2015). The present study
was aimed at better deciphering some of the mechanisms involved
in the latter protection. The RNA-Seq experiments comparing Enl-
het and wild-type SNpc suggested that L1 mobile elements may
have a role in mDA cell death and, most importantly, in Engrailed
protective activity.

A first hint is the observation that the three main L1 families are
expressed in post-mitotic nerve cells of the central nervous system,
including mDA neurons of the ventral mesencephalon. Expression
is full-length and, in the latter neurons, L1 baseline expression is
increased upon oxidative stress leading to the formation of DNA
breaks and, in some cases, to cell death. Conversely, different anti-
L1 strategies protect adult mDA neurons against oxidative stress.
These strategies include Orf2p-siRNA, overexpression of the anti-L1
protein Piwill and stavudine, a pharmacological inhibitor of the
reverse transcriptase encoded by the L1-Orf2. Using the Enl-het
mouse genetic model where mDA neurons from the SNpc degener-
ate progressively starting at 6 weeks of age, we find that L1 expres-
sion is increased in mutant animals compared to wt siblings. The
direct repressive activity of Engrailed on L1 transcription and experi-
ments demonstrating that L1 overexpression impinges on mDA
neuron physiology and survival leads us to propose that the protec-
tive activity of Engrailed reported in earlier studies involves its abil-
ity to repress L1 transcription.

L1 expression in the nervous system has been reported before
(Thomas et al, 2012). A striking finding is their activity during
development and in adult neural stem cells, providing a basis for
neuronal genetic mosaicism (Singer et al, 2010). The significance of
this mosaicism is not yet understood, but given the Darwinian
somatic selection exerted on neuronal progenitor cells, it is possible
that the survivors may have a selective advantage. What is reported
here is a basal L1 expression in post-mitotic mammalian neurons.
Indeed, not all the L1 RNA species sequenced or amplified by RT-
gPCR are necessarily full-length or present in neuronal cells, but it
is clear that nerve cells do express full-length L1 RNAs and also
Orflp, as demonstrated by Western blot, in situ hybridization and
immunohistochemistry. It is of note that mDA neurons in the
ventral midbrain, co-stained with the TH and the Orflp antibodies,
show a higher intensity of Orflp expression compared to adjacent
non-dopaminergic neurons.

L1 expression must be regulated as uncontrolled expression is a
threat to genome integrity. The Piwi Argonaut family plays in this
context an important role in the germline (Malone & Hannon, 2009;
Malone et al, 2009; Pezic et al, 2014). We find Piwi protein family
members to be expressed in different brain regions at a higher level
compared to non-neuronal tissue but, as expected, at a much lower
level than in testis. The most expressed Piwi is Piwill and, as shown
in prostate epithelial cells, Piwill downregulation increases L1 Orf2
expression thus inducing DSBs (Lin et al, 2009). For these reasons,
we used its overexpression as a tool to inhibit L1 activity in this
study and to demonstrate that mDA cell death in the Enl-het mutant
is in part due to L1 overexpression. However, this is an artificial
mean, just as is the infusion of a cell-permeable anti-Orf2p siRNA,
and this does not mean that Piwi proteins are active in mDA
neurons, even if it might be an interesting hypothesis to explore.

In fact, we demonstrate that L1 expression can be physiologically
inhibited by Engrailed and artificially by Piwill. Central to the
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demonstration is that any strategy used to decrease L1 expression
(Piwill, anti-Orf2p siRNA, Engrailed) or activity (stavudine)
prevents oxidative stress-induced mDA cell death. Indeed, our
Engrailed gain and loss of function experiments incite us to favor a
central role of Engrailed through its direct binding to L1 promoters,
a mechanism different from what has been described for Piwi
proteins. In the case of the anti-Orf2p siRNA, the lack of sensitive
antibodies and the 1/250 ratio between Orf2p and Orflp (Taylor
et al, 2013) due to the low re-initiation of Orf2p synthesis (Han
et al, 2004; Alisch, 2006) did not allow us to follow Orf2p downreg-
ulation. However, the same bicistronic mRNA encodes both Orflp
and Orf2p, and we could verify that, as a result, Orflp expression is
strongly downregulated by the siRNA.

Other situations and factors in other cellular contexts have been
shown to exert a regulation on L1 activity. A first level of regulation
is through the modification of chromatin domains. Many genetic L1
sequences are compacted in heterochromatin regions, and their
expression is thus repressed. Accordingly, it is well established that
L1 expression is regulated by all events that can, inside and outside
of the nervous system, modify the extent of heterochromatin (Van
Meter et al, 2014; Skene et al, 2010). Among the factors that can
modify chromatin organization are aging and oxidative stress (Ober-
doerffer & Sinclair, 2007; De Cecco et al, 2013; Lopez-Otin et al,
2013). Accordingly, it was shown in the fly and in the mouse that
aging is associated with an enhanced expression of mobile elements
that can contribute to the formation of DNA breaks and genome
instability (St Laurent et al, 2010; Maxwell et al, 2011; Chow &
Herrup, 2015).

An interesting recent example is provided by a cocaine-induced
change in heterochromatic H3K9me3 and the ensuing unsilencing of
repetitive elements in the nucleus accumbens (Maze et al, 2011).
The same correlation was reported at the level of the hippocampus
(Hunter et al, 2012). The present study adds to the concept by
showing that oxidative stress increases L1 expression in vivo and
in vitro and that a siRNA designed against Orf2p blocks the forma-
tion of DSBs and cell death induced by the stress.

Some factors can act on L1 gene expression, both by modifying
chromatin structure and by direct transcriptional regulation. Direct
regulation was shown for p53 and SIRT6, two proteins involved in
the regulation of aging (Van Meter et al, 2014; Wylie et al, 2016)
and it must be noted that L1 repression by SIRT6 fails with age and
stress (Van Meter et al, 2014). The present study identifies the
homeoprotein Engrailed as a repressor of L1 transcription. Indeed,
we have shown earlier that Engrailed protects mDA neurons against
age-related progressive oxidative stress, as well as against an acute
stress provoked by the local injection of 6-OHDA at the level of the
SNpc (Rekaik et al, 2015). In the latter study, it was shown that
Engrailed restores heterochromatin marks, including
H3K9me3, H3K27me3, and the nucleolar marker Nucleolin. It can
thus be proposed that protection by Engrailed involves the repres-
sion of L1 expression in part through heterochromatin maintenance
(Rekaik et al, 2015) and in part through transcriptional repression
as demonstrated in this study. Indeed chromatin changes and
repression are not mutually exclusive as the binding of Engrailed to
the 5'UTR of L1 might induce heterochromatin nucleation, similarly
to Pax3 and Pax6 homeoproteins that regulate chromatin states
through their binding to intergenic major satellite repeats (Bulut-
Karslioglu et al, 2012).

several
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Engrailed protects mDA neurons in three pharmacological
models of PD by a mechanism involving the regulation of the trans-
lation of mitochondrial complex I mRNAs (Alvarez-Fischer et al,
2011). More recently, the same transcription factor was shown to
save the same neurons, following an acute oxidative stress, through
its ability to restore a healthy epigenetic state (Rekaik et al, 2015).
The present study now demonstrates that Engrailed controls mDA
cell physiology and survival through the regulation of L1 transcrip-
tion, thus adding an additional facet to its protective and curative
activities in the mouse.

Protection mediated by L1 repression made it plausible to block
6-OHDA-induced cell death with L1 inhibitors. Indeed, this was
shown with the siRNA designed against Orf2p, with the anti-L1
protein Piwill, but also with stavudine, a reverse transcriptase inhi-
bitor. Having verified its repressive activity on L1 retrotransposition,
we show that stavudine blocks DSBs and degeneration induced by
oxidative stress. We can only speculate on how stavudine works,
but we could show that, at least in vitro and under conditions of
oxidative stress, the drug decreases the amount of chromatin-bound
L1 RNA (Fig EV4), supporting the hypothesis that, blocking reverse
transcription after the first nick in the DNA has been made, allows
better access of repair enzymes at the chromatin level. Another
possibility is that full-length L1 elements actually retrotranspose and
that breaks and death are a consequence of this activity. In that case,
the action of stavudine would be clearly by preventing retrotranspo-
sition through the inhibition of the reverse transcription initiated by
the Orf2p-encoded reverse transcriptase. It is of interest, in this
context, that Engrailed induction and stavudine addition both block
retrotransposition in the reporter cell line expressing L1. Retrotrans-
position in post-mitotic cells is considered unlikely because of the
integrity of the nuclear membrane in the absence of mitosis, thus the
impossibility for the ribonucleoparticle composed of the L1 mRNA,
Orf2p, and Orflp to gain access to the nucleus. However, one cannot
preclude that Orf2p could be individually transported to the nucleus
thanks to its nuclear localization signal (Goodier, 2004) and thus
introduce a nick in the DNA and reverse transcribe nuclear resident
L1 transcripts. This hypothesis will be explored in a future study.

Given that, as demonstrated here, anti-L1 activity is sufficient to
partially prevent oxidative stress-induced neuronal cell death, it is
conceivable that L1-mediated genetic instability via the generation
of DSBs is a general driver of cell death in age-related diseases and
neurodegeneration. In a preceding report, we demonstrated that
mDA neurons from Enl-het mice are more sensitive than their wt
siblings to age-associated oxidative stress, leading to a progressive
death of this specific cell type (Rekaik et al, 2015). The demonstra-
tion that in vivo Piwill overexpression partially protects against
mDA neuron death in Enl-het mice not only lends weight to the
idea that Enl activity is through the control of L1 expression, but
also suggests that age-associated oxidative stress and neurodegener-
ation involves L1 expression. This is indeed possible as we observe
L1 expression in non-dopaminergic ventral midbrain neurons and
the presence of L1 mRNA in all tested brain regions. Thus, repres-
sors other than Engrailed might operate to control L1 expression in
different regions of the central nervous system.

The analysis of L1 expression in different structures demonstrates
a basal, thus physiological, level of expression in all regions exam-
ined. It can thus be proposed that L1 expression becomes toxic only
after a given threshold has been reached due to an endogenous (e.g.,
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oxidative) or environmental (e.g., toxic agent) stress. Homeoproteins
are expressed throughout the adult brain, and Otx2 has a protective
effect at the level of the eye (Torero-Ibad et al, 2011; Bernard et al,
2014) and of the SNpc (Rekaik et al, 2015). It is thus tempting to
speculate that other transcription factors of this family could repress
the expression of mobile elements in the adult and thus behave like
anti-aging proteins in normal and pathological situations.

Materials and Methods
Animals

Mice were treated as defined by the guidelines for the care and use
of laboratory animals (US National Institute of Health) and the Euro-
pean Directive 2010/63/UE. All experimental procedures were vali-
dated by the ethical committee (CEA 59) of the French Ministry for
Research and Education. Swiss OF1 wt (Janvier) and Enl-het mice
(Hanks et al, 1995) were maintained under a 12 h day/night cycle
with ad libitum access to food and water. A maximum of six mice
were housed in one cage, and cotton material was provided for mice
to build a nest. Experimental groups consisted of three to eight male
mice at the indicated ages. Sample size calculations were based on
previous experiments. No randomization or blinding was used.

Tissue dissection

Where indicated, the SNpc of wt and EnlI-het mice was isolated by
laser capture microdissection (LMD7000, Leica) as in Rekaik et al
(2015). Samples from four animals per group were analyzed. For
punch biopsies of the SNpc, brains were put into a brain slicer,
covered with Tissue Tek O.C.T. (Sakura Finetek), and frozen on dry
ice. A 2 mm slice encompassing the SNpc was excised (-2 to
—4 mm/—2.5 to —4.5 caudal from the Bregma) and placed on a cold
cover slide with the caudal side facing up. The stereotaxic arm hold-
ing the tissue punch was zeroed on the aqueduct, and two biopsies
of the SNpc were taken at —/+1.3 (M/L) and —2 (A/P).

