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Zusammenfassung

Im Gegensatz zum Zentralnervensystem verfligt das periphere Nervensystem
(PNS) Uber eine erstaunliche Regenerationsfahigkeit nach einer Schadigung.
Schwann-Zellen (SZ), die myelinisierenden Gliazellen des PNS, sind hochgradig
plastisch und reagieren auf Verletzungen, indem sie demyelinisieren und sich in
Reparaturzellen umwandeln, die das axonale Nachwachsen férdern, Axone zu
ihrem friheren Ziel zurlickfUhren und dann die regenerierten Axone
remyelinisieren. Die Umwandlung in Reparatur-SZ wird weitgehend durch den
Transkriptionsfaktor c-Jun gesteuert. Die Mechanismen, die eine
Hochregulierung von c-Jun nach einer Verletzung bewirken, sind jedoch nur
teilweise bekannt.

In unserer Studie zeigen wir, dass die Ablation von Histondeacetylase 8 (HDACS)
in adulten SCs die c-Jun-Phosphorylierung und -Hochregulierung friih nach der
Lasion erh6ht und das Nachwachsen der sensorischen Axone sowie die Erholung
der sensorischen Funktion beschleunigt. Nach der Lasion entsteht durch die
Unterbrechung der Sauerstoffzufuhr ein  hypoxisches Milieu, das
bekanntermaRen die c-Jun-Phosphorylierung und -Expression hochreguliert und
durch die Hochregulierung des Hypoxie-induzierbaren Faktors 1o (HIF1la)
gekennzeichnet ist. AuBerdem fanden wir heraus, dass HDAC8 die E3-Ubiquitin-
Ligase TRAF7 stabilisiert, die HIF1la destabilisiert, was zu einer verzogerten
Umwandlung in Reparatur-SZ fihrt. Unsere Studie unterstreicht die Funktion
von HIFla in SZ nach Verletzungen und zeigt, dass die Herunterregulierung von
HDACS die Plastizitat der SZ verbessert und die Regeneration der sensorischen
Axone und die funktionelle Erholung durch die Stabilisierung von HIF1la fordert.
Interessanterweise haben wir festgestellt, dass die Ablation von HDAC8 das

Nachwachsen sensorischer Axone und die Wiederherstellung der sensorischen



Funktion fordert und dass HDAC8 nur in SZ nachgewiesen werden kann, die
sensorischen Axone ummanteln. Dies deutet darauf hin, dass ein spezifischer
Subtyp von SCs, die nur sensorische Axone ummanteln, mit HDAC8 als Marker
identifiziert werden kann und dass die Umwandlung von SCs in Reparatur-SZ
durch unterschiedliche Mechanismen in motorischen und sensorischen SZ

gesteuert wird.



Summary

In contrast to the central nervous system, the peripheral nervous system (PNS)
has an amazing regenerative capacity after lesion. Indeed, Schwann cells (SCs),
the PNS myelinating glial cells, are highly plastic and react to injury by
demyelinating and converting into repair cells that foster axonal regrowth, guide
axons back to their former target, and then remyelinate the regenerated axons.
The conversion into repair SCs is largely controlled by the transcription factor c-
Jun. However, the mechanisms that induce c-Jun upregulation after injury are
partially understood.

In our study, we show that ablating histone deacetylase 8 (HDACS8) in adult SCs
enhances c-Jun phosphorylation and upregulation early after lesion and
accelerates the regrowth of sensory axons and sensory function recovery. After
lesion, the interruption of oxygen supply creates a hypoxic environment, which
is known to upregulate c-Jun phosphorylation and expression and is
characterized by hypoxia-inducible-factor 1a (HIF1a) upregulation. Additionally,
we found that HDACS stabilizes the E3 ubiquitin ligase TRAF7, which destabilizes
HIF1la, resulting in a delayed conversion into repair SCs. Our study emphasizes
the function of HIF1la in SCs after injury and demonstrates that downregulating
HDACS8 improves SC plasticity and promotes sensory axons regeneration and
functional recovery by stabilizing HIF1a.

Interestingly, we found that HDACS8 ablation specifically promotes the regrowth
of sensory axons and sensory function recovery and that HDACS8 is detected only
in SCs ensheating sensory axons. This indicates that a specific subtype of SCs
ensheating only sensory axons can be identified using HDAC8 as a marker and
that the conversion of SCs into repair SCs is controlled by different mechanisms

in motor and sensory SCs.



1 INTRODUCTION

1.1 Overview of the nervous system and the myelinating glial cells

The nervous system can be divided into two parts. The central nervous system
(CNS) and the peripheral nervous system (PNS). The CNS is composed by the
brain, the spinal cord, and the optic nerves (Fig. 1a). It acts as the master
regulator of our body functions and integrates all the sensory afferences,
processes them and elicits an accurate motor response. The PNS is divided into
sensory, motor, and autonomic domains. The sensory nervous system allows the
collection of environmental cues like touch, pain, temperature, or positional
information from the skin, muscles, and viscera to transmit them to the CNS.
Sensory neurons are pseudo-unipolar and organized into dorsal root ganglia
(DRG), located along the spinal cord. DRG neurons project to their peripheral
targets as well as to the CNS. The motor nervous system is composed of the
projections of the spinal motoneurons, which innervate striated skeletal
muscles via neuromuscular junctions. Each spinal nerve results of the fusion of
the ventral root of the spinal cord, which contains the spinal motor neurons, and
the dorsal root of the spinal cord, which contains the DRG sensory neurons. The
sensory and motor spinal nerves constitute the somatic PNS, which is under
voluntary control (Catala and Kubis, 2021) (Fig. 1b). Lastly, the autonomic
nervous system comprises the sympathetic, parasympathetic, and enteric
portions ensuring proper functions and homeostasis of the internal organs,
blood vessels, and glands. The autonomic part of the PNS functions beyond
voluntary control. The sympathetic and parasympathetic nervous systems
contain afferent and efferent fibers that provide sensory and motor inputs to

the CNS. While its afferent fibers travel directly along cranial and somatic PNS



fibers, the efferent fibers innervate their targets in a two-neuron way. Indeed, a
preganglionic neuron arising from the lateral horn of the spinal cord forms a
synapse with a postganglionic neuron in autonomic ganglia. The sympathetic
neurons have cell bodies located in the lateral horns of the spinal cord and the
presynaptic fibers exit the spinal cord between T1 and L2 spinal nerve roots,
whereas the presynaptic fibers of the parasympathetic fibers exit the CNS as
well as through the S2-4 nerve roots (Murtazina and Adameyko, 2023;
Waxenbaum, Reddy and Varacallo, 2023) (Fig.1c).
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Figure 1. Overview of the nervous system. (a) Components of the central and peripheral nervous
systems. (b) Afferent (sensory) and efferent (motor) nerve fibers of the spinal cord. Each sensory
neuron has two projections: one projection with a sensory receptor in skin, muscle, or sensory organs
and a second one that synapses with a neuron in the dorsal horn of the spinal cord. The cell bodies of
motor neurons are located in the ventral grey matter of the spinal cord and project to muscle through
the ventral root. Motor neurons can either be directly stimulated by a sensory neuron or indirectly by
an interneuron in between. (c) Overview of the autonomic nervous system anatomy. Activation of the
sympathetic nervous system promotes the “fight and flight” response, whereas the activation of the
parasympathetic nervous system promotes the “rest and digest” processes. (The pictures have been
downloaded  from https://macconcussion.com/dysautonomia-autonomic-nervous-system-ans-
dysfunction-and-concussions/ for Fig. 1 (a) and (c) and from https://courses.lumenlearning.com/wm-
biology2/chapter/sensory-somatic-nervous-system) for (b))

During embryonic development, the nervous system develops from the central
part of the ectoderm, called neuroectoderm, while the lateral regions of the
ectoderm will give rise to the epidermis. In a process known as neurulation, the
neuroectoderm folds to generate the neural tube, which is the primitive form of
the CNS (Fig. 2a). On its side, the PNS will be generated by a population of cells,
called neural crest cells, which arise from the dorsal part of the neural tube and
migrate into the surrounding tissues. Neural crest cells give rise to different
types of cells depending on the direction of their migration (Gammill and
Bronner-Fraser, 2003). The neural crest cells that will form the PNS migrate first
through the dorsal roots to form the DRG, peripheral nerves and the autonomic
nervous system. Sensory neurons are the first to be specified, followed by
Schwann cell precursors, satellite glial cells, and boundary cap cells. Satellite glial
cells remain in the DRG and are tightly associated with neuron cell bodies,
whereas Schwann cells precursors will migrate through the DRG to reach the
peripheral nerve to myelinate peripheral axons (Jacob, 2015; Jessen and Mirsky,
2019). During a second wave of gliogenesis, boundary cap cells generate all the
Schwann cells precursors located in the dorsal roots, a fraction of Schwann cell
precursors in the ventral root as well as some satellite glial cells. In the embryo,
boundary cap cells have a barrier function and prevent oligodendrocytes (OLs)

and motor neurons migration into the PNS (Jacob, 2015) (Fig. 2b).

10


https://macconcussion.com/dysautonomia-autonomic-nervous-system-ans-dysfunction-and-concussions/
https://macconcussion.com/dysautonomia-autonomic-nervous-system-ans-dysfunction-and-concussions/
https://courses.lumenlearning.com/wm-biology2/chapter/sensory-somatic-nervous-system
https://courses.lumenlearning.com/wm-biology2/chapter/sensory-somatic-nervous-system

Boundary cap

b Sensory exit NeuralcrestZ cell

point cells
a \
Neural plate = —

Non-neural border
ectoderm

Dorsal root

Neuroectoderm

Neural fold

Neuron
Motor exit  cell body A
point \ Peripheral

NeuralT
| crest cells |

Paraxial
mesoderm  Neural plate

Schwann cell precurosor migration root

Somite

Neural tube Boundary cap cell migration root

Notochord Satellite cell migration root

Figure 2. Embryonic development of Schwann cells. (a) Neurulation. During neurulation, the neural
plat borders elevate, causing the neural plate to roll into the neural tube, which is the primitive form
of the CNS. The PNS will be generated by neural crest cells, which delaminate from the neural folds of
the dorsal neural tube. (b) Localization and migration routes of peripheral glia. Neural crest cells from
the dorsal neural tube migrate through the dorsal roots, dorsal root ganglia and peripheral nerves to
generate sensory neurons, Schwann cell precursors and satellite glial cells. Later, boundary cap cells
located at the sensory and motor exit points generate all the Schwann cells precursors located in the
dorsal roots, a fraction of Schwann cell precursors in the ventral root as well as some satellite glial
cells. In the embryo, boundary cap cells have a barrier function and prevent oligodendrocyte and
motor neuron migration into the PNS. (Modified from Gammill and Bronner-Fraser, 2003; Jacob, 2015).