In vivo treatments

For injections, mice were placed in a stereotaxic instrument, and a
burr hole was drilled into the skull 3.3 mm caudal and 1 mm lateral
to the bregma. The needle was lowered 4 mm from the surface of
the skull, and 6-OHDA (2 ul; 0.5 pg/ul Sigma) injections were
performed over 4 min. For Engrailed rescue experiments, a solu-
tion (2 pl) of bacterial recombinant En2 (300 ng; 4.5 pM) and
colominic acid (3 pg; Alvarez-Fischer et al, 2011; Rekaik et al,
2015) or vehicle (NaCl 0.9%) and colominic acid was injected
30 min after 6-OHDA injection using the same coordinates. When
indicated, CHX (0.1 pg/pl, Sigma) was added. Stavudine (d4T,
10 uM, Sigma) was injected 30 min before and at the same time
as 6-OHDA. For Piwill overexpression, we used an AAV8-Piwill
or an AAV8-mCherry virus (Vector Biolabs) injected using the
same coordinates. SNpc tissues for RT-qPCR and Western blot
analysis were obtained from punch biopsies. For siRNA experi-
ments, osmotic mini-pumps (Alzet) with 100 pl of a solution
containing cell-permeable peptide Penetratin-coupled siRNA
(5 uM) and colominic acid (1.5 pg/pl) in 0.9% NaCl were
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implanted for 3 days at —3.8 mm (dorso/ventral). Mice were then
anesthetized and perfused for TH immunostaining.

Cell culture

Midbrain primary neurons were dissected from E 14.5 embryos and
cultured in Neurobasal medium (Life Technologies) supplemented
with glutamine (500 uM, Sigma), glutamic acid (3.3 mg/l Sigma)
aspartic acid (3.7 mg/l, Sigma), anti-anti (Gibco), and B27 (Gibco).
Cells were treated with H,0, (100 pM) for 1 h or as indicated and
either RNA was extracted or cells were fixed for immunochemistry.
Transfections were done by preincubating plasmids (0.75 pg per
transfection) with 8 pl lipofectamine 2000 (Life Technologies) for
20 min at RT in Opti-MEM medium (Life Technologies). The mix
was then added to the cells for 48 h at 37°C. The plasmids used to
express mouse wt L1 (pWA-125) and mutated (pWA-126) contain a
codon-optimized L1 with its endogenous 5UTR, an upstream CMV
promoter and a retrotransposition-dependent GFP expression
cassette (Xie et al, 2011). pCMV-Piwill was purchased from Origene
(MR222484); pCMV, a void plasmid, was used as a negative control.
A pEGFP plasmid was co-transfected in all cases. The AAV2 virus
(6 x 10° TU/well of a 24-well plate) expressing Piwill under the
control of the synapsin promoter was purchased from Vector
Biolabs. Seven days after transduction, cells were treated for 1 h with
H,0, and fixed. Where indicated, midbrain primary neurons were
treated with stavudine (10 uM) for 16 h, treated with H,0, in the
presence of stavudine for 1 h, and fixed. Cells were treated where
indicated by adding recombinant En2 diluted in culture medium to
the culture wells at a concentration of 500 ng/ml (15 nM).

Chromatin immunoprecipitation

Nuclei from midbrain primary neurons were incubated in a cytoplasm
lysis buffer (10 mM HEPES, 40 mM KCl, 1 mM CaCl,, 0.5% NP-40)
for 10 min on ice and washed twice (same buffer without NP-40) by
centrifugation for 10 min at 800 g, at 4°C. Nuclei were then treated
20 min at 37°C with En2 (500 ng/ml), sham (0.9% NaCl), and poly
(dI-dC) (Sigma, 50 ng/ul) or NP6 (0.4 pmol/ul). NP6 oligonucleotide
is composed of six times the En binding sequence TCAATTAAATGA.
Nuclei were then fixed in 1% formaldehyde (Sigma) in PBS. The
Magna ChIP kit (Millipore) was used for chromatin purification.
Immunoprecipitations were performed with 1 pg of anti-En antibody
(86/8, in-house rabbit polyclonal) or 1 pg of rabbit IgG (Millipore)
overnight at 4°C on a rotating wheel. Immunoprecipitated DNA was
analyzed by qPCR with the same primers used for RT-qPCR.

ChIP on tissue was done using the ChIP-IT High Sensitivity Kit
(Active Motif) with 10 pug antibody per ChIP, 4-10 pg chromatin per
H3K9me3-ChIP, and 10-30 pg chromatin per Engrailed-ChIP. Anti-
bodies used were as follows: H3K9me3 (Active Motif; Clone MABI
0319, mouse monoclonal), 4G11 (DSHB, mouse monoclonal), and
86/8 (anti-En1/2, in-house, rabbit polyclonal).

RNA-Seq data
RPM values from the RNA-Seq experiment reported previously
(Rekaik et al, 2015) are deposited at GEO under the accession

number GSE72321. RNA-Seq data alignment against a consensus L1
Tf sequence was performed using R software. Individual wt and
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Enl-het reads were aligned using pairwise alignment function and
plotted on a normalized coverage graph.

RT-qPCR

Total RNA from laser microdissected tissue was extracted using the
AllPrep DNA/RNA Micro Kit (Qiagen) followed by DNase I digestion
using the RNeasy MinElute Cleanup protocol for on-column DNase I
treatment, followed by RT-qPCR. Total RNA from SNpc biopsies
was extracted using the RNeasy Lipid Tissue kit (Qiagen) followed
by DNase I (Thermo) digestion. For in vitro RNA analysis, RNA was
extracted using the RNeasy kit (Qiagen). RNA (200 ng) was reverse-
transcribed using the QuantiTect Reverse Transcription kit (Qiagen).
RT-qPCR was performed using SYBR Green (Roche Applied
Science) on the LightCycler 480 (Roche Applied Science). The
primers used for RT-qPCR are indicated in Appendix Table SI.
Primer efficiencies were tested using 10-fold dilution series of cDNA
spanning at least three orders of magnitude. Data were analyzed
using the ddCt method and values normalized to hypoxanthine-
guanine phosphoribosyltransferase (Hprt) and/or glyceraldehyde-3-
phosphate dehydrogenase (Gapdh). Chromatin-bound RNA was
extracted from isolated nuclei from midbrain neurons culture, and
RT-qPCR was performed as above.

RT-PCR and sequencing

RNA from adult ventral midbrain tissue was extracted using the
AllPrep DNA/RNA/Protein Extraction Kit (Qiagen). RNA (1 pug) was
incubated with DNase I (Thermo) for 30 min at 37°C and inacti-
vated by EDTA for 10 min at 65°C. RNA was then passed on poly
(A)+ columns (Qiagen) to purify poly(A)+ RNA and reverse-tran-
scribed using Superscript 1I (Invitrogen) and oligo(dT) primer. PCR
was then performed using the Phusion Taq polymerase (NEB) and
GC-buffer using the primers indicated in Appendix Table S1. PCR
conditions were as follows: 98°C 30 s, then 40 cycles of 98°C 10 s,
63°C 30 s, 72°C for 2.4 min, followed by a final extension at 72°C
for 10 min. The L1 A amplicons were verified by enzymatic diges-
tion (BamHI, Ncol, Pstl). PCR products were excised, purified, and
analyzed by Sanger sequencing (MWG-Biotech).

Immunostaining

Immunostainings were done as described earlier (Alvarez-Fischer
et al, 2011). The following primary antibodies used: mouse anti-y-
H2AX, 1:200 (Millipore, clone JBW301), chicken anti-TH, 1:500
(Abcam, ab76442), guinea pig Orflp (09), 1:200 (in-house), rabbit
MIWI (=Piwill), 1:300 (Cell Signaling, 6915) and NeuN (Millipore,
MAB377), 1:300. Secondary antibodies were as follows: 488 anti-
chicken, 647 anti-chicken, 488 anti-mouse, and 546 anti-mouse
Alexa Fluor (Life Technologies). Labeled sections were imaged by
confocal microscopy (SP5, Leica). Visible TH immunohistochem-
istry was done as described earlier (Rekaik et al, 2015). Images
were taken on a Nikon Eclipse 90i microscope.

Cell counting and stereology

Serial sections (30 pm) of mouse ventral midbrains encompassing
the SNpc were cut on a freezing microtome, and TH immunostaining
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(Immunostar, monoclonal mouse; 1:1,000) was done as described
above. Unbiased stereological TH cell counting was done after
Piwill/mCherry overexpression in Enl-het mice and wt littermates
[Enl-het + AAV8-EFla-mCherry (n =8) or AAVS8-EFla-mPiwill
(n =7) and wt littermates with AAV8-EFla-mCherry (n = 6)]. Eight
to 10 sections per animal were analyzed (every third section of serial
sections encompassing the entire SNpc). Counting was done blinded.
Parameters used (Stereo Investigator Software (Micro Bright Field)
on a Nikon E800 microscope) were as follows: The counting frame
area was 8,100 pm?, and the sampling grid area was 20,445 pm?.
The mean of total markers counted was 353 + 63. The mean
number of sampling sites was 174 + 29. The disector height was
22 pm, and guard zone distance was 1.5 um. The mean coefficient
of error (Gunderson m = 1) was 0.06 4 0.01. Standard deviation
errors (+) are reported.

TH cell counting in conditions comparing ipsi- (treated) and
contralateral (non-treated) sides were done as follows: For every
brain, a minimum of four serial sections were stained, and the
number of TH cells was counted in the SNpc of both ipsi- and
contralateral sides. An ipsi/contra ratio was calculated for each
section, and the resulting mean of four sections was used to quan-
tify the difference between the TH cell number of the ipsi- and
contralateral side of the same animal.

Orflp antibody production

Orflp polyclonal antibodies (rabbit and guinea pig) were produced
using the speed 28-day protocol (Eurogentec) after injection of the
recombinant full-length Orfl protein (Eurogenix). The final bleeds
were then subjected to a protein-A purification step. The rabbit anti-
body was used for the detection of the Orflp protein in Western
blots, and the guinea pig was used in immunostainings.

Western blots

Western blots were performed as described earlier (Rekaik et al,
2015). Orflp rabbit antibody (in-house) and Piwill (Miwi, sc-
398534, Cell Signaling) were used at a concentration of 1:500, and
mCherry (Clontech no. 632543) was used at 1:1,000. Blots were
quantified using ImageJ with actin (actin-HRP, 1:20,000, Sigma
clone AC-15) as a reference. To determine specificity of the ORF1p
antibody, the antibody was blocked with the Orflp peptide (two
molecules of peptide per molecule of antibody) for 3 h on a rotating
wheel at room temperature and diluted for Western blot or
immunofluorescence experiments.

Image quantification

Quantifications of immunofluorescence were performed using a
63x (in vivo) or 40x (in vitro) magnification and 1- or 5-pum-thick
successive focal planes, for y-H2AX and L1 FISH or Orflp staining,
respectively.

We define L1 FISH and y-H2AX foci as individual fluorescent
objects in the nucleus with an intensity that allows us to distinguish
them from the background. The foci size cutoff was 0.3 um. For L1
FISH experiments and depending on immunostaining conditions, the
intensity ratio between the foci and the background was higher than
1.5. For the quantification of the number of foci (L1 FISH and
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v-H2AX), individual foci were counted within each neuron. For inten-
sity quantification of L1 FISH foci, we measured the maximal value
of intensity within an individual focus after background subtraction.

Orflp staining in wt, Enl-het, and 6-OHDA or AAVS8-Piwill-
injected mice was quantified by measuring fluorescence intensity in
TH™ or TH™ cells after background subtraction. Values were plotted
in a relative frequency distribution histogram.

For each experiment, image acquisition was performed during a
single session with the same parameter set-up of the confocal micro-
scope to allow for comparison between experimental conditions.
Images were analyzed by the same experimenter using ImageJ soft-
ware with the same semi-automated workflow for all experimental
conditions.

In situ hybridization

Mice were anesthetized, perfused with PBS in RNase-free conditions,
and frozen in isopentane (embedded in TissueTek O.C.T). Brain slices
(20 um) were fixed in 4% PFA in PBS for 10 min at RT and then
permeabilized twice for 10 min in RIPA buffer (150 mM NaCl, 1%
NP-40, 0.5% Na deoxycholate, 0.1% SDS, 1 mM EDTA, 50 mM Tris—
HCI pH 8). Brain sections were fixed again for 5 min, demasked for
10 min with TEA buffer (Triethanolamine 100 mM, 0.8% acetic acid
pH 8) containing 0.25% acetic anhydride, permeabilized for 30 min
in PBS with 1% Triton X-100, and blocked for 1 h in hybridization
buffer (50% formamide, 5x SSC, 5x Denhardt (1% Ficoll, 1% SSC,
1% Tween-20), 500 pg/ml Salmon sperm DNA, 250 pg/ml yeast
tRNA). Slides were incubated overnight with a total 10 nM mix of six
digoxygenin (DIG)-labeled oligonucleotide probes in hybridization
buffer at 37°C (DIG Oligonucleotide 3'-End Labeling Kit, 2°¢ genera-
tion, Roche). Probes sequences are indicated in Appendix Table S1.
Sections were rinsed with FAM/SSC (50% formamide, 2x SSC, 0.1%
Tween-20) twice 30 min at 37°C, then twice in 0.2x SCC at 42°C,
blocked in B1 buffer (100 mM maleic acid pH 7.5, 150 mM NacCl)
with 10% fetal bovine serum (FBS) for 1 h, and incubated overnight
at 4°C in B1 buffer with an anti-DIG antibody coupled to alkaline
phosphatase (Roche, 1:2,000). After three washes in B1 buffer and
one wash in B3 buffer (100 mM Tris-HCl pH 9, 50 mM MgCl,,
100 mM NacCl, 0.1% Tween-20), slides were stained using the NBT/
BCIP kit (Vector lab), rinsed with PBS, and immunostained for TH. In
situ hybridization in primary neurons was done using an adaptation
of the same protocol. The same buffers were used, but probes were
detected with an anti-DIG antibody coupled to horseradish peroxidase
(Roche, 1:1,000). RNA staining was revealed using the TSA-cyanine 3
system (Perkin Elmer) according to the manufacturer’s protocol.