The nervous system is not only composed of neurons but consists of an immense
network of neurons and glial cells, whose interactions are crucial to ensure the
proper transmission of information, nervous system integrity, development, and
regeneration. Indeed, the ease with which we can perform our professional and
everyday life tasks is disconcerting. We become conscious about it after our
spinal cord or brain has been lesioned or over the time course of a demyelinating
disease for example. This ease is the consequence of the high speed of nerve
impulse conduction provided by what is called the myelin sheath. The myelin
sheath is an extended and modified plasma membrane derived from glial cells
that spirals around the nerve axon. It insulates the axons in such a way that
action potential conduction is much more rapid than it would be without myelin.

This type of axonal conduction is called saltatory nerve conduction. The myelin
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sheath is also required to protect axon integrity (Brosius Lutz and Barres, 2014;
Rasband and Macklin, 2012). Two different types of myelinating glial cells are
described: the oligodendrocytes (OLs) in the CNS and the Schwann cells (SCs) in
the PNS. Although they function in a similar way, they differ in certain points.
Indeed, OLs derive from the neuroepithelium and wrap several axons thank to
their extended processes, whereas neural-crest derived SCs are evenly spaced
along the axon and spiral around one segment of a single axon (Brosius Lutz and
Barres, 2014; Salzer, 2015) (Fig. 3a-c). OLs and SCs also differ in their
regenerative capacities as SCs promote axonal regrowth and remyelination after
nerve injury, whereas OLs do not provide any support for CNS axon repair.
Indeed, the most sticking feature of SCs is the conservation of their embryonic
plasticity in adult nerves. SCs can adopt a repair phenotype upon nerve injury
and thus can assist PNS axon regrowth and remyelinate them. In contrast, the
differentiation state of OLs is fixed and OLs do not acquire regeneration-
supportive features and thus do not sustain CNS axon regrowth and cannot
efficiently promote remyelination (Arthur-Farray et al., 2012; Brosius Lutz and
Barres, 2014). This makes SCs a very interesting cell type to study as the
understanding of SC molecular pathways sustaining PNS regeneration may be
applied to OLs to improve CNS axon regeneration and remyelination (Duman et

al., 2020; Nocera et al., 2023; Vaquié et al., 2018).
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Figure 3. Comparison between central and peripheral myelination. (a) In the central nervous system,
each oligodendrocyte can extend several cytoplasmic processes to form myelin around different axons.
In the peripheral nervous system, each Schwann cell wraps numerous times around a single axon. (b)
Depicted is one oligodendrocyte between two axons. (c) Compared to central axons, peripheral axons
possess a thicker myelin sheath. (Modified from Chen et al., 2021).

1.2 Chromatin remodeling enzymes

In eukaryotic cells, DNA is wrapped around histone proteins which protect and
organize the packed DNA in a dynamic structure called chromatin. The building
units of chromatin are the nucleosomes. Each nucleosome consists of an
octamer of four core histones (one H3/H4 tetramer and two H2A/H2B dimers)
surrounded by 146 bp of DNA (Strahl and Allis, 2000). Transcriptional regulation
is influenced by the level of chromatin compaction, which depends on covalent
modifications of DNA and on post-translational modifications of histone tails.
These modifications constitute the epigenetic code, which can adapt and
respond to changes throughout the life of an organism. There are currently four

main types of cytosine residue modifications in the DNA namely methylation,
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hydroxy-methylation, formylation, and carboxylation. The factors responsible of
DNA and histone modifications can be grouped into three classes: the writers,
the erasers, and the readers. The writers encompass enzymes that add a
chemical group to a nucleotide base or to specificamino acid residues on histone
tails. The epigenetic marks laid down by the writers are not permanent and their
removal is catalyzed by a group of enzymes called erasers, which relieve the
effects of epigenetic marks on gene expression (Biswas and Rao, 2018). The two
most studied epigenetic modifications are methylation and acetylation.
Whereas both DNA and histones are subjected to methylation, only histones can
be acetylated. Other histone modifications include phosphorylation,
ubiquitination, sumoylation, ADP ribosylation, biotinylation, citrullination, to
cite only few (Andrews, Strahl, and Kutateladze, 2016). On their side, the readers
possess specialized domains which bind to and recognize specific epigenetic
marks. The presence of readers is essential to mediate the effects of the
epigenetic marks laid down by the writers. Among the numerous identified
histone readers, we can mention the bromodomain proteins, which recognize
and bind acetylated histones and the chromobarrel and chromodomain proteins

which bind to lysine-methylated histones (Biswas and Rao, 2018).

Histone acetylation and deacetylation play a key role in regulating chromatin
structure (de Ruijter et al., 2003). Histone acetyltransferases (HATs) add acetyl
groups to lysine residues of histones, leading to chromatin decompaction and
transcriptional activation. Conversely, histone deacetylases (HDACs) remove
acetyl groups from histones, which results in chromatin condensation that limits
DNA access for the transcriptional machinery. (de Ruijter et al., 2003; Duman

and Martinez-Moreno, 2020; Hodawadekar and Marmorstein, 2007). In general,
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HATs are known as transcriptional co-activators, whereas HDACs are rather

considered as transcriptional co-repressors.

18 known mammalian HDACs
4 different classes (based on structure)

Class| Classl Class Il
HDACA1 HDAC4 SIRT 1-7
HDAC2 HDACS5
HDAC3 HDAC6
HDAC8 HDAC? | —r—

HDAC9

NAD* - dependent

Class IV HDAC10 P
HDAC11

Y
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RN /?L))g ]

HDAC

>

Condensed chromatin Relaxed chromatin

Figure 4. Histone acetyltransferases and histone deacetylases. HATs add acetyl groups to histones to
relax chromatin and facilitate transcriptional initiation and elongation. Conversely, HDACs remove
acetyl group to condense chromatin and prevent access for the transcriptional machinery. The four
HDAC classes and their cofactors are depicted in the upper part of the figure. HAT, histone
acetyltransferase. HDAC, histone deacetylase; HDAC1, histone deacetylase 1; HDAC2, histone
deacetylase 2; HDAC3, histone deacetylase 3; HDAC4, histone deacetylase 4; HDACS, histone
deacetylase 5; HDAC6, histone deacetylase 6; HDAC7, histone deacetylase 7; HDACS8, histone
deacetylase 8; HDACY9, histone deacetylase 9; HDAC10, histone deacetylase 10; HDAC11, histone
deacetylase 11; NAD, nicotinamide adenine dinucleotide; SIRT, Sirtuin. (Modified from de Ruijter et al.,
2003; Rodd et al., 2012).

However, HDACs also participate in transcriptional activation (Greer et al., 2015;
Wang et al., 2009). Indeed, HDACs are required for efficient elongation of RNA
polymerase Il by facilitating the recruitment of elongation factors on acetylated
promoters and enhancers (Greer et al.,, 2015). Furthermore, HDACs prevent
histone hyperacetylation at active genes to avoid uncontrolled initiation of
transcription and remove acetyl groups on inactive genes to prevent Pol Il

binding (Wang et al., 2009). HATs and HDACs do not bind DNA directly and thus
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need a DNA-binding partner to modify histones. In addition, HATs and HDACs
can acetylate and deacetylate non-histone proteins such as transcription factors
and thus control the activity of the latter (Glozak et al., 2005; Jacob, 2017;
Spange et al., 2009).

HATSs are categorized into five different families depending on the functional and
structural resemblance of their catalytic domain: Gcn5-related
acetyltransferases (GNATs), the MYST (MOZ, Ybf2/Sas3, Sas2 and Tip-60)-
related KATs, the p300/CBP HATs, the general transcription factor HATs, and the
steroid/nuclear receptor co-activators (SRC/NCoA) HATs (Biswas and Rao,
2018).

The 18 known members of the HDAC family are subdivided into four different
classes, based on their structure: class I, Il and IV HDACs are Zn**-dependent and
constitute the classical HDACs, whereas the class Il is composed of the sirtuins

and requires NAD" to be active (de Ruijter et al., 2003) (Fig. 4).

Histone methyltransferases (HMTs) are classified into three families: the SET-
domain-containing proteins and DOT1-like proteins, which methylate lysine (K)
residues, and the protein arginine N-methyltransferases, which methylate
arginine (R) residues. HMTs catalyse the transfer of up to three methyl groups
on lysine residues, resulting in mono- (mel), di- (me2) and tri-methylated (me3)
residues. These modifications lead to transcriptional activation or repression
based on the location of the amino acid residues. In the case of arginine
methyltransferases, the outcome also depends on the position of the methyl
group on the target arginine residue. The active histone methylation marks are
H3K4 H3K36, H3K79, H3R17, H3R26, H3R42, whereas methylation of H3K9
H3K27, and H4K20 are considered as repressive histone marks (Biswas and Rao,

2018; Duman et Martinez-Moreno, 2020, Pattaroni and Jacob, 2013).
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Demethylation of lysine residues is carried out by two families of histone
demethylases (HDMs): the amine oxidase and the Jumonji C (JmjC) domain-
containing proteins. While the members of HDM families have been showed to
remove methyl groups from lysine residues, very little is known about the
removal of methyl groups from arginine residues. However, JIMJD6 has recently
been shown to catalyze the demethylation of arginine residues (Kwok et al.,
2017).

The functions of chromatin remodeling enzymes in the context of SC
development and PNS regeneration will be described in the different sections of

this introduction.

1.3 Schwann cells: Origin and Development

Neural crest cells give rise to the PNS glia. This group of cells comprise non-
myelinating and myelinating SCs, satellite glial cells in the ganglia, terminal SCs

at the neuromuscular junction and enteric glial cells (Jessen and Mirsky, 2019).

In rodents, the development into mature SCs occurs through three major steps.
The first one is the generation of highly proliferative SC precursors (SCPs) from
neural crest cells, which can be observed in embryonic nerves at embryonic day
(E) 12-13 in the mouse (E14-E15 in the rat). The second one is the transition from
SCPs to immature SCs (iSCs) which are present in mouse nerves from E15-E16
(E17-E18 in the rat) until the perinatal period (Jessen and Mirsky, 2019). Finally,
during a process called radial sorting, iSCs wrap numerous times around one big
caliber axon in a 1:1 relationship and differentiate into pro-myelinating and
further into myelinating SCs (Feltri et al., 2016; Jessen and Mirsky, 2019). Small
caliber axons will associate with iSCs, which differentiate into Remak cells. The

axons associated with Remak SCs (rSCs) are called Remak bundles (Jessen and
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Mirsky, 2005a, Monk et al., 2015). Axons surrounded by Remark cells are not
myelinated. In addition, some sensory postganglionic fibers of the autonomous
nervous system are also surrounded by a single layer of SC cytoplasm and are
not myelinated, whereas motor, preganglionic and big caliber sensory neurons
are myelinated by SCs (Murtazina and Adameykto, 2023). An overview of SC

developmental steps with their associated molecular markers is given in Figure
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Figure 5. Overview of SC development and response to injury. Diagram of developmental and injury-
induced transition of SCs. The molecular markers of each SC developmental stages are listed in the
coloured boxes above the lineage drawing. Shared molecular profiles have the same color code. The
positive and negative regulators of SC transition into repair SCs as well as in SC
redifferentiation/remyelination are listed in the coloured boxes on the left and on the right of the
double vertical arrows. Grey uninterrupted arrows indicate normal developmental stages, blue
uninterrupted arrows indicate SC conversion into repair SCs, and red dotted arrows indicate repair SC
redifferentiation into mature, myelinating or non-myelinating SCs. Embryonic day (E) and postnatal
day (P) refer to mouse development; AP2-a, activator protein 2; BFABP, brain fatty acid-binding
protein; cAMP, cyclic adenosine monophosphate; DHH, desert hedgehog; ErbB3, neuregulin receptor;
GAP43, growth associated protein 43; Krox20, early growth response 2; L1, L1 adhesion molecule; N-
cad, N-cadherin; Oct6, octamer-binding transcription factor 6; 04, lipid antigen; PLP, proteolipid
protein; PMP22, peripheral myelin protein, 22-kDa22; PO, protein zero; p75"™%, p75 neurotrophin
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receptor; Sox2, SRY (sex determining region Y) box 2 Sox10, SRY box 10; Zeb2, Zinc finger E-box-
binding homeobox 2. (Modied from Jessen and Arthrur-Farraj, 2019; Jessen and Mirsky, 2005).