In silico analysis

Enl/2-binding sites in the consensus LITf S'UTR sequence
(GenBank: AF016099.1) were analyzed in silico using Allgen-Promo
3.0 with a 15% maximum matrix dissimilarity rate. Binding sites for
Enl were found at position 1,877-1,883->CTTTGT, 2,965-2,971-
>ACAAGA, and 3,091-3,097->ACAATC.

Electrophoretic mobility shift assay

Biotinylated oligonucleotide probes (100 uM) were annealed in a
1:1 molar ratio in boiling water for 5 min and slowly cooled
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down to room temperature. Biotin-labeled double-stranded L1
5'UTR DNA fragments (200 fmol) containing the predicted En
binding site were incubated with 400 nM recombinant En2
protein (chicken) with the Light Shift Chemiluminescent EMSA
kit (Thermo Scientific) in the presence of 1 pg poly(dI-dC),
5 mM MgCl,, 2.5% glycerol, and 1 pg BSA in a final volume of
20 pl.  After incubation for 20 min on ice, DNA-protein
complexes were analyzed by gel electrophoresis on 6% polyacry-
lamide gels in 0.5x TBE buffer and transferred to a positively
charged nylon membrane (Roche). Transferred DNA was cross-
linked by UV-light at 120 mJ/cm? for 1 min and detected by
chemiluminescence. For competition experiments, a 200-fold
molar excess of double-stranded unlabeled NP6 was added. The
sequences of oligonucleotide probes are indicated in
Appendix Table S1. Supershift experiments were done by prein-
cubating 0.4 ung 4D9 antibody (mouse monoclonal, Abcam
Ab12454) with 2 uM recombinant En2 for 30 min at RT,
followed by the addition of the biotin-labeled L1 probe and 30-
min incubation on ice.

Retrotransposition assay

L1 retrotransposition reporter plasmids allow one to follow and
quantify retrotransposition events through the quantification of a
reporter gene. The reporter gene (in this case GFP) becomes func-
tional only after the reverse transcription of L1 RNA, splicing by the
cellular machinery and subsequent integration of the transcript into
genomic DNA. HEK293 cells were treated with stavudine or sham
16 h prior to transfection with 8 pg plasmids, either pWA125
(mouse codon-optimized L1 containing the endogenous 5'UTR) or
pWA126 (as pWAI25, but double-mutated, retrotransposition-
incompetent L1; Newkirk et al, 2017). At day 1 post-transfection
(p.t.), cells were split and at day 2 p.t. puromycin (0.7 pg/ml;
Sigma) was added to eliminate non-transfected cells. Stavudine was
added every time cells were split or the medium changed in the
concentration indicated in Fig EV3A. At day 9 p.t., the percentage of
GFP-positive cells was measured using fluorescence-activated cell
sorting (FACS).

To test the activity of Engrailed on the retrotransposition of L1,
HEK293 cells (control or doxycycline-inducible for En2 expression;
a generous gift from A. Joliot) were cultured and treated with doxy-
cycline or sham for 24 h and transfected with either pWA125 or
pWA126 as above.

Statistics

Unless otherwise stated, the graphs represent the mean of repli-
cates. An experimental replicate consisted, if not otherwise indi-
cated, of a single animal or a single culture well. Error bars and
values of n are as stated in the figure legends. Results were
considered as statistically significant for P-value < 0.05; in some
cases, the exact P-value is given. Parametric tests for normal
distribution (D’Agostino-Pearson omnibus normality test) and
equality of variances (Brown-Forsythe test) were performed prior
to the statistical test. The appropriate parametric or non-para-
metric statistical tests were used as indicated in the figure
legends. All statistical analyses were done with the software
Prism.
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Exploring the physiological significance of L1 expression

Summary and objectives:
Based on the observation that L1 elements (RNA and the ORF1P/2P proteins) are expressed at
basal level in midbrain dopaminergic (mDA) neurons, we are currently investigating whether

L1 elements could participate to neuronal cell physiology.

By bioinformatic analysis of the distribution of full-length L1 in the mouse reference genome
and of RNA-seq data from laser captured SNpc, we observed an enrichment in their frequency
in introns of long genes and in their expression from these introns of neuronal long genes
harbouring important synaptic functions. We observed that some of these genes identified show
altered levels of expression following L1 loss of function. Finally, we questioned the L1-RNP
“interactome” in the neuron to address the mechanism by which L1 elements could interfere

with gene expression.
Our results are preliminary but constitute leads in understanding the potential physiological

role of L1 elements in mDA neurons. In the last part of this section, I will present the

methodology we plan to pursue in order to ascertain these results.
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Exploring the physiological significance of L1 expression

Introduction

When, in her pioneering work, Barbara McClintock initially discovered transposable
elements (TEs), she had postulated that they may carry regulatory roles. For many years,
however, scientists disregarded this hypothesis and viewed TEs as selfish parasitic and harmful
elements which cells needed to tightly repress. Indeed, TEs were considered potentially useful
only in case of a stressful environment as providers of genetic novelty and variability allowing
for genomic adaptation. In line with this idea, TE expression and activity have been described
in many pathologies such as cancer, schizophrenia or neurodegenerative disorders (Anwar et
al., 2017; Blaudin de Thé et al., 2018a; Bundo et al., 2014; Doyle et al., 2017; Simon et al.,
2019a)

However, this view of TEs as purely negative, or as adaptive at most, is now challenged
with the notion of “domestication” or “exaptation” of TE elements and the acceptation that
their transcripts may serve as regulatory long non coding RNA (IncRNA) (Percharde et al.,
2018). Even in the brain, retrotransposition in adult neural stem cells has been proposed to give
rise to neuronal somatic mosaicism allowing some Darwinian somatic selection in the adult
(Muotri et al., 2005). TE elements could influence gene expression in multiple ways ranging
from:

(1) adding promoter regions, attracting transcription factors, influencing DNA
compaction and inducing the formation of topologically associated domains
(TADs)
(i1) generating transcripts variants by alternative splicing of the L1 intronic sequence
(i)  inducing premature polyadenylation
(iv)  releasing regulatory RNAs
(v) inserting cytosine methylation sites and histone recognition sequences (epigenetic
regulators)
In the following study, we focused on the L1 family of TEs. Sequences of this family represent
around 21% of the genome. However, most L1 sequences are truncated and unable to mobilise
but approximately 100 of them in the human (3000 in the mouse) are full-length and potentially
active. When they mobilize, they do it autonomously as their bicistronic transcript encodes the
enzymatic apparatus necessary for reverse transcription and insertion into the genome. While

analysing the effect of L1 elements in the pathology of midbrain dopaminergic (mDA) neurons,
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our team has made the observation that L1 elements are expressed at basal levels in healthy
wild-type neurons. This has lead us to question whether these L1 elements could participate in
normal cell function. In order to address this question, we have mapped the localisation of full-
length L1 (fIL1) elements throughout the reference mouse (mm9) genome and observed that
they are enriched in neuronal long genes (>100kb). In order to test the importance of L1
elements in neuronal physiology we blocked L1 activity by multiple approaches in vivo and in
vitro and assessed the levels of expression of selected long genes encompassing an intronic L1
sequence. Our results show that blocking L1 greatly impacts expression levels for genes of
decisive importance in neuronal communication and function. We hypothesize that L1
elements facilitate the transcription of long genes, by inducing DNA breaks in a topoisomerase-
like manner. Mechanistically, we propose that L1 activity exerts the latter activity by
interacting with multiple cellular factors, including topoisomerase 1 (TOP1), but also host
RNA-binding proteins implicated in the expression of long genes such as SFPQ, TDP-43 and
FUS.
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Results

fIL1 are enriched in Long Genes

Analysing the mouse (mm9) reference genome, we find that 651 of the 2887 total fIL1
elements annotated in the L1Basev2 database are located in gene introns. Most of these
“hosting genes” are exceptionally long genes (>100kB) (Fig 1.a). Comparing this frequency
with random distribution, it appears that the presence of flL1s in introns of long genes is higher
than by pure chance and thus independently of gene length (Fig 1.b). Full-length L1 do not
insert randomly, but the basis of their insertion preferences is still not completely understood.
However, no evidence points, so far, toward a preferential insertion of fIL1s in intronic regions.
Thus, the preferential presence of flL1s in introns of long genes, specifically, could suggest
that flL1 have been retained during evolution in long introns through positive or neutral
selection. It is known that, of the approximately 3000 flL1 annotated in the mouse genome,
only a subset is expressed from so-called “hotspots” in a tissue-specific manner (Philippe et al.
2016; Deininger et al., 2016). We have re-analyzed our previously generated RNA-seq data
from laser-capture microdissected wildtype mouse substantia nigra pars compacta tissue
(SNpc, n=2, each n comprised of four pooled SNpcs) to specifically identify genomic regions
from which L1 elements are expressed (“L1 hotspot™ analysis, RepEnrich). Concordantly, in
the SNpc, we find evidence of expression of only a small subset of flL1. Interestingly, these
flIL1 expression hotspots are preferentially located in long genes and we observe a positive
correlation between the expression level of fIL1 and that of fIL1 containing host genes (Fig 1.

cand d).
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Figure 1: Analysis of genes containing intronic fIL1

a) Size if genes continaing flL1 or without flL1 using all annotated genes in the Mus muscu-
lus (house mouse) genome assembly MGSCv37 (mm9) from Genome Reference Consortium
[GCA_000001635.1 GCF_000001635.18] (n=20318). All flL1-hosting genes (n=472) were analyzed
in GO. Depicted are the top10 categories of 95 significantly enriched and 2 significantly depleted
GO categories in GO biological process (right Y-axis: FDR p-value and left Y-axis: Fold-enrichment).
Genes containing an intronic flL1 are enriched in neuronal-related GO terms.
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Figure 1: Analysis of genes containing intronic fIL1

b) Analysis of the frequency of intronic flL1s in the mouse genome. All annotated genes in the Mus
musculus (house mouse) genome assembly were divided into ten equally sized bins (2014 genes/bin)
depending on their gene length. All gene intervals within a bin were then joined with the sequence in-
tervals of mouse fIL1s as annotated in L1Basev2 (2780 regions) adjusted through crossing with the Re-
peatMasker annotation using Galaxy. The presence of flL1s per bin were counted and the number of hits
was divided by the length of the respective bin in base pair (bp). Two random datasets with equal interval
spaces as in the flL1 annotation were generated and randomly distributed across mouse chromosomes
(Kruskall-Wallis non-parametric ANOVA followed by Dunn’s multiple comparison test, a<0.05, * p<0.05).



O
o

o 400q
©
©
()
-
S 3004
’qh_) Caqm2
1004 Re)
g 200
= . Nrxn3
c .
50+ % ]
W1, o 100+ =
- T p <0.0001 9 (.3r1a2
25 X ..Nbea
q) .
>~ O L] = L] L] L] 1
- 0 500 1000 1500 2000 2500
204 Y—

Hosting gene expression (base mean)

fIL1 annotations (number)

5- ‘

0000

Figure 1: RNA-seq analysis of intronic fIL1 and hosting gene expression in Ia-
ser-captured SNpc from two independent pools (n=4) of Swiss wildtype mice.
c) “Hotspot” analysis of flL1 reveals differences and similarities in the frequency of hotspots in the
mouse SNpc. RepEnrich was used to estimate expression levels of flL1s annotated in L1Basev2 in
RNA-seq data from mouse wildtype laser-captured SNpc (n=2 independent RNA-seq experiments,
WT1 and WT2, pooled SNpcs (n=4 each)). The number of flL1s per bin of mapped read numbers
from each pool of wildtype SNpcs was plotted in a frequency distribution (bin size=651, Kolm-
ogorov-Smirnov test, p<0.0001). d) FIL1s expression correlates with the expression of hosting
genes. The number of reads per flL1 was correlated with the base mean expression of their host-
ing genes by linear regression analysis (p<0.0001, goodness of fit r2=0.17, Y = 0.07282*X + 13,23).



Down regulation of L1 expression impacts gene expression and respective protein
levels

To test whether L1 elements could impact the expression of the long genes containing fIL1 in
their intronic sequences, we down regulated L1 activity by three different means in vivo and in
vitro:

(1)  using the drug stavudine, an inhibitor of reverse transcriptase

(i)  introducing a siRNA directed against L1-ORF2 and ORF1 sequence

coupled to penetratin as well as

(i)  inducing a gain of function of PIWI by AAV delivery, a known

repressor of L1 elements in germ cells.
In vivo we performed stereotaxic injections just above the SNpc of wild type Swiss mice of
either the AAV-PIWI for 5 weeks or infusion of the siRNA for 72h. In vitro, the stavudine
treatment of 10div midbrain primary neurons was 48h. To test the efficacy of all three
techniques we assessed levels of L1 elements, either by ORF1p immunohistochemistry to
validate the decrease of L1 protein levels or by qPCRs to quantify RNA levels (Sup 1 page
103). In all three conditions, qRT-PCR were performed to assess the levels of expression of
long genes containing flL.1 as well as of short genes for control. The results show that the
expression of long genes correlates with the expression of L1 elements: when L1 elements are
repressed, the levels of expression of long genes are decreased (Fig 2.). On the other hand, the
four short genes tested did not show altered levels of expression.
To further evaluate this effect at the protein level, we carried out immunohistochemistry
staining for two candidates, NRXN3 and GRID2, in TH neurons and quantified the intensity
of the staining in the control condition (siSCRBL) versus the siORF2 infused side.
Quantifications demonstrate that proteins levels are decreased in the siORF2 condition. This
effect is stronger for NRXN3 than for GRID2 (Fig 3.).
We find that the decrease in long gene expression after treatment with stavudine is mirroring
the previously described effects of the topoisomerase 2 (TOP2) inhibitor etoposide (our own
data not shown here and (Madabhushi et al., 2015)) and of the topoisomerase 1 (TOPI)
inhibitor topotecan (our own data Fig 2.c and (King et al., 2013a)) on long gene expression.
This suggests that L1 might facilitate long gene expression in a “topoisomerase-like” manner.
We thus wondered whether L1 elements interact with TOP1 and other proteins implicated in

DNA transcription.
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Gene expression by RT-gPCR ( n =3 mice)
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Intensity of NRXNS3 staining in TH neurons
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b) Immunohistochemistry against NRXN3 and GRID2 in siORF2 and siSCBL conditions



Mapping the L1 protein interactome in neurons

In order to understand the pathway by which L1 elements might impact gene expression we
decided to pursue a mass spectrometry (MS) approach in collaboration with the proteomic
platform at the Institut Curie to search for interactors of the coding protein ORF1p of L1
elements. To do so, we performed a pull-down on magnetic beads coupled with anti-ORF1p or
IgG rabbit (negative control) antibodies, starting from the pooled SNpc of 8 wild-type mice.
This has allowed us to identify around 200 potential interactors and to conduct a GO slim
ontology analysis (see Material and Method section). Very interestingly, the top three hits
included ribonucleoprotein complex assembly, translation and mRNA processing, suggesting
that ORF1p could interfere in association with RNA binding proteins to regulate gene
expression (Fig. 4 a). These interactions, although very encouraging, must obviously be
confirmed by other approaches, including co-immunoprecipitation. It is however comforting
to realise that other teams have published ORF1p MS data that are in accordance with our own
data. For example, out of the 9 proteins identified by Taylor and colleagues as interactors of
ORF1p in HEK cells (Taylor et al., 2018), we find 6 proteins which are either identical or of
the same family (Fig. 4 b). Furthermore, the demonstration by the same group that ORF2p
interacts with TOP1 incited us to validate the interaction of TOP1 with ORF1p as illustrated in

the co-immunoprecipitation and western blot of Figure 4.c.

It is of note for further studies in the field of neurodegeneration that our MS analysis revealed
the presence neurodegeneration-relevant proteins including FUS and TDP43 (Amyotrophic
Lateral Sclerosis), TAU (Alzheimer disease) and DJ-1 (PD). Several studies carried out in in
vitro cell models have observed a colocalisation of ORF1p with FUS or TDP-43 (Goodier et
al., 2007a; Pereira et al., 2018). Interestingly, the loss of TDP43 and FUS preferentially affects
the splicing of transcripts with long (> 100 kb) first introns (Lagier-Tourenne et al., 2012).

Again, direct co-immunoprecipitations will have to confirm these data.
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[ GoTerm | Enrichment | P-value | Transport
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Taylor et al., 2018 co-IP Own MS
Gene Symbol [ Uniprot Symbol Protein Gene Symbol Uniprot Symbol Protein
YARS2 Q9Y2z4 Tyrosine—tRNA ligase, mitochondrial YARS2 Q8BYL4 Tyrosine—tRNA ligase, mitochondrial
ERAL1 075616 GTPase Era, mitochondrial ERALA1 Q9CZU4 GTPase Era, mitochondrial
PABPC4L P0OCB38 Polyadenylate-binding protein 4-like PABPC1 P29341 Polyadenylate-binding protein 1-like
HIST1H2BO P23527 Histone H2B type 1-O HIST1 P10922 Histone H1.0
CORO1B Q9BR76 Coronin-1B CORO1A and CORO2HQ8BH44/ 089053 |Coronin-1A and Coronin-2B
DDX6 P26196 Probable ATP-dependent RNA helicase DDX6 |DDX3 and DDX17 Q62167/Q501J6 Probable ATP-dependent RNA helicase DDX3/17
TROVE2 P10155 60 kDa SS-A/Ro ribonucleoprotein Not found
LARP7 Q4G0J3 La-related protein 7 Not found
MEPCE Q7L2J0 75K snRNA methylphosphate capping enzyme Not found
C
IP

Input Orfip IgG

ORF1P =8 ( 40 kDa

TOP1 f . ti <« 90kDa

Figure 4: Characterisation of the L1 interactome in the SNpc of wild-type mice
a) GO Analysis of the ORF1ip co-IP after MS with enrichment and p-value (GO
terms with p-value under 10E-6 were excluded), GO method is described in Mate-
rial and Method. Word Cloud of GO terms is ranked in function of enrichment values.
b) Table comparing the ORF1P interactors described in Taylor et al.,2018 in HEK cells and our own
MS results.

c) Western blot against ORF1P and TOP1 after pull down of ORF1P antibody and IgG (control).



SFPQ, an RNA-binding protein implicated in long gene transcription, potentially
interacts with ORFl1p

Apart from the putative direct or indirect ORF1p interactors mentioned above SFPQ, a splicing
factor and RNA-binding protein attracted our attention. Indeed, it has recently been shown that
the SFPQ loss-of-function in mice leads to neurodegeneration due to a specific perturbation of
long-gene transcription, a process termed “long-gene transcriptopathy” (Takeuchi et al., 2018).
This supports the view that long genes enriched in neuronal functions undergo a specific
transcriptional and co-transcriptional regulation and that disturbing this process leads to
neurodegeneration (Gabel et al., 2015; King et al., 2013b; Zylka et al., 2015). Furthermore,
SFPQ has been implicated in ALS disease (Luisier et al., 2018) and display a nucleo-
cytoplasmic redistribution in brain neurons of patients with Alzheimer or Pick disease (Ke et
al., 2012). Interestingly, one early feature of Alzheimer disease is the up-regulation of long
genes in hippocampal cells (Barbash and Sakmar, 2017).

We recapitulated nuclear to cytoplasmic displacement of SFPQ in the SNpc after acute
oxidative 6-OHDA stress in vivo. Nuclear depletion starts as early as 1h (Fig. 5 a) until total
cytoplasmic redistribution at 24h (Fig. S b). This is specific for TH neurons that selectively
uptake the 6-OHDA. This nuclear depletion of SFPQ also observed in AD and Pick might be
a shared feature of several neurodegenerative diseases. Furthermore, as oxidative stress induces
an increase in L1 element expression (Rekaik 2015, de Thé, 2017), we cannot exclude that
SFPQ is redistributed via L1 gene products. Supporting this hypothesis, the loss of function of
L1 elements following the siORF2 infusion in the SNpc of wild-type mice is characterized by
a complete extinction of the SFPQ signal (Fig. 5 ¢), compared to the control condition

(siSCBRL).

96



a 1000 Mann-Whitey Test
TH SFPQ
800- o’ S,
oo A
g L) (L) ¢ .:::r::::.
O & 6004 e ‘.
E ° t .O'gc::‘.:t'.
(.‘L,l,:) LI oo °®® W
2 4001 PRy Shtapm—t
g Py Prrr s e
£ S I e
s '.': :’:: ) )
200+ lsets .
O Mean :470 Mean :417
c L T
R oF
6-OHDA 1h © &
Injected Side
H TH SFPQ TH SFPQ

CTRL 6-OHDA 24h

SFPQ SFPQ

siSCRBL siORF2

Figure 5: SFPQ protein levels vary in oxidative stress and LOF of LINE-1 conditions
a) TH (blue) and SFPQ (green) staining after injection of 6-OHDA in the SNpc of Swiss WT mice. Quan-
tification of SFPQ nuclear staining in TH neurons in 6-OHDA injected and non-injected side (CTRL)
after 1h. Number of mice n = 4; number of slides per mice n = 3; total number of neurons counted in
CTRL and 6-OHDA conditions n = 260 and 263. The data did not pass Normality test, Mann-Whit-
ney test p-value < 0.0001 ****. b) TH (red) and SFPQ (green) staining 24h after 6-OHDA injection. c)
SFPQ (green) staining in LINE-1 LOF by siORF2 infusion and in CTRL condition (siSCRBL infusion)



Plan of action to ascertain current preliminary results

Our results, although of potential interest, are still preliminary and need to be completed by the

following experiments:

The group of Clemens Scherzer at Harvard Medical School has recently generated a
unique single-cell post-mortem RNA-seq dataset of human dopaminergic neurons from
93 individuals with ages ranging from 38 to 99 years, available through the database of
Genotypes and Phenotypes (dbGaP). We will analyse the repetitive element expression
repertoire in these neurons and characterize age- and gender-associated changes in flL1
and host gene expression. More specifically, we will focus on the characterization of

genomic hotspots from which flL1s are expressed.

To specifically target L1 RNA, we will use antisense oligonucleotides (ASOs) which
have been shown, in a different system, to efficiently downregulate nuclear L1-RNA
expression (Percharde et al., 2018). Among the different ASOs available, we will use
LNA-GapmeRs which specifically and efficiently target nuclear RNAs and degrade

them via a RNAseH-dependent mechanism.

We will analyse the effects of L1 LOF in a genome-wide manner using ATAC-sec and
long-read RNA-sequencing. ATAC-seq is a method to assess genome-wide chromatin
accessibility. It utilizes a hyperactive TnS5 transposase to insert sequencing adapters into
open chromatin regions. Reads obtained through high-throughput sequencing thus
indicate regions of increased chromatin accessibility. This will allow us to study if L1
expression can impact chromatin organization and accessibility to specific genes. Long-
read sequencing will provide information on the regulation of gene expression in an
unbiased way and tell us whether L1 elements specifically modify the transcription of

long genes.

Finally, we further need to characterize the mechanism by which L1 elements regulate

gene expression.

The overall study will be discussed in the discussion Part III of the thesis.
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Materials and Methods

Animals

Mice were treated following the guidelines for the care and use of laboratory animals (US
National Institute of Health) and European Directive 2010/63/UE. All experimental procedures
were validated by the ethical committee (CEA 59) of the French Ministry for Research and
Education. Swiss OF1 wt (Janvier) were maintained under a 12 h day/night cycle with ad
libitum access to food and water. A maximum of six mice were housed per cage, and cotton
material was provided for nest building. Experimental groups consisted of three to eight adult

male mice. No randomization or blinding was used.

In vivo stereotaxic injections

For injections, mice were placed in a stereotaxic instrument, and a trepanation hole was drilled
into the skull 3.3 mm caudal and 1 mm lateral to the Bregma. The needle was lowered 3.8 mm
from the skull surface, and AAVS8-Eifla-PiwiMyc or - AAVS8-Eifla-GFP or mCherry (Vector
Biolabs 2ul, 10'* GC/ul) or siORF2/siSCRBL (QUIAGEN) injections were performed over 15
min at day 0.