SC development is driven by the interplay of extracellular signals and intrinsic
factors, that are tightly integrated by transcription factors and chromatin
remodeling enzymes. Indeed, besides transcription factors, the epigenetic
landscape plays a crucial role in governing the accessibility of the transcriptional
machinery to specific DNA sequences. The central component of the
transcriptional regulatory network controlling SC development is the HMG-
domain transcription factor Sox10, whose expression extends from neural crest
cells to mature SCs and is necessary for SC specification, terminal differentiation,
myelin maintenance and SC homeostasis by cooperating with stage-specific
transcriptional regulators (Frob and Wegner, 2020; Sock and Wegner, 2019). The
stage-specific cellular, transcriptional, and epigenetic mechanisms of SC

development will be described in the following sections.

It is important to note that axons and SCs constantly interact and form a
symbiotic relationship, which is required for normal development, maintenance,
and function of the PNS. On one side, axonal signalling controls SCP survival and
differentiation, iSC differentiation into myelin or Remak SCs as well as myelin
sheath formation and maintenance (Jessen and Arthur-Farraj, 2019). On the
other side, SCs determine axon diameter during PNS development and regulate
the localization of ions channels along the axons (Fledrich et al., 2019).
Furthermore, in the last years a strong and complex metabolic support of axons
by SCs has been highlighted, independently of myelination itself (Bougcanova and
Chrast; 2020).
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1.3.1 Schwann cell precursors

Once neural crest cells have reached the mesenchyme, they undergo an
important remodeling of their gene expression pattern and start to express SC-
associated genes such as PO, Pmp22, Plp or desert hedgehog (Dhh), leading to
the generation of SCPs. SCPs are proliferative cells which migrate along and are
closely associated with the axons in the developing PNS nerves. Indeed, SCP
survival, proliferation and migration rely on axonal signaling molecules. Among
those, the axonal surface molecule neuregulin 1 (NRG1) type Ill and its receptor
tyrosine kinase on SCs ErbB2/3 are of particular importance, as NRG1, ErbB2 or
ErbB3 ablation in axons or SCs respectively, leads to depletion or absence of
SCPs (Birchmeier and Nave, 2008; Birchmeier, 2009; Monk et al., 2015; Taveggia
et al., 2010). By inducing ErbB3 expression on SCs, the transcription factor Sox10
renders SCs dependent on the presence of axonal NRG1 type Il (Britsch et al.,
2001; Sock and Wegner, 2019). Besides NRG1, developing axons also express
Notch ligands which bind to Notch on SCPs. This results in the amplification of
NRG1 signaling by increasing ErbB2 levels on SCPs and thus indirectly
participates to the regulation of SCP survival. Interestingly, axon survival also
relies on SCPs and iSCs, as a lack of PNS glial cells leads to motor and DRG neuron
loss in later embryonic development. It thus appears that neuron and SCP
survival seem to mutually depend on each other (Jessen and Mirsky, 2019;

Woldeyesus et al., 1999).

So far, the molecular pathways that govern neural crest cell differentiation into
SCPs have not been totally elucidated. However, histone deacetylase 1 and 2
(HDAC1/2) have been shown to be necessary for neural crest cell specification

into SCPs (Jacob et al., 2014). This study shows that the transcription factor
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Sox10interacts with HDAC1/2 to induce Pax3 expression in the neural crest cells.
Pax3 then synergizes with Sox10 to maintain high levels of Sox10. Subsequently,
Sox10 indirectly activates the Fabp7 promoter and interacts with HDAC1/2 to
activate the PO promoter in neural crest cells. The activation of the two key
lineage genes of peripheral glia, Fabp7 and PO, is necessary for lineage
progression. Sox10 is the only cell type-restricted transcription factor and is
expressed at all stages of SC development. It is therefore of utmost importance
for SC specification, myelination, and maintenance. Indeed, neural crest cells
lacking Sox10 can generate DRG neurons but fail to generate the glial
components (Britsch et al.,, 2001; Sonnenberg-Riethmacher et al., 2001;
Wahlbuhl et al., 2012). At each SC developmental stage, Sox10 plays a specific
role and requires physical interaction with stage-specific transcription factors or
chromatin remodeling enzymes, posttranslational modifications, and change in

cellular localization (Jacob, 2017; Sock and Wegner, 2019).

SCPs are intimately associated with large bundles of axons and surround them
with their extended membranous processes. At this stage, the embryonic nerve
is only composed of SCPs and axons and do not yet contain any connective tissue
or blood vessels (Fig. 6a). Interestingly, SCPs are multipotent cells and are known
to give rise not only to iSCs but also to mesenchymal cells giving rise to
odontoblasts and tooth pulp cells, melanocytes, fibroblasts, enteric and
parasympathetic ganglion neurons (Dyachuck et al., 2014; Espinosa-Medina et
al., 2017; Uesaka et al., 2015). During their transition to iSCs, SCPs also generate
fibroblasts that will remain within the nerve and secrete collagen that will
progressively fill the extracellular space called endoneurial connective tissue.
The latter will become vascularized upon iSC generation. Indeed, PNS nerves

contain a non-negligeable amount of connective tissue and lineage tracing of
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embryonic fibroblasts showed that these cells are linked cells expressing Dhh, a
marker of SCPs (Jeagle et al., 2003; Joseph et al., 2004; Parmentier et al., 1999;
Sharghi-Namini et al., 2006). In contrast to the CNS, which is protected by hard
layers of connective tissue, the protective layers of peripheral nerves are softer
and consist of the extracellular matrix (ECM) of the endoneurial tissue
surrounding individual axon-SC units, of a cellular layer surrounding the
different nerve branches called perineurium and, finally, of a collagenous layer

called epineurium (Jessen and Mirsky, 2015).
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Figure 6. Structure and development of peripheral nerves. (a) E14-E15 nerve. At this stage, early
nerves contain only SCPs associated with axons. (b) E18-E19 nerve. The developing perineurium
defines the endoneurial space with several axon-SC families. The embryonic nerves now contain blood
vessels, endoneurial fibroblasts and an extracellular matrix. (c) Adult peripheral nerve. Adult
peripheral nerves are composed of several fascicules, each containing myelinated and non-myelinated
axons. The endoneurium, perineurium and epineurium constitute the three protective layers of
peripheral nerves. The blood-nerve barrier (BNB) consists of the perineurium and the endoneurial
blood vessels. At the level of the endoneurial blood vessels (square inset), the BNB is defined by
endothelial cells (ECs) tightly associated with pericytes, tactocytes, and macrophages. (Adapted from
Bosch-Queralt et al., 2022; Jessen and Mirsky, 2016; Malong et al.,2023).

In addition of promoting axonal survival, SCPs also play a role in nerve
fasciculation and formation of neuromuscular junctions. It has been shown that
in nerves lacking PNS glia, axons can grow and migrate at early embryonic stages

but are defasciculated distally and show an abnormal branching and inaccurate
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localization of synaptic sites (Birchmeier, 2009; Lin et al., 2000; Morris et al.,

1999; Woldeyesus et al., 1999; Wolpowitz et al., 2000).

1.3.2 Immature Schwann cells

The presence of iSCs extends until the perinatal period. iSCs serve as a pool to
generate either myelinating or Remak cells. Therefore, their developmental
potential is narrower than for SCPs. SCP lineage progression into iSCs is directly
controlled by NRG1, yet several other positive or negative factors have been
described. Among them, Notch signaling is another positive regulator of SCP/iSC
transition by acting positively on NRG1 signaling. Indeed, inactivation of Notch
signaling in SCs in vivo delays iSC appearance, whereas iSCs appear prematurely
in mice overexpressing Notch (Woodhoo et al., 2009). Among the negative
regulators, we can cite Endothelin and AP2a, which delay iSC generation when
overexpressed in cultured SCPs (Brennan et al., 2000; Stewart et al., 2001).

The expression of myelin inhibitors in iSCs is timely controlled by the
transcription factor Zeb2, both in myelinating SCs and during remyelination.
Zeb2 has been found to downregulate the expression of Hey2 and Hes1, which
are downstream effectors of Notch signalling pathway, endothelin receptor B
(Ednrb), c-Jun, and Sox2 (Quintes et al., 2016, Wu et al., 2016). These factors are
known to maintain SCs in a proliferative and progenitor stage, thus preventing
precocious differentiation. Moreover, Zeb2 silences the expression of these
genes by recruiting the HDAC1/2-NuRD complex on their promoters (Wu et al.,
2016). Indeed, genetic ablation of Zeb2 in SCs results in persistent elevation of
Hey2, Edrnb and Sox2 levels together with a low expression of the
promyelinating factors Sox10, Oct6 and Krox20, and SCs of Zeb2-deficient mice

are arrested at the immature stage. Consequently, animals show axonal sorting
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failure, myelination defects and motor deficits. Moreover, HDAC1/2, together
with HDAC3 and Schwann cell factor 1, from a transcriptional repressor complex
by binding on Cyclin E promoter, thereby arresting cell proliferation (Chittka et
al., 2004).

iSCs differ from SCPs in several points. In contrast to SCPs, iSCs bypass axonal
signaling dependance and use their own autocrine survival circuits by secreting
survival factors like FGF, IGF or PDGF for example. This autocrine supporting
loop is thought to maintain SC survival after nerve injury, while the axonal
dependence of SCPs matches the number of axons and SCPs (Jessen and Mirsky,
2005). Additionally, iSCs stop migrating and start upregulating S100 and GFAP,

while downregulating the SCP marker Cadherin 19 (Fig. 5).