Cell primary Cultures

Midbrain primary neurons were dissected from E 14.5 embryos and cultured in Neurobasal
medium (Life Technologies) supplemented with glutamine (500 1M, Sigma), glutamic acid (3.3
mg/l Sigma) aspartic acid (3.7 mg/l, Sigma), anti-anti (Gibco), and B27 (Gibco) in cell-culture
dishes coated with poly-ornithine and laminin. Cells were treated where indicated by adding
stavudine to the culture medium at indicated concentrations. For RNA extraction, cells were

washed with PBS 1X and 500ul of Quiazol (Invitrogen) were added per well.

Western Blot

Protein extracts were run on NuPAGE™ 4-12% Bis-Tris gels (ThermoFischer Scientific
NP0323B0OX). The samples migrated in 1X MES or MOPS solution at 200V for 1h. Transfer
was performed at 400mA for 1h on PVDF membranes. Membranes were blocked in 5% Milk-
TBST 1h, incubated overnight at 4 °C with primary antibodies in 2.5% milk-TBST, rinsed 30
min in TBST, incubated 1h at room temperature with secondary HRP antibodies in 2.5% milk-
TBST. Following a 30min TBST wash the membranes were revealed with ImageQuant LAS-
400 (GE Healthcare).
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Immunostaining

Immunostaining was achieved as described (Alvarez-Fischer et al, 2011). The following
primary antibodies were used: anti TH chicken (Abcam, ab76442), anti Nrxn3 Sheep, anti
Grid2 Rabbit, anti Orflp Guinea Pig (In house). All primary antibodies were used at a dilution
of 1/500. Secondary antibodies were as follows: 488 anti- chicken, 647 anti-guinea pig, 488
anti-mouse, 546 anti-chicken, 647 anti rabbit Alexa Fluor (Life Technologies). Secondary
antibodies were used at a dilution of 1/1000. Labelled immunohistochemistry of brain sections
were imaged by confocal microscopy (CSU Yokogawa Spinning Disk W1) and by Wide field

(Axiozoom Zeiss).

RT- gPCR

Cultured cell total RNA was extracted with the mRNeasy Mini Kit (Qiagen) with DNA
removal using Quiazol and processed with the QuantiTect Reverse Transcription Kit (Qiagen).
cDNA was diluted 1:50 with RNase-free water for quantitative PCR samples, which were
analyzed in duplicates with a LightCycler 480 II (Roche) and SYBR Green I Master mix. After
Tm profile validation, gene expression was determined by the 2—AACt method with Hprt or

Gapdh as control genes.

Co-Immunoprecipitation and subsequent MS

Proteins from dissected SNpc were extracted in Tris-HCl pH 7.5 10mM, 150mM NaCl,
0.5%NP-40 with protease inhibitors (Pierce Thermo Scientific) and incubated for 2 hours at
4°C with 50ul of Orflp/IgG Magnetic Beads prepared according to the Dynabeads Coupling
Kit (LifeTech). After 5 washes with TrisHCI 10mM, 150Mm NaCl with protease inhibitors,
magnetic beads were washed thrice with 100 uL of 25 mM NH4HCO3 and on-beads digestion
was performed with 0.6 pg of trypsine/LysC (Promega) for 1 hour in 100 pL 25 mM
NH4HCO3. Sample were desalted on homemade C18 StageTips for desalting, peptides eluted
using 40/60 MeCN/H20 + 0.1% formic acid and vacuum concentrated to dryness.

Online chromatography was performed with an RSLCnano system (Ultimate 3000, Thermo
Scientific) coupled online to a Q Exactive HF-X with a Nanospay Flex ion source (Thermo
Scientific). Peptides were first trapped on a C18 column (75 um inner diameter X 2 cm;
nanoViper Acclaim PepMapTM 100, Thermo Scientific) with buffer A (2/98 MeCN/H20 in
0.1% formic acid) at a flow rate of 2.5 uL/min over 4 min. Separation was then performed on

a 50 cm x 75 pm C18 column (nanoViper Acclaim PepMapTM RSLC, 2 um, 100A, Thermo
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Scientific) regulated to a temperature of 50°C with a linear gradient of 2% to 30% buffer B
(100% MeCN in 0.1% formic acid) at a flow rate of 300 nL/min over 91 min. MS full scans
were performed in the ultrahigh-field Orbitrap mass analyzer in ranges m/z 375-1500 with a
resolution of 120 000 at m/z 200. The top 20 intense ions were subjected to Orbitrap for further
fragmentation via high energy collision dissociation (HCD) activation and a resolution of
15 000 with the intensity threshold kept at 1.3 x 105. We selected ions with charge state from
2+ to 6+ for screening. Normalized collision energy (NCE) was set at 27 and the dynamic
exclusion of 40s. For identification, the data were searched against the Mus musculus
(UP000000589 10090 012019) database using Sequest HF through proteome discoverer
(version 2.2). Enzyme specificity was set to trypsin and a maximum of two-missed cleavage
sites were allowed. Oxidized and loss of methionine and N-terminal acetylation were set as
variable modifications. Maximum allowed mass deviation was set to 10 ppm for monoisotopic
precursor ions and 0.02 Da for MS/MS peaks. The resulting files were further processed using
myProMS (Poullet et al, 2007) v3.6 (work in progress). FDR calculation used Percolator and
was set to 1% at the peptide level for the whole study. GO enrichment analysis was performed

as in Kowal et al. (PNAS, 2016)

Supplementary material

Supplemental 1: Validation of the L1-LOF Tool

101



a Orf1p Quantifications in AAV8-Piwi injected mice

(n =3 mice)
25m
B *** p<0.0001
o g 20
AAV-Piwi S
o
[0]
S 15+
Piwill oy Il Contra
5 Il Ipsi
2 10+
AAV-CTRL £
2
§ 5
Piwil1 <
O=
P ® S LS P RLLEPPR LSS P
b ORF1p intensity
Orf1p Quantifications in siORF2/CTRL injected mice
(n =3 mice/condition)
L
7 *** p<0.0001 WM SICTRLIpsi
8 Bl SiORF Ipsi
siORF2 g 209
@
<
[O]
S 154
)
C
g
2 104
Y
. g
siSCRBL = 5
©
o
0-
O D PO DO DDA D O
LR RV P PP R P R o N D
ORF1p intensity
C Level of expression of L1 elements

Midbrain Primary Cultures treated with Stavudine

ke *kk

-

(&

o
1

1004

I Control
I Topotecan
Il Stav10
Il Stav50

% of Control and normalised to Gapdh
[42]
o
L

o
L

\
< N

v

Supplementary 1 : Validation of anti-L1 elements tools a) Immunohistochemistry and
Quantifications of Orfip in TH neurons in AAV8-Piwi injections (N = 3 mice and 212 TH neu-
rons on Ipsi side versus 226 neurons on Contra side) b) Immunohistochemistry and Quan-
tifications of Orfip in TH neurons in siORF2 lpsi infusions and siCTRL lpsi infusions (N =
3 mice / condition and 140 TH neurons for siORF2 versus 155 TH neurons for siCTRL)
c) gPCR for LineA/Tf for in vitro treatment of midbrain primary neurons with Stavudine



DISCUSSION






Part I: ENGRAILED, a multi-faceted protein, more than just a

transcription factor during development

Since ENGRAILED is a potential therapeutic protein for PD, better understanding its
mode of action and deciphering its cell-autonomous versus non-cell autonomous functions in
mDA neurons is important. In this study, we demonstrate that non-cell autonomous
ENGRAILED plays a role in mDA neuron dendritic maintenance and survival in vivo and in
dendritic maintenance of midbrain primary neurons expressing ENGRAILED in vitro. In a first
approach aimed at understanding the regulation of dendrite stability, I have started to decipher

the effect of ENGRAILED on small GTP binding proteins of the Rho-Rac-CDC42 family.

What are the direct targets of ENGRAILED following internalisation?

Previous studies conducted in the lab demonstrated that ENGRAILED, in addition to
its transcriptional activity also regulates mRNA translation through an interaction with the
translation initiation factor EIF4E and that this is part of the mechanism involved in growth
cone collapse and synapse maintenance (Brunet et al., 2005; Wizenmann et al., 2009a; Nedelec
2011; Stettler 2012; Yoon 2012). Among the translational targets are mitochondrial proteins,
including NDUFS1, NDUFS3, and LAMINB2. LAMINB2 is known as a protein from the
intermediate filament family present in the nuclear lamina of the inner nuclear membrane
(Prokocimer et al., 2009). Accordingly, lamin mutations alter the heretochromatin and induce
laminopathies, rare diseases provoking rapid aging (Worman, 2012). This made the
observation of LAMINB2 in the axon very surprising and suggested novel functions associated

with translation—regulated mitochondrial activity and axon integrity (Yoon et al., 2012).

Before coming back to the point of mitochondrial activity, I will just indicate that I
envisage to identify all ENGRAILED translational targets through an unbiased approach. To
that end I will perform Translating Ribosome Affinity Purification (TRAP) experiments in gain
of function paradigms. Indeed, the TRAP technique permits the purification and sequencing of
mRNAs “under translation” thanks to EGFP tagged ribosomes pulled down by EGFP magnetic
beads. This will be done first in EN-expressing midbrain neurons in culture and then in vivo

using a TH or DAT promoter allowing for specific expression in mDA neurons.
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Does Non-cell autonomous ENGRAILED regulate dendritic maintenance via
physiological eustress?

Coming back to mitochondrial activity, it can be recalled that not only does
ENGRAILED regulate the translation of complex I mitochondrial proteins (Alvarez-Fischer
2011), but also induces oligomycin-sensitive mitochondrial ATP synthesis within 100 seconds
following its addition to the culture medium (Stettler et al., 2012). In the same report, Stettler
and colleagues show that the ATP is secreted, degraded into adenosine and induces axonal
growth cone collapse through an activation of adenosine Receptor 1. It is possible that a similar,
but opposite, mechanism may contribute to dendritic elongation in vitro. This might also be
the case in vivo, although the loss of dendrites could be secondary to mDA cell death or to a
disruption of synaptic contact not related to dendrite growth or retraction. Finally, it must not
be forgotten that ATP can have an intracellular activity by providing the energy necessary to
the dynamic modification of the cytoskeleton, in particular through GTP recycling necessary

for small GTP-binding protein activity (Heasman and Ridley, 2008).

It cannot be forgotten that ATP synthesis is paralleled with reactive oxygen species
(ROS) synthesis, a class of highly reactive molecules and by-products of oxygen reduction.
The main sources of endogenous ROS in the cell are the respiratory chain of the mitochondria
and the NADPH oxidases (NOX), a transmembrane enzyme complex (Halliwell, 1992). An
improper balance between ROS production and detoxification by the antioxidant enzymes of
the cell (superoxide dismutase-SOD, catalase, vitamins) has been hypothesized as one of the
major culprit in neurodegenerative diseases (Ames et al., 1993; Sorce and Krause, 2009; ZHOU
et al., 2008). Indeed, in PD, changes in antioxidant molecules and mitochondrial dysfunction

of complex I have been reported (Dias et al., 2013).

However, in the last decade a growing body of literature has come to support the need
of distinguishing (i) an overproduction of ROS inducing cell death: distress and (ii) a
physiological levels of ROS participating in cell signalling: eustress. Indeed, at low levels,
ROS have been shown to participate not only in development and regeneration but also in cell
survival through the activation of the MAPK or NFkB pathways. In the adult central nervous
system (CNS), the physiological importance of ROS produced by NOX enzymes is now under
active investigation and several NOX enzymes are expressed in astrocytes as well as in neurons
(for review (Sorce and Krause, 2009)). To illustrate the diversity of ROS activities, I will just

mention their participation in the differentiation of neural progenitors (Le Belle et al., 2011),
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the control of neurite outgrowth in Aplysia (Munnamalai et al., 2014) and the modulation of

dopamine release (Sidl6 et al., 2008).

In this context, [ want to thank Irene Amblard, Edmond Dupont, Alain Joliot and Sophie
Vriz to have allowed me to use their unpublished results to illustrate the link between
ENGRAILED, local morphological changes and ROS production. They demonstrated that the
internalisation of ENGRAILED by HeLa cells induces the formation of filopodia and that this
induction is mediated by an increase in ROS levels. This is demonstrated by the fact that an
artificial increase in H,O, is sufficient to generate filopodia formation and, conversely, that
blocking the H,O, increase with catalase abolishes this effect (see Figure). Indeed, this needs
to be replicated in neural cells, but it strongly suggests that local morphological changes can

be triggered by physiological interactions between ENGRAILED and ROS.
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Figure 28: Engrailed internalisation increases H2O2 levels sufficient to induce filopodia. a) Quantifications of H202 levels
upon EN2 treatment. b) Quantifications of H202 levels and filopodia formation in cells expressing catalase. From Amblard et
al., in prep
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ENGRAILED as a potential therapeutic protein for Parkinson disease

As depicted in Figure 29, ENGRAILED regulates many cellular pathways promoting
neuronal survival. This allows ENGRAILED to multi-modally address dysregulations
occurring in neurodegenerative or aging processes. In the following lines, [ will highlight some
of these dysregulations and how ENGRAILED could represent a therapeutic answer to the

disorders that the dysregulations create.

Figure 29: Engrailed multi-modal protective activity in mDA neurons. Taken from Di Nardo et al., 2018.

Oxidative stress: In addition to protecting against mutated a-synuclein, ENGRAILED is
protective in several models of oxidative stress including MPTP, H,O,, 6-OHDA and
rotenone (Alvarez-Fisher et al 2011). Furthermore, as mentioned above, the oxidative status
of the cell could impact the signalling capacity of ENGRAILED and reduce its non-cell

autonomous trophic activities.

Mitochondrial dysfunctions: A decreased activity in the mitochondrial complex I with
aging has been reported (Green et al., 2011). In this context, it is interesting that part of the
immediate ENGRAILED pro-surviving activity is through its ability to regulate complex I

protein translation (Alvarez-Fischer et al., 2011).
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Epigenetic marks: As already mentioned, Engrailed hypomorphism and oxidative stress
disrupt several epigenetic marks including H3K9me3, H3K27me3. An acute injection of
ENGRAILED in the SNpc, not only saves the neurons against 6-OHDA but also restores
all epigenetic marks (Rekaik et al., 2015).

Genome instability: Engrailed hypomorphism and oxidative stress induce the expression
of mobile elements, in particular of the L1 family (Rekaik et al., 2015; Blaudin de Thé et
al., 2018). This overexpression is responsible for the accumulation of breaks and a possible
origin of genome instabilities. ENGRAILED protective activity is in part through its action
on heterochromatin maintenance and its direct repressive activity at the level of LI

promoters (Blaudin de Thé et al., 2018).

Loss of proteostasis: many neurodegenerative diseases have for feature the aberrant
accumulation of proteins. Should it be a-SYNUCLEIN for PD, HUNTINGTIN for
Huntington Disease or TAU for Alzheimer Disease, this suggests inefficient protein
degradation. By impacting the mTOR pathway ENGRAILED could reactivate autophagy.

Furthermore, EN1/2 regulates expression of a-synuclein (Simon et al., 2001).

Neuroinflammation: En/+/- mice depict elevated levels of IBA1 (Ghosh et al., 2016).
IBA1 is a marker of activated microglia and a feature of many neurodegenerative disorders
(Forno et al.,, 1992). The exact participation of activated astrocytes to the
neurodegenerative process remains unclear. However, one hypothesis would be that

sustained exposure of neurons to pro-inflammatory mediators induce cell death (Heneka et

al., 2014).

Axonal fragmentation: our non-cell autonomous study shows that ENGRAILED

maintains axons and this is also supported by another study (Nordstrom et al., 2015).

Our own published work on the role of cell autonomous ENGRAILED in mDA neuron

survival and protection (Blaudib de Thé et al, 2018) as well as our preliminary data on the non-

cell autonomous trophic activity of this transcription factor lend weight to the idea that it could

be used as a potential therapeutic agent. Spontaneously, one thinks of expressing ENGRAILED

through gene therapy. However, the approach favoured by the group is to use directly the

protein and to avoid a viral intermediate.
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The reason why this choice was made is that, through its epigenetic activity, the effects
of ENGRAILED as a protein are long lasting, up to at least 16 weeks in the rodent
(unpublished) or the non-human primate taking locomotion as a read-out (Thomasson et al
2019). Even though the delivery of ENGRAILED could be done through the blood-brain-
barrier (Bera et al., 2016), the strategy developed by BrainEver, a biotechnology company
founded to develop therapeutic homeoproteins, is a direct stereological injection allowing one
to specifically target the mDA neurons from the SNpc. The first clinical trial in humans is

scheduled for 2020.

Non-cell autonomous ENGRAILED signalling: questions on regulation and
specificity

As detailed above, ENGRAILED is a multi-modal protein activating various pathways. For
this reason, one can anticipate that its signalling activity presents some degree of regulation
and specificity.

Working on EN2, Joliot and his colleagues have demonstrated that EN2 secretion is
regulated in vivo by its phosphorylation on identified serine residues by Caseine Kinase 2
(CK2) (Maizel et al., 2002). Phosphorylation of this serine —rich domains blocks both secretion
and nuclear addressing, raising the possibility that the protein needs to go through the nucleus
to gain access to a secretion pathway. This hypothesis is supported by the fact the Al secretion
sequence is also a nuclear export sequence conserved in most HPs (Joliot et al., 1998). If so,
one must consider that all regulatory mechanisms for nuclear import and export may participate
in the regulation of secretion. Corroborating the interest of this phosphorylation domain is the
finding, in the same study, that EN2 is phosphorylated in vivo and can be co-immuno-
precipitated with CK2 (Maizel et al., 2002). In addition, these studies raise the intriguing
possibility that HP nuclear and signalling activities are closely associated.

Another important issue is how the secreted proteins can find their targets cells. As
demonstrated earlier (Dupont et al., 2007; Joliot et al., 1997), EN2 associates with caveolae-
like vesicles and travels from the baso-lateral to apical side of the cell, thus from the dendrites
to the axon. This transport is interesting because it means that the protein might gain access to
the presynaptic compartment and be secreted at the synapse level. If so, target cell specificity
might be in part dictated by the neuronal network. This possibility is supported by experiments
in which OTX2 injected in the eye is transported by the retinal ganglion cell axons, and at least
two trans-synaptic passages later terminates in the parvalbumine GABAergic neurons (PV-

cells) in layer IV of the visual cortex, their natural targets (Sugiyama et al., 2008).
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This does not preclude the existence of specific binding sites present at the surface of the
receiving cells. The most developed example is that of OTX2 secreted by the choroid plexus
and specifically recognized, thanks to a specific glycosaminoglycan (GAG)-binding domain, a
complex GAG sequence at the surface of the PV-cells (Beurdeley et al., 2012; Miyata et al.,
2012). Interestingly, when EN1 was infused in the cortex, in contrast with OTX2, it did not
gain access specifically to PV-cells (Sugiyama et al., 2008). It would be very interesting to
characterize whether ENGRAILED, thanks to a domain very similar to the one identified in
OTX2, recognizes another GAG sequence at the surface of its own target cells. In fact, the
domain identified in OTX2 is present, with some variations, in most HPs (Prochiantz and Di
Nardo., 2015) and one can speculate the existence of a “sugar code” allowing HPs to recognize
their physiological cellular targets.

To conclude, this takes me naturally to the part of my work devoted to the non-cell
autonomous activity of ENGRAILED in the SN, probably in its reticulata part. If we are
correct, EN1 1is secreted by the dendrites (Di Nardo et al., 2007) and recaptured by its
environment, for one part the mDA cells themselves through an autocrine mechanism, but also
possibly by other cell types present in the environment, including the GABAergic neurons in
the SN pars reticulata. One can thus envisage that the different cell types that locally capture

EN1 express distinct or identical binding sites that still needs to be identified.
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Part II: Overactive L1 elements: drivers of neurological

disorders?

While studying the cell autonomous function of ENGRAILED, our team made the
observation that En/+/- mice present an increased expression of L1 elements. This led to
interrogate the importance of L1 elements in mDA degeneration. As the results of this study
have been discussed in the main paper of this document (Blaudin de Thé et al., 2018), I will
try to add novel elements to the discussion, hopefully without too many redundancies. Very
briefly, we showed that L1 elements are overexpressed in a mouse model of PD and are a driver
of neuronal degeneration by promoting DNA breaks, a form of genomic instability. Blocking
L1 activity by 3 different means (siRNA, stavudine, AAV-PIWI like 1) protects the neurons
from death. Finally, ENGRAILED blocks L1 expression by directly binding to their promoters.

L1 elements in the brain: false positives or real physiological phenomenon

The legitimacy of studying L1 elements in the brain is often questioned as illustrated
by a 2012 report suggesting that retrotransposition in somatic brain cells occurs much less often
than initially thought, almost a non-event (Evrony et al., 2012). This is at odds with the
demonstration of the insertion of L1 elements in the hippocampus, cerebellum cortex and
caudate nucleus of the human and rodent brain (Baillie et al., 2011; Coufal et al., 2009; Upton
et al., 2015). According to these studies, the rates of retrotransposition range from 80 to less
than 0.04 events per somatic neuronal cell (Coufal et al., 2009; Evrony et al., 2016). This
controversy raises the issue of the significance of L1 retrotransposition studies in somatic brain
cells and of its possible role in shaping neuronal diversity, possibly through Darwinian somatic

selection (Muotri et al., 2005, 2007).

Due to the repetitive nature of TEs, studying the rate of L1 retrotransposition is
particularly strenuous and requires specific analysis tools. Three main tools have allowed for
the study of the retrotransposition of L1. The first consists of an engineered L1 transfection
with an EGFP reporter to detect retrotransposition. This was used as first evidence in cultured
cells and rodent models to demonstrate that neuronal progenitor cells could accommodate
retrotransposition at high frequency (Muotri et al., 2005). The second, which replicated

previous studies, consists of a TagMan quantitative PCR-based L1 copy number variation

113



assay in order to estimate the enrichment of L1 copies (Coufal et al., 2009). Finally, the
emergence of whole-genome sequencing coupled with PCR validation and Sanger sequencing
allowed for more precise analyses of L1 insertion. The diversity of tools and models (single-
cell vs bulk) used as well as the bioinformatics tools to deconvolute the data could explain the

discrepancies reported in the rates of retrotransposition across studies.

However, the brain contains approximately 86 billions of neurons (Azevedo et al.,
2009) suggesting, as pointed out by many, that even low rates of retrotransposition at a cellular
level multiplied by the total number of neurons could greatly affect the neural network.
Furthermore, retrotransposition rates do not take into account functional and biological
relevance of TE expression, for example by providing a repertoire of non-coding RNAs, or
introducing breaks in the genome through the endonuclease activity of ORF2p. In this sense,
transcription, without subsequent retrotransposition, of mobile element sequences could have
regulatory functions. Unless one believes that 45% of the genome is composed of junk DNA
without physiological interest, this supports the necessity to study the importance of L1 in
physiological and pathological processes. My work and that of my colleagues in the laboratory
has primarily focused on the latter aspects (consequences of L1 expression and L1-RNP
association), independently of retrotransposition strictu senso. However, 1 will also discuss
some studies on retrotransposition, even though one must keep in mind that doubts exist

concerning the extent of retrotransposition in neural tissues.

L1 expression: drivers of local inflammation

Supporting our own work on the role of L1 expression in mDA neuron physiopathology
(Blaudin de Thé et al., 2018), recent publications underscore the idea that L1 over-expression
or retrotransposition is a driver of aging (De Cecco et al., 2013; Li et al., 2013; Simon et al.,
2019; Wood et al., 2016; Maxwell et al., 2011), of neurodevelopmental disorders such as
autism or schizophrenia (Shpyleva et al., 2018, Doyle et al., 2017) or of neurodegenerative
diseases (Guo et al., 2018; Krug et al., 2017; Savage et al., 2019;). Whereas our study
concentrates on how L1-induced DNA breaks can drive neurodegeneration, a recent report puts
forward L1-driven neuroinflammation (Thomas et al., 2017). This could be a complementary
path by which L1 elements are harmful to neurons.

An interesting illustration of a role of L1 elements in inflammation is the auto-immune

disease called Aicardi Goutieres Syndrome (AGS). AGS is a genetic encephalopathy, that can
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be misdiagnosed as an in utero viral infection due to common clinical features (Rice et al.,
2007). At the molecular level, one of the main feature of AGS is the activation of the Interferon
immunity pathways (Gouti¢Res et al., 1998). A set of seven genes has been linked to AGS:
Trexl, three types of RNaseH, Smadl, Adarl and Ifihl (Crow et al., 2006, 2015). Very
interestingly, many of these genes are associated with L1 elements. For instance, TREX1,
ADARI and SMADI repress the expression of L1 elements (Orecchini et al., 2017; Zhao et
al., 2013). Recently RNASEH has been implicated in the life cycle of L1 elements (Benitez-
Guijarro et al., 2018) and association of L1 elements with RNASEH has been observed
(Goodier et al., 2007b). We also found this association in our co-immunoprecipitation studies

(unpublished).