The transition between SCPs and iSCs is characterized by drastic changes in the
structure of the embryonic nerves, which constitutes an important step in PNS
nerve organogenesis. iSCs surround smaller bundles of axons and promote the
differentiation of the surrounding mesenchymal cells. Indeed, by secreting Dhh,
iSCs induce mesenchymal cells differentiation into perineurial cells, from which
the perineurium and epineurium arise. The latter structures fail to develop
properly in mice carrying an inactive form of Dhh thus leading to severe nerve
pathology (Parmentier et al., 1999; Umehara et al., 2000). Upon VEGF secretion,
iSCs trigger arterial differentiation of endothelial cells (Monk et al., 2015;
Mukouyama et al.,, 2005; Parmentier et al., 1999). Additionally, by
communicating with endoneurial fibroblasts, iSCs also promote the deposition
of basal lamina (Joseph et al., 2004). At this stage, the embryonic nerve consists
of axon-SC families with vascularized connective tissue and a basal lamina

around iSCs (Fig. 6b).
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Around birth, iSCs extend radial lamellipodia into the axon bundles and sort out
individual large caliber axons, destined to be myelinated, from small caliber
axons which remain nonmyelinated in Remak bundles. This process is known as

radial sorting (Feltri et al., 2016).

1.3.3 Radial sorting

In the rodent PNS, the process of radial sorting starts perinatally and proceeds
until postnatal day 10 (P10). It leads to the acquisition of a proper axon-SC one-
to-one relationship according to axonal size, and it is a prerequisite for

successful SC differentiation into myelinating SCs.

The radial sorting process can be divided into several steps. At the start, axons
of mixed calibers are separated in bundles surrounded by a family unit of three
to eight iSCs that deposit a common basal lamina. Then, iSCs segregate axon
bundles even further by extending long cellular processes called lamellipodia
into the bundle and progressively select and bring large caliber axons towards
the periphery of the bundle. iSCs surrounding single large-caliber axons then
divide to match axon-SCs number and defasciculate. The defasciculation
requires the formation of a new basal lamina and allows SCs to form a 1:1
relationship with axons. At this stage, iSCs differentiate into pro-myelinating
(ProMy) SCs, which will initiate the myelination of large-caliber axons. As more
and more large-caliber axons are sorted, concomitantly to SC proliferation, axon
bundles become progressively smaller and end up containing only small-caliber
axons (Fig. 7). The latter will be surrounded by Remak SCs and develop into

Remak bundles, without myelin production (Feltri et al.,, 2016; Monk et al.,
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2015). Radial sorting is determinant for the correct architecture and function of
adult nerves, which will consist of 50% myelinating SCs in a 1:1 relationship with
axons, 20% of Remak SCs associated with small-caliber axons, 8% of resident
macrophages, 6% of endothelial cells (ECs), 1,5% of pericytes, and interestingly,
12.5% of a new population of cells in the endoneurium called tactocytes, which
interact with the endothelial cells outside of their basal lamina and make
multiple contacts along the length of endoneurial blood vessels, which consist
mostly of small arterioles and capillaries. The endoneurium is protected by the
blood-nerve barrier (BNB) at two levels: the perineurium and the endoneurial
blood vessels. The BNB vascular unit around the endoneurial blood vessels is
defined by ECs together with the closely associated pericytes inside the EC basal
lamina as well as the associated tactocytes and macrophages located outside of
the EC basal lamina. In contrast, epineurial blood vessels consist of larger blood
vessels, mostly arterioles and venules, and do not have a barrier function

(Malong et al., 2023; Stierli et al., 2018) (Fig. 6c).
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Figure 7. Schematic representation of the radial sorting process. At stage 1, axons of mixed calibers
are grouped in bundles surrounded by iSCs, which produce the basal lamina (in yellow). At stage 2,
iSCs extend lamellipodia into axonal bundles. During stage 3, large-caliber axons are sorted and
segregated towards the periphery of the bundle. At stage 4, iSCs surrounding single large-caliber axons
proliferate and separate from the bundle. (Adapted from Feltri et al., 2016).

Proper radial sorting requires a fine-tuned regulation of many different aspects.
Among them, we can mention the regulation of ECM components deposition,
SC cytoskeleton reorganization, SC-axon interactions, establishment of SC
polarity between the basal lamina and axons, and cell cycle regulation (Feltri et
al., 2016; Monk et al.,, 2015). Many molecules are required but the most
important are components of the ECM and intracellular signaling pathways
regulating cytoskeleton dynamics. Furthermore, the functions of transcriptional
and epigenetics mechanisms have also been described. For example, deletion of
the chromatin remodeling enzymes HDAC1/2 in mouse SCs delay radial sorting

by affecting SC survival (Jacob et al., 2011).

An appropriate balance between proliferation and survival is crucial during
radial sorting. Indeed, on one side, SCs need to generate enough daughter cells
to segregate all large-caliber axons and on the other side, they need to exit the
cell cycle to differentiate properly into myelinating or Remak SCs. In vivo, SC

proliferation is triggered by axon-associated signals such as NRG1 and Notch, by
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signals derived from the basal lamina such as laminin, the Rho GTPase cdc42 and
focal adhesion kinase (FAK), by the components of the Hippo signaling pathway
YAP and TAZ or by Gpr126 signaling pathway (Deng et al., 2017; Feltri et al. 2016;
Monk et al., 2009, 2015; Poitelon et al., 2016). Among the molecules which
promote cell cycle exit, we can cite the cyclin-dependent kinase inhibitor 1b,
also called p27 (Li and al., 2011). Lastly, a balance between death and survival
signals is also crucial to assure the control of iSC survival. Survival signals either
come from axons (via NRG1) and from SC basal lamina (laminin). The only death
signal which is acting in SC development is TGF. However, the function of TGF3
is contradictory since it has been shown to promote both SC proliferation and
death. Currently, some studies suggest that TGFB would promote the
proliferation of SCs tightly associated with axons and trigger apoptosis in SCs
with a less effective axon association (D’Antonio et al., 2006; Jessen and Mirsky,

2019).

1.3.4 Pro-myelinating Schwann cells

Once pro-myelinating SCs have sorted an axon segment, they begin the
transition to wrapping and terminal differentiation. Terminal differentiation is
characterized by SC basal lamina maturation, which drives the activation of
Gprl126 and subsequent cAMP elevation. However, cAMP elevation always
requires NRG1 signalling to insure proper terminal differentiation and vice versa.
While the N-terminal fragment of Gprl126 is required for radial sorting,
activation of the C-terminal fragment upon laminin binding results in cAMP
accumulation, which is required for SC myelination. Both NRG1 signaling and
cAMP elevation trigger Oct6 expression, a prerequisite for SCs to timely progress

to the myelinating stage (Mogha et al., 2013; Monk et al., 2009, 2011). Oct6 is
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expressed transiently in pro-myelinating SCs, with a peak at the transition to
myelinating SCs, and decreases rapidly once myelination begins. Oct6 is the
central target of Sox10 in the late iSCs, and its expression is induced by Sox10
binding on the Oct6 SC-specific enhancer (SCE), together with Brgl-containing
BAF chromatin remodeling complexes (Weider et al., 2012). Of note, Sox10
expression is further sustained by the recruitment of either Sox10 itself or NFkB,
both in complex with HDAC1/2 and BRG1, on Sox10 promoter (Chen et al., 2011;
Jacob et al., 2011). Interestingly, Jacob et al. (2011) found specific primary
functions for HDAC1 and HDAC2. They demonstrated that HDAC1 controls SC
survival by preventing precocious increase of active beta-catenin and that
HDAC?2 interacts with Sox10 to activate Sox10, Krox20, and PO transcription. Brn-
2 is a close relative to Oct6 and is expressed with similar kinetics. While single
Oct6 or Brn-2 null mice display a transient arrest at the promyelinating stage,
the phenotype of double Oct6/Brn2 double mouse mutant is more severe,
although myelination is not completely prevented (Jaegle et al. 2003). NRG1
signalling also upregulates the expression of several transcription factors
necessary for myelination, like YY1 and NFATC3/4. Activation of the latter
ultimately leads to Krox20 expression. NRG1 was also shown to activate mTOR
signaling, whose functions in SC development and myelination have been
highlighted (Norrmén et al., 2014). Recently, the E3 ubiquitin ligase Foxw7 has
been shown to regulate myelin gene expression and to prevent
hypermyelination by suppressing mTOR signaling (Harty et al., 2019).

Upon Gprl26 and NRG1 signaling, Oct6, Brn-2, Sox10, and NFATC3/4 are all
recruited to Krox20 myelinating SC element (MSE) to activate Krox20
expression. NFATC3/4 form a complex with Sox10, and YY1 participates in the
loop formation between Krox20 promoter and Krox20 MSE (He et al., 2010; Kao

et al.,, 2009; Weinstraub et al., 2017). Induction of Krox20 transcription also
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requires HDAC1, HDAC2, Brgl-containing BAF complexes and the MED12
subunit of the Mediator complex. The latter has been shown to physically
interact and collaborate with Sox10 on Krox20 MSE (Jacob et al., 2011; Sock and
Wegner, 2016; Vogl et al.,2013; Weider et al., 2012). A co-expression of Oct6
and Krox20 is observed during the initial myelination phase. However, Oct6
expression is rapidly turned off, at least in part by Krox20, as continuous Oct6
expression leads to hypomyelination and axonal loss (Ryu et al. 2007; Zorick et
al., 1999). The transition from pro-myelinating SCs to myelinating SCs also
requires the repression of negative regulators of myelination. Indeed, Gomis-
Coloma et al. (2018) showed that cAMP elevation induces HDAC4 shuttling to SC
nucleus, where it binds to the c-Jun promoter and interacts with the repressor
complex NCoR1/HDAC3, resulting in c-Jun transcriptional repression and SC
differentiation. The histone methyltransferase EZH2, by catalysing the tri-
methylation of H3K27, inactivates the p75kip2 promoter, thus preventing the
expression of Hes5, an inhibitor of myelination (Heinen et al. 2012; Liu et al.,

2006).

An additional layer of regulation is insured by non-coding RNAs (micro RNAs and
long non-coding RNAs) at all stages of SC development, whose expression is
mostly regulated by Sox10. The regulatory network thus reaches a higher degree
of complexity, as microRNAs also control various transcription factors in
addition to transcription factors and chromatin remodeling enzymes themselves
(Svaren et al., 2014). Micro RNAs (miRNAs) are 21-23 nucleotides non-coding
RNAs, which modulate gene expression by binding to the 3’-UTR of their target
MRNA. Their role in SC biology has been highlighted in mice lacking essential
enzymes for miRNA maturation like DiGeorge syndrome critical region 8

(DGCR8) or Dicer, whose PNS axons are severely hypomyelinated with SCs
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expressing iSC markers (Pereira et al., 2010; Bremer et al., 2010). Among the
miRNAs discovered in SCs, the Lin28B/let-7 axis is a critical driver of PNS
myelination. Let-7 miRNA levels are inversely correlated to Lin28B, an
antagonist of let-7. Mechanistically, let-7 miRNAs have been shown to promote
Krox20 expression by inhibiting Notch signaling. Moreover, miR138 is induced
at the myelination onset and has been predicted to repress Sox2, c-Jun and,
Cyclin D1 expression (Yun et al., 2010). Many other miRNAs have been found to
regulate SC proliferation, migration, myelin maintenance and response to injury

(Gu et al., 2015, Qian et al. 2016; Svaren et al., 2014; Yi et al., 2016).