The idea of L1 elements driving inflammation resulting in neuronal loss has been
studied in the context of TREX1 deficiency (Thomas et al., 2017). Indeed, L1 expression due
to TREX1 deficiency, drives an inflammatory response in astrocytes by activating the
interferon (IFN) immune response in a similar manner than in AGS. The IFN is secreted in the
extracellular environment and drives neuronal degeneration while seemingly leaving astrocytes
unaffected. TREX1 is an exonuclease that depletes cytosolic aberrant ssDNA while RNASEH
resolves and degrades DNA-RNA hybrids. Deficiency in TREX1 and RNASEH induces the
accumulation of L1 ssDNA, and this accumulation triggers the inflammatory response.
However, the origin of the cytosolic ssDNA issued from L1 elements raises questions. The
authors suggest two potential sources (1) since L1 mRNA as well as the L1-RNP are present
in the cytosol they could produce ssDNA through a mechanism independent of chromosomal
DNA template (2) as by-product of the TPRT cycle in the nucleus, a fraction of the ssDNA is

cleaved and exits the nucleus towards the cytosol where it accumulates.

In the context of inflammation in other biological processes, L1 elements are
overexpressed in SIRT-6 deficient mice compared to control mice (Simon et al., 2019). The
overexpression of L1 elements drives inflammation and blocking L1 retrotransposition,
through reverse transcriptase inhibitors (analogue to stavudine), significantly improved the
health and lifespan of the SIRT-6 deficient mice. The significance of L1 elements in age-
associated inflammation is also supported by another recent analysis demonstrating that L1
derepression with aging induces the expression of IFN in senescent cells (De Cecco et al.,

2019).
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Inflammation mediated by L1 elements in astrocytes raises interest for
neurodegenerative diseases as a growing body of literature now involves astrocytes in
pathological processes (Amor et al., 2010; Fellner et al., 2013; Forno et al., 1992; Koedel et
al., 2007; Lotz et al., 2005; Okun et al., 2009). In the context of neurodegenerative disorders,
the drivers of inflammation have been hypothesized to be the misfolded proteins that aggregate,
such as a-SYNUCLEIN in PD. The chronic activation of microglia secreting pro-inflammatory
cytokines drives subsequent neuronal death (Fellner et al., 2013; Nagatsu and Sawada, 2005).
Furthermore, activated microglia show retracted processes that may impact their participation
at the level of synapses (Paolicelli et al., 2011; Schafer et al., 2012). In this sense, the idea that
L1 elements induces an inflammatory response is particularly relevant for neurodegenerative

diseases and adds up to their interest in the studies of brain pathologies.
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Reverse transcriptase inhibitors as potential medication?

The fact that anti-L1 strategies rescued neurons from degeneration brings forward the
idea of using anti-L1 strategies in therapeutic protocols. Indeed, we provide evidence that L1
over activity induces genomic instability, or at least harmful DNA strand breaks, which is a
feature of PD. Blocking L1 activity by three different means reduced the formation of the

breaks and rescued the neurons from degeneration (Blaudin de Thé et al., 2018).

In our study, we used the reverse transcriptase inhibitor named stavudine. Reverse
transcriptase inhibitors limit L1 retrotransposition by blocking the L1 ORF2p reverse
transcriptase activity (De Clercq, 2013). Reverse transcriptase inhibitors are divided in three
different families according to whether they are nucleoside (like stavudine), nucleotide or non-
nucleoside analogues. Since they inhibit retroviral progression, reverse transcriptase inhibitors
constitute the main therapeutic approach against HIV (Cory et al., 2015; Martin et al., 2010).
In a study comparing different nucleoside analogues, stavudine proved to be highly efficient to
block L1 retrotransposition assessed by GFP reporter (Martin et al., 2010). However, in our
study, we showed that using stavudine also reduced the number of breaks induced by ORF2P
(Blaudin de Thé et al., 2018). This constitutes a non-canonical role for reverse transcriptase
inhibitors against L1-elements. The exact mode of action is not elucidated, yet we showed that
chromatin bound L1-RNA was reduced upon stavudine treatment. We hypothesize that
stavudine reduces DNA damage, either by giving access to the DNA repair machinery by
unhooking the L1-RNP from the chromatin, or by preventing the second break occurring at the
last steps of TPRT to reinsert the L1. However, this is only speculative and other modes of

action cannot be precluded.

As already discussed, L1-induced inflammation, also a feature of the disease, was
antagonized by reverse transcriptase inhibitors with positive effects on neuronal survival (De
Cecco et al., 2019; Thomas et al., 2017). Furthermore, whole genome analysis of 20 brain
samples and 80 non-brain samples and characterization of retrotransposition events
demonstrated that retrotransposition is higher in patients affected by neurodevelopmental
disorders such as Rett syndrome, ataxia-telangiectasia and autism (Jacob-Hirsch et al., 2018).
The correlative nature of the study does not allow one to formally conclude that
retrotransposition is a driver of the disorders. However, in light of the genomic threat imposed

by retrotransposition, its participation in the pathology cannot be bluntly precluded. In support
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of this hypothesis, a recent study shows that using reverse transcriptase inhibitors can prevent
somatic APP recombination and modify AD progression (Lee et al., 2019). The authors
postulate that HIV patients, subjected to reverse transcriptase inhibitors as part of their
treatment, exhibit lower occurrence of neurodegenerative disease such as AD. It would indeed

be interesting to analyse whether this also true in the context of PD.

Allin all, several studies point towards a potential use of reverse transcriptase inhibitors
as potential therapeutic agents and our own group has deposited a patent protecting the use of
reverse transcriptase inhibitors in the treatment of neurodegenerative diseases (FR n° 14 60535,
31/10/ 2014 / International PCT/IB2015/ 058404, 30/10/2015). The hope is that anti reverse
transcriptase drugs, already approved for HIV treatments, could also be of use in

neurodegenerative diseases.
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Part Ill: Physiological roles of L1

What are the different levels of regulation by TE elements?

We made the observation that L1 elements are expressed at basal levels in the brain,
raising the issue of whether this expression could be of physiological relevance. Physiological
relevance of transposable elements is gaining ground in the scientific community. However,
most studies focused on the evolutionary emergence of regulatory sequences thanks to TEs.
This is an effect in “cis” whereby TEs act as regulatory sequences by adding promoter regions,
attracting transcription factors, forcing premature polyA insertion, influencing DNA
compaction and bringing evolutionary novelty by genomic rearrangements (Bourque et al.,
2008; Chuong et al., 2017; Kelley and Rinn, 2012; Lynch et al., 2011; Trizzino et al., 2017).
Several studies have shown the tissue-specific pattern enrichment of TEs in regulatory
sequences suggesting that TE can contribute to regulatory sequences in a tissue-specific way
(Trizzino et al., 2018). As potential heterochromatic “nucleators”, they could also shape the
genome in Hi-C/3D structure. Indeed, they potentially have the capacity to bind CTCF that are
known regulators of chromatin loops and domain boundaries for topologically associated
domains (TADs) establishments (Choudhary et al., 2018; Fudenberg et al., 2016; Jacques et
al., 2013). Since TEs actively move (or have moved) within the genome, they are good
candidates to “spread around” their sequences that are reminiscent of classical gene regulatory
networks. This overturns completely the view of TEs as purely parasitic but rather supports an

important co-optation of TEs with evolutionary benefits for the host (Friedli and Trono, 2015).

Our own preliminary results on the physiological role of L1 in neurons are of a different
flavour as they propose a role of L1 elements in ‘trans” in post-mitotic neuronal cells. The
capacity of TEs to act in “trans” as long non-coding RNAs has been addressed in few studies.
For instance, it has been demonstrated that the L1-RNA serves as a IncRNA essential for ESCs
renewal (Percharde et al., 2018) or the expression of L1 elements has been studied in neural
progenitors (Muotri et al., 2005). To my knowledge, no physiological “trans” role of L1

elements had been described in adult post-mitotic neurons.

L1 elements could affect cellular processes in “trans” in multiple ways: release of
regulatory RNAs and association of the RNP with host co-factors influencing mRNA splicing

or gene expression. For the moment, we are privileging the latter hypothesis, yet we do not
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exclude also a regulation of alternative splicing. Indeed, we have preliminary RNA-seq data
(not shown in the results section) that show altered levels of transcript splice variants in genes
containing L1 elements in the En/+/- mouse model which can be seen as an indirect gain of
function of L1 elements. We have started to analyse the expression of specific splice variants
of candidate genes upon L1 LOF. Nrxn3 caught our interest as there are two families of
variants: alpha and beta, with different functions. The beta family is expressed from a
secondary promoter located between Exon 17 and Exon 18 (Rowen et al., 2002; Tabuchi and
Stidhof, 2002). Nrxn3 alterations are also implicated in neurological disorders including autism
and AD (Vaags et al., 2012; Zheng et al., 2018). Interestingly, a fIL1 element is located exactly
in this alpha/beta switch region. Even though it is too early to raise any conclusions, we are

keeping an open eye on alternative transcription initiation and splicing.

We have carried out LOF of L1 elements by three different means in vivo and in vitro
and assessed by RT-qPCR gene expression of long and short genes. Long genes were selected
based on their expression and function in mDA neurons and on the presence of intronic fIL1.
We demonstrate a positive correlation between L1 expression and long gene expression. On
the other hand, the few short genes tested, more are needed, do not show altered levels of
expression in L1 LOF. At the protein level, two proteins (out of two tested) participating to

synaptic transmission, NRNXN3 and GRID2, showed diminished levels upon L1 LOF.

For the moment, we are focusing on:
1) The biological interest of using flL1 elements within long genes to facilitate
transcription
2) The extent of long genes concerned: is it only long genes containing flL.1 or all long
genes? To address this question, we will perform genome wide unbiased Nanopore-
Seq in LOF paradigms of L1 elements.

3) The potential mechanism and the L1 interactome
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Physiological role of L1 elements: breaking the strand to better transcribe?

Our main hypothesis on the importance of L1 elements for transcription originates from
the capacity of L1 elements to induce breaks combined with the topological constraints arising
during transcription. Indeed, as the transcription machinery moves along the gene, it induces
positive and negative supercoiling (Liu and Wang, 1987). In order to reduce the topological
constraints, topoisomerases induce transient DNA breaks by transesterification reactions to

relax the double strand (Chen et al., 2013).
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Figure 31: As the RNA polymerase moves along the DNA for transcription this induces positive supercoiling upstream and
negative supercoiling downstream thus blocking RNA transcription. DNA topoisomerase and DNA gyrase help resolve the
topological constraints. DNA gyrase is found in bacterial organisms, the equivalent in humans would be DNA Topoisomerase
1I. Taken from Dorman et al., 2016

In line with this, several studies have put forward the need to make breaks to better
transcribe. For instance, active breaks in promoter regions facilitate the rapid expression of
early response genes (Madabhushi et al., 2015). The results from the above paper are presented

in Figure 32.
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response genes. Taken from Madabhushi et al, 2015

As such, the longer the gene (> 100kb), the more subject it is to topological constraints.
It has been demonstrated that, in cultured cortical neurons, topoisomerase inhibition reduces
the levels of long-genes implicated in synaptic function and associated with autism (King et
al., 2013). Coincidently, transcripts of long genes are enriched in neural tissues where they
harbour important neuronal functions (Zylka et al., 2015). We used topotecan, an inhibitor of
topoisomerases, in our in vitro embryonic midbrain cell cultures, and could recapitulate the
finding that long genes are particularly sensitive to topoisomerases inhibitors. Along with the
inhibition of topoisomerases, topotecan also reduced L1 expression (a one time finding to be

confirmed).

We would like to propose that the endonuclease activity of the L1-RNP helps the
transcription machinery to access or elongate highly constrained long genes in a similar manner
to, or in association with, topoisomerases. Indeed, TOP1 has been described as partner of the
L1-RNP in study by (Taylor et al., 2018) in HEK cells. TOP1 also appeared in our preliminary
MS analysis and we further validated the association of ORFlp with TOP1 by co-

immunoprecipitation on Western blots.
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How do L1 elements regulate specific genes?

We hypothesize that ORF1p is at the centre of a protein complex composed of several
RNA binding proteins. Collectively, these proteins regulate long gene expression important for
neuron-specific synaptic function. As already mentioned, SFPQ is in our scope of interest since
SFPQ has been linked to degeneration and “long-gene transcriptopathies” (Takeuchi et al.,
2018). In this study by Takeuchi and colleagues, it is demonstrated that SFPQ is required to
recruit kinases that phosphorylate RNA polymerase II (Polll) on serine 2. Loss of SFPQ in
knockdown mice resulted in a decreased density of Polll on gene bodies and impaired

elongation of long genes.

Intriguingly, nuclear loss of SFPQ is a hallmark of AD (Luisier et al., 2018) and in
conditions of acute oxidative stress, we observed a nuclear loss of SFPQ and its redistribution
to the cytoplasm. Furthermore, our co-immunoprecipitation data show that Engrailed (which

inhibits L1 transcription) and SFPQ interact together (data unpublished).
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Figure 33: SFPQ knockdown mice demonstrate neuronal loss and misregulation of long gene expression. Co-transcriptional
SFPQ binds pre-mRNAs and facilitates long-gene transcription by mediating CDK9 recruitment to the elongation complex
and Pol II-CTD activation. Taken from Takeuchi et al, 2018.
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We also identified FUS and TDP-43 in our MS of the ORFlp interactome. These
proteins raised our interest as they are at the centre of ALS/FTLD disease and regulate multiple
steps of mRNA processing (Lagier-Tourenne et al., 2012; Rogelj et al., 2012; Scotter et al.,
2015). In line with our long gene hypothesis, FUS and TDP-43 bind long genes (Cortese et al.,
2014) and their disruption induces altered long gene expression (Polymenidou et al., 2012). As
presented in the introduction, increased L1 expression has been reported in both diseases and

TDP-43 has recently been showed to be a repressor of TE elements (Liu et al., 2019).

How did fIL1 elements get enriched in long genes?

Given the potential threat to genome integrity associated with flL1 overexpression, we
speculate that basal fIL1 expression presents an evolutionary-acquired benefit for the host.
However, neurons being post-mitotic cells, how and when in germ cells the enrichment of fIL1
in introns of long-genes occurred is an interesting question. The distribution of L1 elements
within the genome can be shaped by two concomitant mechanisms: Integration bias coupled

with Darwinian selection and this will be discussed below.

Just this month, two independent studies focused on the integration preferences of L1
elements (Flasch et al., 2019; Sultana et al., 2019). They respectively used HeLa cells or 5
human cell lines transfected with engineered L1 constructs containing a reporter cassette. This
reporter cassette discriminates endogenous and de novo integration of L1. By ATLAS-
seq/PacBio and mapping to the reference genome, the studies characterised the landscape of
de novo L1 insertion. Interestingly, the authors failed to observe that endogenous L1 elements
serve as “lightening rods” to attract de novo L1 elements as proposed by (Jacob-Hirsch et al.,
2018). The latter proposal is that the enrichment of fIL1 in introns of long genes is due to the
targeting of the L1-RNP to pre-existing intronic L1 elements, possibly explaining why some
introns of long genes harbour 3 to 4 fIL1. In contrast, both studies are consistent with previous
results implying the TTTT/AA 7-mer consensus sequence for integration preference. This
preference is best explained by the biochemical properties of the L1-ORF2p endonuclease
activity (Feng et al., 1996). Coincidently, introns of long genes are enriched in A/T sequences

(Amit et al., 2012) thus perhaps partly clarifying the enrichment of L1 in introns of long genes.
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Genome wide screening reveals that (1) globally L1 elements are more abundant in
gene-poor regions (Graham and Boissinot, 2006), while others report that (2) they can locally
be enriched in neural genes (Baillie et al., 2011; Upton et al., 2015). Both observations are not
mutually exclusive but underline a biased behaviour of L1 elements. This biased behaviour
(should it be preference or avoidance for gene-coding regions) is in conflict with studies
reporting that L1 elements integrate indiscriminately within the genome and independently of
gene content (Flasch et al.,, 2019; Sultana et al., 2019). This brings forward Darwinian
selection. Negative selection easily explains the depletion of L1 in gene-coding regions
globally, due to the mutagenic effect of L1 insertions. In accordance with this, we found that
short genes have less or no fIL1 elements. Indeed, short genes are more likely to have their
function altered by a 6kb long insertion. Positive selection of intronic L1 elements in long-
genes might be beneficial at the scale of a species fitness. If indeed, as we suggest, L1 elements
participate in the regulation of genes yielding important neuronal functions, specific L1
elements could have conferred a developmental and cognitive advantage selected by evolution.
Interestingly, the expansion of L1 families coincides with major evolutionary bursts, urging
some scientists to speculate that they could have participated to human speciation (Cordaux

and Batzer, 2009; Jangam et al., 2017).

Another possibility resides in the striking observation that neurons and sperm cells
share common features including classical neurotransmitters (Meizel, 2004). With regard to
Grid2, mRNA levels are detected in the testis (Pubmed Gene Reference) and ionotropic
glutamate receptors are indeed present at the head of the sperm cells (Hu et al., 2004). If
neuronal long genes present a potential role for sperm physiology and intronic L1 elements
regulate their transcription, this could would explain the positive retention of intronic L1

elements at the level of the germline.
Integration preference and evolutionary selection of L1 elements provide very

important insights. However, as L1 elements undergo genetic drift over time, they might evolve

beyond recognition of the canonical sequence thus distorting the results of these analysis.
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On neural diversity and somatic mosaicism: Darwinian selection at the cell
population level?

Above, we discussed the fixation of full-length L1 in introns of long genes in the
germline. However, looking at somatic retrotransposition in neural progenitors through
Darwinian selection is also interesting. The hypothesis of L1 retrotransposition as a source of
somatic mosaicism is advocated by a growing pool of scientists (Baillie et al., 2011; Bodea et
al., 2018; Coufal et al., 2009; Muotri et al., 2005; Richardson et al., 2014; Singer et al., 2010;
Upton et al., 2015). Somatic mosaicism is defined by the presence of genetically distinct cells
within one homogenous population (e.g motoneurones). The brain harbours a very high
neuronal functional and phenotypic diversity, thus, somatic mosaicism could account for the
emergence of distinct populations and the reshaping of neural circuitry during development, or
in adult neurogenesis (without forgetting glial cells, in particular astrocytes). This, along with
epigenetic and environment interplay, would partly explain the range of individual differences
in behaviour observed in almost genetically identical animals as in monozygotic twins. The
idea of somatic recombination as a driver of neuronal diversity is not new. This hypothesis
arose with the observation that the RAG-1 enzyme, responsible for V(D)J recombination
(presented in I1.4) in the immune system is expressed in cortical and hippocampal NPCs during
neurodevelopment (Chun et al., 1991). However, until this date, RAG-1 has not been proven
active in the neural system. Considering that RAG-1 originates from domestication of
transposable elements, proposing L1 elements for neuronal somatic mosaicism is alluring. First
advanced by (Muotri et al., 2005), authors observed that the L1 promoter is transiently released
from epigenetic repression mediated by Sox2 during neural differentiation. Furthermore,
transgenic reporter mice exhibited neuronal transposition indicating L1 mobilisation during

embryonic and adult neurogenesis.

Interestingly, throughout development and windows of plasticity, the brain undergoes
an extensive amount of programmed cell death (PCD). According to (Blaschke et al., 1998)
around 50-70% of neurons die. PCD regulates, amongst other, the pool size of progenitor
populations, the removal of neurons with errors and the pruning of synaptic connections. One
could imagine that PCD could also be an adequate moment and mean to remove deleterious or
promote beneficial L1 insertions. Per se, one could continue the parallel with the immune
system where antigen repertoires are shaped by positive and negative selection. Here, selection
would take place in neuronal niches. Ironically, somatic mosaicism in NPCs creating neuronal

diversity represents a seductive return to the initial observation leading to the discovery of TEs
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by Barbara McClintock, based on the phenotypic variation of kernel due to somatic

recombination.

L1 elements: environmental and stress sensors for adaptive response?

When Barbara McClintock discovered TEs, she proposed that they might be activated
in response to changes in the environment. As discussed above, at the scale of a species, TEs
can induce mutations and genomic arrangements allowing for genomic diversity followed by
positive, neutral or negatively selection. However, at the scale of an individual, viewing TE
elements as regulators of gene expression, the capacity of TEs to respond to environmental
stimuli is also very interesting. For instance, it could confer to regulated genes the capacity to
respond to stress and activate specific gene pathways while explaining inter-individual

variability.

First, TEs show responsiveness to hormone or environmental stimuli. Indeed, steroid
hormone-like agents can induce L1 activity. This was notably studied by (Morales et al., 2002),
where the transcription from L1 promoters was followed by a chemi-luminescent assay upon
addition of hormones in vitro. In response to stress, L1 transcription is differentially induced
in different brain regions and varies between distinct mouse strains (Cappucci et al., 2018).
The authors argue that the strain-dependant increase in L1 expression denotes individual
susceptibility or resilience to stress and suggest that induced L1 expression could contribute to
stress disorders. As the study is correlative, the question of whether L1 expression is indeed
deleterious or a tentative response to create de novo adaptation remains unresolved. As another
example, (Muotri et al., 2009) studied physical exercise, another environmental stimuli, and
assessed L1 retrotransposition using the GFP reporter in mouse brains. They show that
hippocampal neurones undergo an increase in L1 retrotransposition upon exercise and
conclude that this may participate to neuronal plasticity. Other environmental factors like early-
life experience and maternal care also influence L1 activity and individual L1 fingerprint

(Bedrosian et al., 2018).

Finally, natural activity and discovery of new environments (= neuronal stimulation)
induce transient breaks in the DNA of neurons which are exacerbated in AD (Suberbielle et
al., 2013). This is interesting since it points, in analogy with our threshold model for L1 levels

in neurons, to a threshold for physiological strand breaks necessary for neuronal function which
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when passed (i.e. in PD) might contribute to neurodegeneration. Whether activity-dependent
DNA breaks could be L1 mediated remains hypothetical but it would be of great interest to

study the occurrence of those breaks upon L1 LOF following environmental stimulation.

As TEs yield such important regulatory roles and potential environmental sensors, one
cannot exclude that, inter-individual variability in the landscape of TEs s also accounts for
variability within sensitivity to diseases and to stress (Stuart et al.). To come back to PD, one
can hypothesize that L1 over-activation is partly environmentally driven and that resilience to

this over activation explains the inter-individual variability in the sporadic forms of the disease.

General Conclusion:

To conclude on the work developed throughout this thesis, I have studied the impact of the
transfer of ENGRAILED between mDA neurons and underlined the importance of this
autocrine transfer for the maintenance and survival of mDA neurons. This is an interesting
example of a homeoprotein being cell autonomous and non-cell autonomously active in a
neuronal population with direct implication on survival. The mechanism involved will be
further studied. The fact that En/+/- mice exhibit an increase of expression of L1 elements has
urged us to study the link between ENGRAILED, L1 elements and neurodegeneration. This

has lead us to propose a threshold model of L1 expression.

In this model, basal expression could be beneficial to the neurons while overexpression induces
neurodegeneration. Indeed, with age and environmental pressure, repression of L1 elements is
less effective leading to progressive overexpression of L1 elements. This induces increased
double strand breaks, possibly inflammation, leading to neuronal cell-death and the progression
of age-related neurodegenerative diseases. This suggests that anti-L 1 elements strategies could

represent an important therapeutic approach for diseases linked to L1 dysregulations.

However, we observe basal expression of L1 elements in neurons and we propose that it could
participate to the normal cell physiology and regulate the expression of long genes that
constitute a susceptibility checkpoint in neurons where they carry key neuronal functions. This

model is recapitulated in the following figure.
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Figure 34 : Threshold model of L1 expression. Courtesy of Marguerite Jamet

This endows L1 elements with important regulatory roles in accordance with the initial view
of Barbara McClintock and the growing body of literature. There is still much to investigate in
this direction and the field should provide exciting insights in the coming years, should it be
on environmental responsiveness of L1 elements, the potential implication in creating neuronal
variability, the interaction of L1 elements with the hosting cell and the participation of TE
elements to human speciation. We also demonstrated that ENGRAILED represses the
expression of L1 elements by direct and indirect means. In analogy to the evolutionary race
between transposons and KRAB-ZFPs, it would be interesting to study the co-evolution of HPs
and L1 elements as well as investigate whether the repression of L1 or TEs is a shared feature

between HPs.
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