In contrast to the ligand NRG1 type Il on axons, its receptor ErbB2 on SCs is not
rate limiting for myelination. In addition, NRG1 signaling instructs SCs for
myelination and identify axons that have reached a diameter of around 1 um
(Fledrich et al., 2019; Michailov et al., 2004; Taveggia et al., 2005). The
interaction between NRG1 type Il on ErbB2/3 receptors on SCs activate
different signaling cascades, especially MAPK/ERK and PI3K/AKT signaling
cascades. MAPK/ERK overactivation can rescue the loss of NRG1/ErbB signaling.
However, Akt overactivation or ablation of PTEN leads to hypermyelination and
myelin pathology (Doménech-Estévez et al., 2016; Fledrich et al., 2019; Sheean
et al., 2014). In contrast, Notch signaling acts as an inhibitory signal for
myelination onset (Woodhoo et al., 2009).

Components of the ECM also play a role in the onset of myelination. Indeed,
laminin 211 limits NRG1 type Il signaling in small-caliber axons (Ghidinelli et al.,
2017). Interestingly, the rigidity of the ECM or mechanical stimulation have been
shown to modulate the Hippo pathway. When inactivated, the transcriptional
co-activators YAP and TAZ are de-phosphorylated, enter the nucleus and co-

activate the transcription factor TEAD1, resulting in Krox20 and Pmp22
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expression (Lopez-Anido et al., 2016; Poitelon et al., 2016). This suggests that
mechanical stimuli can be integrated by SCs and participate in the control of

myelination.

1.3.5 Myelinating Schwann cells

During terminal differentiation and initiation of the myelination program, pro-
myelinating SCs wrap their membrane iteratively around the axonal segment to
form the myelin sheath. Myelin growth demands the synthesis and assembly of
a large amount of myelin components, requiring a tight coordination between
protein translation, lipid biosynthesis, and their trafficking to maintain a proper
myelin stoichiometry. Indeed, imbalances and impairment of myelin component
synthesis can result in peripheral dysmyelinating or demyelinating neuropathies
(Fledrich et al., 2012, 2018, Hertzog and Jacob, 2022). During maturation, SC
cytoplasm is progressively extruded from the membrane to produce compact
myelin between the abaxonal and adaxonal layers of the SC membrane. The
stabilization of opposing membrane layers is initiated by myelin proteins.
Indeed, compaction occurs via extracellular binding of PO tetramers on opposing
membrane surfaces. The cytoplasmic leaflets between the opposing
membranes are then compressed via the electrostatic interactions between
MBP and the cytoplasmic tail of PO. On electron microscopy images, compact
myelin appears as a major dense line, with MBP as primary constituent
(Muppirala et al., 2021; Salzer, 2015). Furthermore, SC wrapping requires an
important and constant cytoskeletal remodeling, which is dependent on the
recruitment and interaction of cytoskeleton modifiers with the ECM
components (Muppirala et al., 2021). NRG1 signaling through PI3K/AKT pathway

plays an important function in wrapping and myelin formation. Indeed, NRG1
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signaling is known to promote myelination and to modulate the number of
myelin wraps (Michailov, 2004; Taveggia et al., 2005). Interestingly, in vitro
inhibition of AKT perturbed myelin formation without affecting terminal

differentiation gene expression such as Krox20 (Domeénech-Estévez et al., 2016).

The transition between promyelinating SCs to myelinating SCs is controlled by
several categories of signals. The first category comprises the signaling between
axons and SCs, among which NRG1 and Gpr126 signaling are the most studied.
The axonal control of myelination has been demonstrated already in the 1970s
as axonal molecules were shown to be responsible for the acquisition of the SC
myelinating phenotype (Weinberg and Spencer, 1975). Among the members of
the NRG1 family, NRG1 type Ill has been identified as the molecule determining
the myelinating phenotype and the fate of SC differentiation and regulates
Sox10 and Krox20 expression. NRG1 type Il is also required for the formation of
Remak bundles, indicating that NRG1 signaling is required for the specification
of both myelinating and nonmyelinating SCs (Fricker et al., 2009; Monk et al.,
2015; Taveggia et al., 2005). NRG1 type Il activity is controlled by post-
translational modifications mediated by secretases. While the B-secretase
BACE-1 acts as positive activator, the a-secretase ADAM17 acts as a negative
regulator of NRG1 activity. Indeed, BACE-1 cleavage promotes myelination,
whereas ADAM17 inhibits myelination (La Marca et al., 2011; Taveggia et al.,
2005). After the extracellular cleavage, the transmembrane domain of NRG1
type lll undergoes a proteolysis mediated by the y-secretase complex, triggering
the expression of prostaglandine D2 (PGD2) synthase, catalyzing the production
of PGD2, which then activates Gpr44 in SCs and promotes myelination. This
pathway reinforces NRG1 type Ill signaling during development and may

contribute to myelin maintenance in adulthood (Trimarco et al., 2014).
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G-protein-coupled receptors are a family of cell surface receptors composed of
7 transmembrane domains and an N-terminal extracellular domain, with the
ability to transduce signaling via heterodimeric G proteins. Gpr126 integrates
signals from ECM molecules like laminin 211 and collagen |V, triggering an
increase in cAMP levels and PKA activation to control different stages of SC
development and myelination (Mogha et al. 2013; Monk et al., 2011; Peterson
et al.,, 2015). Another GPCR implicated in PNS myelination is Gpr44, which
activates the transcription factor NFATC4 (Trimarco et al., 2014). Interestingly,
GPCR effectors modulate signals from other pathways. The best example is
cAMP. Low levels of cAMP favor NRG1-induced cell proliferation and high levels
of cAMP promote NRG1-induced SC differentiation. Additionally, Laminin 211-
Gprl26 interactions suppress cAMP accumulation during radial sorting and
promote cAMP accumulation at later developmental stages (Peterson et al.,
2015; Monk et al., 2015).

The dependence of SCs on axonal signaling cues persists beyond the
developmental period and is required for myelin maintenance during adulthood
as well, however to a lesser extent. For example, conditional ablation of NRG1
in adult neurons leads to myelin alteration only after 22 weeks. In contrast, the
axon-derived prion protein PrP¢is needed only for myelin maintenance. PrP¢acts
upstream of Gprl126 in myelinating SCs, indicating that cAMP signaling is also
required to preserve myelin integrity (Bremer et al., 2010; Fledrich et al., 2019;
Kiffer et al.,, 2016). Hence, the axonal signals directing SC development and
myelination differ from the ones preserving myelin integrity. Similarly to the

developmental period, SCs also provide essential support for axon integrity.

Several signaling pathways are activated downstream of NRG1 type Ill, including

the PI3K/AKT pathway, the MEK/ERK pathway, and the phospholipase C-y Ca?*
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pathway. Of note, those pathways are commonly activated by different signaling
molecules, indicating that they act as an integration center to control
myelination. In vivo, PI3K/AKT pathway activation has been shown to initiate
myelination and control myelin thickness, whereas MEK/ERK pathway was
shown to regulate SC differentiation and myelin sheath thickness. Indeed, MEK-
dependent phosphorylation of YY1 transcription factor is necessary for Krox20
activation and myelination (He et al., 2010). The omnipresence of NRG1 type Il
signaling at almost every SC developmental stage raised the question of how
NRG1 type lll can generate such a wide array of responses in SCs. The current
consensus is that SCs respond to axonal NRG1 type Ill in a concentration-
dependent manner. Another explanation would reside in the intersection of
other signaling pathways with NRG1 signaling at each stage, so that the
combination of different pathways would affect SC response to NRG1 signaling
(Glenn and Talbot, 2013; Monk et al., 2015). Lastly, it has been shown, in vitro,
that NRG1 activation leads to increased levels of intracellular Ca?*, NFAT
phosphorylation and nuclear translocation. NFATs then dimerize with Sox10 and

activate Krox20 and PO expression (Kao et al., 2009).

At later stages of SC development, Sox10 together with Krox20 are of paramount
importance for SC terminal differentiation, myelination, and myelin
maintenance. Indeed, numerous studies shed light on the synergistic activation
of myelin protein genes such as Mbp, PO and Cx32, and lipid biosynthesis genes
by Sox10 and Krox20, as well as co-occupancy on their regulatory regions
(Bondurand et al, 2001; Denarier et al., 2005; Jang et al., 2009; Jones et al.,
2007). Of note, the activation of lipid biosynthesis genes also relies on the
binding of Srebp downstream of mTOR signaling, as well as RXRy (LeBlanc et al.,

2005; Srinivasan et al., 2012). In adult SCs, HDAC1 and HDAC2 act as co-factors
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of Sox10 to activate the PO promoter and are required to maintain the integrity
of the paranodes and nodes of Ranvier. Indeed, PO levels are decreased by 50%
in mice lacking HDAC1/2 in SCs and is accompanied by severe motor and sensory
loss of function (Brligger et al., 2015). While HDAC1/2 expression is high in
developing SCs, their expression levels are considerably decreased in mature
myelinating SCs. Indeed, once developmental myelination is completed, SCs
switch from a myelin biogenesis state to homeostasis state in adulthood. This
transition is under the control of HDAC3, whose deletion maintains HDAC1/2
expression levels found in developing SCs, leading to hypermyelination and,
consequently, to the development of peripheral neuropathies (Rosenberg et al.,
2018). In the homeostatic state, continuous myelin gene expression is required
but at lower levels to ensure myelin maintenance. Regulation of Krox20 levels
in adult SCs is crucial for myelin integrity, as a misregulation of Krox20
expression leads to demyelination or hypermyelination. To maintain low Krox20
and Octb6 levels, repressive histone marks are added to Krox20 MSE and Oct6
SCE in the adult SC stage. Lastly, histone methylases have also been shown to
regulate SC myelination. For example, the Polycom repressor complex 2 (PRC2)
represses the Igfbp2 promoter by catalyzing H3K27 tri-methylation, thereby
dampening Akt-dependent myelination and preventing overmyelination (Ma et

al., 2018).

The final integrators and responders of the different extracellular and
intracellular cues are transcription factors and chromatin remodeling enzymes.
Transcriptional changes are required to produce myelin proteins and lipids. The
most important transcription factor necessary for SCP differentiation, SC
maturation, myelination and myelin maintenance is Sox10 (Frob and Wegner,

2020; Sock and Wegner, 2019).
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SC terminal differentiation is always accompanied by inhibition of negative
regulators of myelination such as c-Jun, 1d2, Id4, Pax3, Sox2, and Notch signaling.
These factors have the particularity of being expressed in iSCs, downregulated
in mature SCs, and re-expressed in SCs after injury or in the case of some
peripheral neuropathies. Several pathways and second messengers need to be
tightly regulated during myelination. For example, the pro-myelinating PI3K/AKT
pathway is counteracted by PTEN, whose activity is potentiated by DIgl. Indeed,
PTEN inactivation or ablation of Dlgl lead to hypermyelination. Moreover,
DDIT4 has been identified as a negative regulator of PNS myelination and loss of
DDIT4 results in increased PI3K/AKT activity and hypermyelination (Goebbels et
al., 2010; Noseda et al., 2013). At the transcriptional levels, the inhibition of
negative regulators of myelination is achieved by the recruitment of the
transcription factors Krox20, NAB1/2 and the chromatin remodeling complex
NuRD on regulatory regions of c-Jun, Id2 and Id4 genes. NAB1/2 allows Krox20
to recruit the HDAC/NuURD complex. In support to a negative function of c-Jun
on myelination is the cross-inhibitory relationship between c-Jun and Kox20
(Parkinson et al., 2004, 2008). The high mobility group (HMG) domain
transcription factor Sox2 has also been shown to repress Krox20 expression and
axon myelination in SC/DRG neuron co-cultures and impairs myelination in vivo
(Le et al., 2005, Roberts et al., 2017). Such as for c-Jun, a cross-inhibitory
relationship between Sox2 and Krox20 has been observed in vitro. In addition,
mice with persistent Sox2 expression in SCs show a hypomyelinating phenotype,
increased number of unmyelinated axons and reduced levels of Krox20 and
myelin proteins, resulting in impairment of sensory-motor function (Le et al.,
2005; Parkinson et al., 2008; Roberts et al., 2017). Of note, c-Jun and Sox2

expressions are also downregulated by Zeb2 at this stage. Additionally, Krox20
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also downregulates Notch-1 expression in SCs at the onset of myelination
(Woodhoo et al.,, 2009). Lastly, the methyltransferase EZH2, one of the two
methyltransferases found in the PRC2 complex, catalyzes the trimethylation of
H3K27 on the promoter of injury-induced genes to prevent their inappropriate

expression (Ma et al., 2015).
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Figure 8. Histone modifications and histone modifiers in SC development and maintenance.
Schematic representation of chromatin-remodeling enzymes and associated mechanisms regulating
SC development and maintenance. ABC, active B-catenin; ac, acetyl group; Akt, murine thymoma viral
oncogene homolog 1; BAF, Barrier-to-autointegrated factor; BRG1, Brahma-related gene 1; c-Jun, c-
Jun proto-oncogene; EZH2, Enhancer of zeste homolog 2; Fabp7, Fatty acid binding protein 7; HDAC1,
histone deacetylase 1; HDAC2, histone deacetylase 2; HDAC3, histone deacetylase 3; HDAC4, histone
deacetylase 4; Hes5, transcriptional repressor Hairy Enhancer of Split 5; Hey2, Hairy/enhancer-of-split
related with YRPW motif protein 2; 1d2, DNA binding protein inhibitor 2; Id4, DNA binding protein
inhibitor 4; IGFBP2, Insulin-like growth factor binding protein 2; KAT, histone methyltransferase;
Krox20, early growth response 2; me, methyl group; NAB1/2, NGF1-A (Nerve growth factor-induced
protein A) binding factor %; NCoR1, Nuclear receptor corepressor 1; NFkB, Nuclear factor kappa-light-
chain-enhancer of activated B cells; NuRD, Nucleosome remodeling and deacetylase; Oct6, Octamer-
binding transcription factor 6; PO, Myelin protein zero; p75kip2, Cyclin-dependent kinase inhibitor p75;
PRC2, Polycomb repressive complex 2; Pax3, Paired box gene 3; PMP22, Peripheral myelin protein 22-
kDa; SC1, Schwann cell factor 1; SCE, Schwann cell specific enhancer; Sox2, SRY (sex determining region
Y) box 2; Sox10, SRY (sex determining region Y) box 10; TAZ, Transcriptional co-activator with PDZ
binding motif; TEAD1, TEA domain transcription factor 1; YAP, Yes-associated protein; Zeb2, Zinc finger
E-box-binding homoebox 2. (Modified and adapted from Duman and Martinez-Moreno, 2022, Jacob,
2017).

1.3.6 Nonmyelinating Schwann cells

The PNS comprises several classes of nerve fibers associated with
nonmyelinating SCs (NMSCs): the C fiber nociceptors, the postganglionic
sympathetic and parasympathetic fibers, and the motor nerve terminals at the
neuromuscular synapses. NMSCs are themselves divided into three classes: the
Remak SCs ensheathing small-caliber axons, the perisynaptic SCs at the
neuromuscular junctions (NMJs), and the terminal SCs associated with
cutaneous sensory end organs like Pacini or Meissener corpuscles (Monk et al.,

2015). Of note, perisynaptic and terminal SCs also derive from iSCs.

Remak SCs enwrap between one and fifty axons of either sensory C-fibers or
postganglionic sympathetic and parasympathetic fibers into single bundles, with
the number of axons per bundle varying along the same nerve and in different
nerves. It has been shown that a single Remak SC can surround axons that

respond differently to given growth factors, thereby highlighting a critical
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function of Remak cells in the trophic and metabolic support of axons (Beirowski
et al., 2014, Monk et al., 2015). Remak cells share some markers with iSCs such
as NCAM1 and GFAP but more specific Remak SCs markers, ApoD and SMOC2
have recently been identified at the transcript level (Wolbert et al., 2020). The
exact mechanism by which iSCs differentiate into Remak SCs is still under
investigation. However, sensory axon NRG1 type Ill expression is necessary for
Remak SC generation (Bosch-Queralt et al., 2022; Fricker et al., 2009; Taveggia
et al., 2005).

Terminal SCs do not wrap axons but rather extend processes toward them and
cover the entire synapse. Usually, three to five cells are found in close contact
with both the pre- and postsynaptic NMJ components. Terminal SCs ensure
synapse formation, refinement, and axon pathfinding during development,
functional maintenance, and proper re-innervation of NMJs after injury (Bosch-
Queralt et al., 2022; Kang et al., 2014; Monk et al., 2015; Smith et al., 2013). In
addition, terminal SCs bear neurotransmitter receptors at their surface, whose
activation triggers a Ca?* wave in SCs, thereby modulating synaptic transmitter

release (Bosch-Queralt et al., 2022; Ko and Robitaille 2015).

At the epidermis-dermis junction, terminal SCs and Remak fibers form a 1:1
relationship but only the Remak fibers extend through the dermis. Terminal SCs
in the skin are thought to preserve nerve terminals and provide innervation of
sensory end organs. For instance, terminal SCs-derived NGF allows continuous
axon sprouting and growth, which are characteristic of sensory fibers in the skin
(Diamond et al., 2012; Monk et al., 2015). Terminal SCs thus actively take part

in the modulation of sensory responses in the skin. Furthermore, their role in
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wound healing of the skin has recently been highlighted (Bosch-Queralt et al.,
2022; Johnston et al., 2013; Parfejevs et al., 2018; Rinwa et al., 2021).

1.4 Peripheral nerve injury and regeneration

In response to a lesion, PNS neurons and SCs undergo extensive changes in their
differentiation state and in their gene expression distal to the injury. On the one
hand, PNS neurons switch from a cell-cell signaling function to a growth-
competent phenotype. On the other hand, SCs temporarily abandon their
axonal ensheathment and myelin maintenance function to acquire a phenotype
supporting regeneration. These cells, called repair SCs, differ from other cells of
the SC lineage (Jessen and Mirsky, 2016). Thus, peripheral nerves owe their
regenerative capacities to the flexible differentiation phenotype of both
neurons and SCs. In contrast, the regenerative capacity of the CNS is a lot lower,
due to some extent to a lower capacity of CNS neurons to regrow, and mostly
to the absence of repair cells in the CNS. indeed, OLs do not reprogram into
repair cells and provide no helpful support. Instead, a CNS lesion is followed by
the formation of a glial scar and retention of myelin debris, which are
deleterious for axonal regrowth (Jessen and Mirsky, 2016; Brosius Lutz and

Barres, 2014).

1.4.1 The neuron response to injury

During development, the formation of synapses progressively decreases axon
growth competence and directs its functions into transmitting information and
signal integration. However, after an injury, axons recapitulate some of the
developmental processes and switch from an electrically transmitting state back

to an electrically silent, growth-competent state (Mahar and Cavalli, 2018;
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Quadrato et al., 2013). The presence of an injury is conveyed from injury site to
the cell soma by retrograde axonal signaling occurring in two phases. The early
and rapid signaling phase results from ion flux changes. A damage to the axonal
membrane triggers massive ion influx and opening of voltage-dependent
sodium channels, leading to the inversion of the Na+/Ca2+ exchange pump. This,
together with the Ca?* release from intracellular stores, generates a Ca?* wave
that propagates along the axon (Rishal and Fainzilber, 2014). Interestingly, it has
been shown that the Ca%* wave triggers phosphorylation and nuclear export of
HDACS5 in a PKCp-dependent manner. HDAC5 export increases histone H3
acetylation levels, thus priming chromatin for subsequent transcriptional
changes (Cho et al., 2013).

The late signaling phase occurs by dynein-mediated retrograde transport. The
dual leucin zipper kinase (DLK) is locally activated by phosphorylation after injury
and binds together with JNK and JIP3 on dynein. The retrograde transport of this
complex to the cell soma allows the phosphorylation and activation of the
transcription factors c-Jun, STAT3 and ATF3 as well as their translocation to the
nucleus, which ultimately leads to the transcription of regeneration associated
genes (RAGs). Of note, STAT3 is locally translated in axons and phosphorylated
after lesion (Ben-Yaakov et al., 2012). Beside the DLK-JNK-JIP3-mediated
activation of transcription factors, the second signaling phase is also
characterized by retrograde transport of transcription factors bearing a nuclear
localization signal (NLS) upon direct binding to importin-a isoform. It has been
shown that the levels of importin-p isoform are increased after injury by local
translation of importin-B mRNA and that binding of importin-B to importin-a
increase the affinity of importin-a for the NLS of the transcription factor (Hanz
et al., 2003; Perry and Fainzilber, 2009). The intermediate filament vimentin has

also been shown to be locally translated and cleaved after injury. Vimentin
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fragments possess a NLS and interact directly with importin-B and
phosphorylated ERK (pERK), allowing the nuclear translocation of pERK. In
addition, the presence of vimentin in this complex prevents ERK
dephosphorylation (Perlson et al., 2005).

Neuronal activation after injury involves massive changes in the gene
transcription profile of neurons. RAG genes include the immediate-early genes
c-Jun and JunD, as well as constitutive transcription factors such as CREB, STAT3,
ATF3, Sox1 and SMAD1 (Abe and Cavalli, 2008). Among them, c-Jun is the central
component of the RAG network since it is required for the initiation of the
additional transcriptional changes. Thus, c-Jun is not only crucial for the
acquisition of the repair phenotype in SCs but also for neuronal plasticity after

lesion to promote neurite outgrowth (Raivich et al., 2004).

In the distal stump, the axonal transport of Nicotinamide mononucleotide
adenylyltransferase 2 (NMNAT2) in the distal part is interrupted after lesion and
the remaining NMNAT2 pool is degraded. Consequently, the conversion of
Nicotinamide mononucleotide (NMN) to Nicotinamide adenine dinucleotide
(NAD) by NMNAT?2 is prevented, leading the NMN accumulation in the distal
stump. NMN then binds to Sterile alpha and TIR motif containing 1 (SARM1)
octamer, inducing a conformational change promoting its activation. SARM1 has
been identified and described as a protein promoting degradation of injured
axons and is an essential effector of Wallerian degeneration (Arthur-Farraj and
Coleman, 2021; Osterloh et al., 2012). Indeed, the activated form of SARM1
generates cyclic ADP-ribose (cADPR) from NAD as well as other products from
NAPD or nicotinic acid such as nicotinic acid adenine dinucleotide phosphate

(NAADP) and 2’-phospho-cyclic ADP-ribose (cADPRP), leading to calcium
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accumulation, generation of reactive oxygen species and ATP decline, which

promote axonal degeneration (Arthur-Farraj and Coleman, 2021).

1.4.2 The Schwann cell response to injury

In the CNS, once OLs have myelinated neurons, they remain in a post-mitotic
state. New OLs are produced throughout life from a pool of progenitor cells
known as OL progenitor cells (OPCs) to replace OLs, to myelinate new axon
segments or for remyelination following demyelination events. In contrast, the
adult PNS is a more quiescent tissue and both PNS homeostasis and
regeneration do not rely on a specific stem cell population. Indeed, myelinating
SCs do not turn over in adult nerves and Remak cell turnover rate is extremely
slow (72 months). However, both mSCs and Remak SCs can adopt a repair
phenotype as well as the acquisition of proliferative and migratory features after
injury (Fig. 5). Repair SCs are the central orchestrators of the regenerative
response. Indeed, they control the blood-nerve barrier breakdown and allow
the influx of inflammatory cells, they clear the nerve environment from axon
and myelin debris, and guide and support axonal regrowth back to their former
targets. Repair SCs retain features of the SC lineage and can redifferentiate into
either myelinating or Remak cells once regeneration is complete, independently
of their phenotype (mSCs or Remak SCs) before lesion (Cattin and Llylod, 2016;
Jessen and Mirsky, 2016; Stierli et al., 2018).

It has long been thought that SCs were de-differentiating after lesion, retrieving
iSC characteristics. However, it is now proved that the acquisition of the repair
phenotype involves both the loss of SC differentiation features as well as the
activation of a set of repair-supportive genes and phenotypes that are not
observed during SC development. In fact, the simultaneous loss of

differentiation features and activation of regeneration-supportive features have
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also been observed in other cell types in mammals (skin, liver, pancreas) or in
amphibians (limb or pigmented cells in the newt), for example. This type of cell
conversion is rather defined as transdifferentiation or direct (lineage)
reprogramming (Jessen and Mirsky, 2016; Sisakhtnezhad and Martin, 2012).
Indeed, a comparison between iSCs and repair SCs reveal several differences.
First, repair SCs show a different expression profile and transcriptional controls
than iSCs. For example, expression of c-Jun and c-Jun target genes such as GDNF,
Oligodendrocyte transcription factor 1 (Olig 1), Sonic Hedgehog (Shh) and
artemin occur de novo after injury and serve as repair SC markers. Those genes
are only a small fraction of the genes that are up-regulated after injury, as over
a hundred of genes are up-regulated after lesion (Arthur-Farraj et al.,2012;
Balakrishnan et al., 2016; Bosse et al., 2006; Yi et al., 2017). Second, in contrast
to iSCs, repair SCs elicit a local innate immune response in the distal stump to
attract and activate macrophages and other immune cells (Gaudet et al., 2011).
Third, repair SCs can degrade their own myelin sheath after lesion by activating
a special form of autophagy called myelinophagy. Fourth, repair SCs are
morphologically distinct from iSCs as they adopt an elongated, bipolar shape to
form regeneration tracks and iSCs lack such a guidance function. Those four
aspects are discussed in more details in the section below.

Axons can be interrupted by either nerve crush or nerve cut. After nerve crush,
the basal lamina tubes surrounding the axon/SC units remain intact and axons
lie within their native basal lamina sheath as they elongate into the distal stump.
The SC response to injury can be divided into two steps. The first one consists of
downregulating the expression of pro-myelinating and myelin genes like Krox20,
enzymes of the cholesterol synthesis, and genes coding for myelin structural
proteins such as PO, MBP, MAG or periaxin. At the same time, repair SCs

upregulate the expression of some iSC genes, including Neural cell adhesion
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molecule (NCAM), p75 neurotrophin receptor (p75NTR) and glial fibrillary acidic
protein (GFAP). The second one is the acquisition of the repair program, a set of
phenotypes observed neither in mature myelinating SCs, nor in developing
nerves (Jessen and Mirsky, 2008; Mirsky et al., 2008).

Repair SCs start expressing neurotrophic factors and surface proteins whose
functions are to promote axonal survival and elongation. Among them, we can
cite glial cell-derived neurotrophic factor (GDNF), artemin, brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), nerve growth factor (NGF).
Repair SCs also upregulate N-CAM and N-cadherin, which allow axon migration
at the SC surface (Arthur-Farraj et al., 2012; Napoli et al., 2012).

An innate immune response is then activated in the distal stump and is
characterized by increased production of cytokines by SCs, including tumor
necrosis alpha (TNFa), interleukin-1o (IL-1a), leukemia inhibitory factor (LIF),
and monocyte chemotactic protein 1 (MCP-1). In this way, SCs can interact with
immune cells and recruit macrophages to the distal stump. In addition of
providing a second source of cytokines, the recruited macrophages promote
vascularization, co-operate with SCs to remove myelin and axonal debris,
thereby generating a growth-promoting environment together with SCs (Tofaris
et al., 2002).

Repair SCs adopt an elongated and bipolar morphology and slightly overlap to
form cords called bands of Biingner inside the basal lamina tubes. These
structures are essential to guide regrowing axons back to their previous targets.
The conversion of myelinating and Remak SCs into repair SCs includes a 2-to-3-
fold increase in cell length, i.e. 7-to-10 times longer than iSCs. Although myelin
and Remak cells have very different morphologies, they give rise to repair cells
with a comparable general appearance and branching pattern as well as

overlapping size range. Around 50% of Remak-derived repair SCs display
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between 2 and 3 long branches, oriented parallel to the cell axis, whereas iSCs
are unbranched. In contrast, myelinating SC-derived repair SCs are even longer
than Remak SC-derived repair SCs and around 30% of myelinating SC-derived
repair cells are branched. SC elongation is reversible and repair SCs shorten to
1/7 of their length during the remyelination phase. Indeed, lineage tracing
analysis revealed that both myelinating and Remak cells in uninjured nerves
convert into repair SCs in injured nerves and that repair SCs convert back to
either myelinating or Remak SCs after nerve regeneration (Gomez-Sanchez et
al., 2017; Stierli et al., 2018). It has been hypothesized that this massive increase
in length can provide a safety to ensure the formation of bands of Blingner in
the absence of SC proliferation, as axonal regrowth is unaffected when
proliferation is prevented in SCs (Atanasoski et al., 2001; Gomez-Sanchez et al.,
2017). However, myelinating SCs in regenerated nerves are only 150-um long,
about 75% shorter in length than myelinating SCs in uninjured nerves and
correspond to SC length when they start myelinating axons during development
(Gomez-Sanchez et al., 2017; Hildebrand et al., 1985). However, during
development, SCs progressively elongate to match the increase in axonal length,
a process not observed during remyelination, suggesting that the initial length
is optimal to start myelination or remyelination (Court et al., 2004; Gomez-
Sanchez et al., 2017).

Lastly, repair SCs have been shown to degrade their own myelin by activating a
special form of autophagy known as myelinophagy. Indeed, SCs themselves
degrade around 50% of their own myelin during the first 5 to 7 days following
injury (Perry et al., 1995). To this end, SCs activate an actin-dependent process
resulting in the division of their myelin sheath into small oval-shaped fragments,
which will be further reduced in size and delivered to lysosomes for digestion.

Of note, activation of myelinophagy is part of the normal generation of repair
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SCs since mice with genetic ablation of autophagy function in SCs show a
reduced expression of the repair SC markers GDNF, Shh, Olig 1 and Artemin, as
well as a different expression profile of the normally down-regulated and up-
regulated genes in repair SCs at 5 days post injury compared to control mice
(Gomez-Sanchez et al., 2015). At the molecular level, SC myelinophagy occurs in
an mTOR-independent form of autophagy, whereas the autophagic process in
response to starvation is mTOR-dependent (Gomez-Sanchez et al., 2015; Jessen
and Mirsky, 2016; Jung et al.,, 2011). Instead, myelinophagy is driven by the
JNK/c-Jun pathway since autophagic flux is massively reduced in c-Jun cKO
animals or in WT animals treated with a JNK inhibitor (Gomez-Sanchez et al.,
2015). Surprisingly, SCs also clear myelin debris by phagocytosis. Indeed, after
lesion SCs upregulate Axl and Mertk, two members of the TAM phagocytic
receptor family, which are both necessary for myelin clearance (Brosius Lutz et
al., 2017). Later, in the distal stump, myelin clearance is dominated by the influx
of monocyte-derived macrophages, recruited by the variety of chemokines and
cytokines, notably CCL2, released by SCs. SCs seem sufficient to attract
monocyte-derived macrophages, as SCs constitutively activating ERK signaling
attract macrophages even in the absence of lesion (Napoli et al., 2012). In
addition, fibroblasts secrete CSF1, which is thought to target macrophages to
repair SCs (Groh et al., 2012). However, the small population of nerve-resident
macrophages also proliferates, phagocytoses myelin debris, and contribute to
the early inflammatory response after lesion, before the massive macrophage
influx. Resident macrophages may also account for the cytokine secretion
triggering hematogenous macrophage infiltration (Klein and Martini, 2016;
Midller et al., 2001, 2003). Beside macrophages, neutrophils also take part in
myelin removal during Wallerian degeneration, as neutrophil depletion

substantially inhibits myelin clearance in vivo and neutrophil recruitment has

50



been shown to compensate for the absence of macrophages (Lindborg et al.,
2017). Recently, it has been shown that SCs actively take part into axon
disintegration. Indeed, placenta growth factor (PIGF) released by injured axons
activates and upregulates VEGFR1 in Schwann cells, which in turn activates Pak1.
Upon Pak1 activation, SCs form constricting actomyosin spheres along distal cut
axons, leading to their disintegration (Vaquié et al., 2018). Altogether, SCs and
macrophages allow axonal and myelin debris clearance and remodeling of the
tissue to create a growth-promotive environment. Upon arrival at the
neuromuscular junction, regenerating motor axons follow the processes that
terminal SCs extended within the old synaptic site during denervation, allowing
precise reinnervation (Kang et al., 2014). Once axons have reinnervated their
targets, repair SCs re-ensheath or remyelinate axons by reverting to their

differentiated and myelinating phenotypes.

After a nerve cut, the connective tissue and basal lamina sheaths are
interrupted, and both the proximal and distal stumps need to be re-attached for
regeneration to occur. In that case, a tissue bridge will form between the two
ends, through which SC cords, emanating from both stumps, migrate
directionally along fibroblasts and blood vessels. This results in the formation of
cellular conduits along which regrowing axons are guided through the tissue
bridge towards the distal stump. Two days after transection, the proximal and
the distal stumps are rejoined by the tissue bridge, and repair SCs can already
be observed at the tips of both nerve stumps. Five days after transection, SCs
from both stumps have migrated into the bridge as discrete SC cords, which
eventually join in the middle of the bridge. Axons emanate from the proximal
stump and elongate along SC cords. Seven days after transection, the whole

bridge is filled with SC cords and axons travelling to the distal stumps.
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Interestingly, the two major cell types present in the bridge five days after
transection are fibroblasts and SCs, grouped into discrete clusters (Min et al.,
2021). Indeed, it has been shown in vitro that fibroblasts sort SCs into clusters
by repulsing SCs and by switching SC behavior from repulsive to attractive. This
is mediated, in vivo and in vitro, by the binding of ephrin-B ligands on fibroblasts
to EphB2 receptors on SCs, inducing posttranslational modifications and
stabilization of the transcription factor Sox2, resulting in the relocalization of N-
cadherin in SCs to cell-cell junctions as well as an increase of N-cadherin at the
protein level, but not at the mRNA level. The relocalization of N-cadherin results
in SC sorting into organized cords, along which axons can migrate directionally.
Indeed, when EphB2 receptor signaling is inhibited in vivo, axonal regrowth
appears disorganized, with shorter and fragmented axons regrowing in different
directions (Cattin and Llyod, 2016; Parinello et al., 2010).

The guidance of axons through the length of the nerve bridge confers a
specialized function to bridge SCs, which is not observed in repair SCs in the
distal stump. While EphB2 receptors and Sox2 are expressed in dedifferentiated
SCs in both the bridge and the distal stump, N-cadherin expression is restricted
to SC cords in the nerve bridge, where SCs are in contact with fibroblasts. This
indicates that SCs in the nerve bridge (bSCs) have distinct molecular signatures
than SCs in the distal stump (dSCs). Additionally, the isolation of pure SC
populations from different parts of the nerve after lesion using a FACS-based
approach followed by RNA-sequencing showed that the reprogrammed state is
not homogenous throughout the injured nerve and that the microenvironment
modulates the SC transcriptome. Indeed, the number of differentially regulated
genes between dSCs and bSCs is as important as between dSCs and intact,
differentiated SCs. Interestingly, genes essential to the repair program such as

genes involved in inflammation, immune signaling, ECM production are
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downregulated in bSCs compared to dSCs. In contrast, bSCs upregulate genes
involved in cell division and growth and have a more pronounced epithelial to
mesenchymal transition (EMT) signature than dSCs, with more EMT genes highly
expressed in bSCs compared to dSCs. These differences are already observed
when SCs invade the bridge and persist until the bridge is fully invaded by SCs.
This indicates that bSCs constitutes a subpopulation of SCs with a reduced repair
ability but an increased proliferative potential and differentiation capacity
toward the mesenchymal lineage. Furthermore, it has been shown that bSC
reprogramming into invasive mesenchymal-like cells is triggered by the release
of TGFR by fibroblasts and endothelial cells in the nerve bridge, allowing bSC
invasion into the wound. In addition, TGFR potentiates EphB2 receptor-
dependent cell sorting by maintaining high N-cadherin levels in bSCs. Overall, SC
reprogramming requires both the activation of cell-intrinsic transcriptional
programs and cell extrinsic signals from the microenvironment, which allow SCs
to acquire specific functions in a context-dependent manner. Indeed, bSCs and
dSCs are two distinct cell populations with a specific transcriptome and repair
features (Clements et al. 2017). In addition, repair SCs have been shown to be
more closely related to embryonic stem cells than to neural crest cells and that
the acquisition of the mesenchymal traits can be added to the molecular
features of repair SCs (Clements et al., 2017).

The SC cords are however unable to migrate directly through the matrix of the
bridge and need to move along the surface of the blood vessels. Blood vessels
are formed within the bridge at around 3 days post transfection from both
stumps and provide directionality as well as a preferred substrate for SC
migration. The interactions between SCs and endothelial cells are direct, due to
the thin and discontinuous basement membrane, and the migration motions

that are driven by actin-dependent forward protrusions and actomyosin-
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dependent contraction of the rear of the cells. Interestingly, SC-endothelial cell
interactions are thought to be non-molecular, with the blood vessels providing
a frictional and discontinuous surface allowing SCs to gain sufficient traction and
force to migrate. Initially, the nerve bridge, composed of matrix and
inflammatory cells, is not vascularized, and hypoxic. Hypoxia is sensed by
macrophages, which represent 98% of hypoxic cells within the bridge. In
response to hypoxia, macrophages upregulate HIF1o expression, leading to the
secretion of VEGFA which results in the recruitment and proliferation of
endothelial cells and thus angiogenesis. VEGFA has been shown to be both
necessary and sufficient to induce bridge vascularization and SC migration
(Cattin et al., 2015; Cattin and Llyod, 2016; Krock et al., 2011).

An overview of the SC response to injury and peripheral nerve regeneration

after lesion is depicted in Figure 9.
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Figure 9. Overview of the stages of peripheral nerve regeneration after lesion. Representation of SC
response occuring after injury in both the nerve bridge and the distal stump, as well as the interactions
between repair SCs and the nerve microenvironment until functional reconnection and SC
remyelination. CCL2, C-C motif chemokine ligand 2 ; CFS-1, Colony stimulating factor 1 ; EphB2, Ephrin
B2 receptor ; N-cad, N-cadherin ; NCAM, Neural cell adhesion molecule ; Sox2, SRY (sex determining
region Y) box 2 ; TGFB, Transforming growth factor beta ; VEGF-A, Vascular endothelial growth factor
A. (Modified and adapted from Cattin and Llyod, 2016).

1.4.3 The special role of c-Jun

c-Jun expression is absent in SCPs, upregulated in iSCs but downregulated during
postnatal development. Low c-Jun levels are detectable in both Remak and adult
myelinating SCs of uninjured nerves. Despite being upregulated in iSCs (Jessen
and Mirsky, 2008), c-Jun has not been shown to be essential for SC development
and myelin maintenance. However, c-Jun levels are rapidly and extensively
increased after nerve injury with an 8-to-10-fold increase at the mRNA level and
an increase of up to 40-fold at the protein level (Norrmén et al., 2018). In this
condition, c-Jun has been shown to be of paramount importance for successful
axonal regeneration and functional recovery after lesion. Indeed, the absence
of c-Jun specifically in SCs impedes both SC conversion into repair SCs and the
downregulation of myelin proteins. c-Jun upregulation occurs already a few
hours after lesion and is required for the suppression of PO, Mbp and Krox20
expression. Of note, a cross-inhibitory relationship exists between c-Jun and
Krox20 (Parkinson et al., 2008). In mice lacking c-Jun specifically in SCs, SCs distal
to the injury fail to upregulate the expression of neurotrophic factors, leading to
substantial neuronal death. SCs also fail to activate the myelinophagy program
and do not adopt the typical narrow and rod-like morphology of normal repair
SCs, leading to structural disorganization of the regeneration tracks (Arthur-
Farraj et al., 2012). However, the absence of c-Jun does not totally inactivate the
immune response. Macrophage invasion is reduced at the injury site, but

cytokine expression normally takes place and macrophages number is not much
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affected in the distal stump. Other pathways than c-Jun trigger the immune
response after injury. Among them, the extracellular signal-regulated protein
kinases 1 and 2 (ERK1/2)-mitogen-activated protein kinase (MAPK) signaling
pathways is activated after injury and has been shown to activate the expression
of the macrophage attractive molecule MCP-1 (Fischer et al., 2008). Other MAPK
signaling pathways such as p38 and JNK have also been shown to promote SC
conversion into the repair phenotype and the Notch signaling pathway
accelerates SC demyelination, even in the absence of lesion (Boerboom et al.,
2017; Woodhoo et al., 2009). A still opened and unanswered question is what
triggers c-Jun expression after injury. This question can be partially answered by
the study of Norrmén et al (2018), in which they showed that mTORC1 is
transiently and robustly reactivated after injury in repair SCs and is necessary
for prompt myelin clearance, SC conversion into the repair phenotype and
accurate remyelination by promoting timely c-Jun upregulation at the
transcriptional but also post-transcriptional levels by increasing c-Jun

translation rate.

Interestingly, c-Jun is also upregulated, however to a lesser extent, in SCs in
different neuropathic conditions and rather has a neuroprotective role. For
example, in a mouse model of Charcot-Marie-Tooth disease type 1A (CMT1A),
downregulating c-Jun expression results in distal sensory axonopathy and
deterioration of the sensory-motor performance. These observations indicate
that a moderate c-Jun elevation is compatible with SC differentiation and does
not trigger demyelination. Indeed, mice overexpressing 5 to 8-fold c-Jun
specifically in SCs have normal myelin sheath and no impairment of sensory-
motor function (Hantke et al., 2014; Jessen and Mirsky 2016; Jessen and Mirsky,
2022; Klein et al., 2014).
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1.4.4 Chromatin remodeling enzyme and histone modifier functions during
peripheral nerve regeneration

In the context of peripheral nerve injury, SCs are profoundly reprogrammed and
are characterized by the downregulation of pro-myelinating factors as well as
the upregulation of different transcription factors and molecules providing
repair-supportive capacities to SCs. SCs react dynamically to environmental cues
by rapidly changing their expression profile and identity. This complex and
massive change in gene expression not only involves transcriptional pathways
but is also tightly controlled at the chromatin level by epigenomic pathways,
whose functions in PNS and CNS development, injuries and diseases have
recently gained more and more interest (reviewed in Duman et Martinez-
Moreno, 2020; Gomez-Sanchez et al., 2022; Hertzog and Jacob, 2023; Lu et al.,
2019; Shukla and Tekwani, 2020). The functions of the chromatin remodeling
complexes and miRNAs in repair SCs are illustrated in Figure 10. Their functions

during SC remyelination will be described in section 1.6.

1.4.4.1 Chromatin remodeling enzymes

After injury, the promoter of injury-induced genes loses the repressive histone
mark H3K27me3 and acquires the active promoter mark H3K4me3. The
trimethylation of H3K27 is catalyzed by the polycomb repressive complex 2
(PRC2) and inactivation of PRC2 in sciatic nerves leads to premature and
increased activation of repair genes (Ma et al., 2015). Additionally, more than
4000 injury-induced enhancers acquire the active enhancer mark H3K27ac,
whereas H3K27 is deacetylated at enhancers of positive regulators of
myelination. Moreover, enhancers of injury genes are enriched in c-Jun binding
motifs. Altogether, the demethylation of H3K27, the trimethylation of H3K4 and

the deacetylation of H3K27 lead to the expression of repair genes such as Shh
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and Gdnf, thereby promoting axonal regrowth (Hung et al., 2015; Ma et al.,
2015; Ma and Svaren, 2016).

In the acute phase of injury, the SUMOylated form of HDAC2 recruits Sox10 and
two H3K9 demethylases, JMJD2C and KDM3A, to de-repress and activate Oct6
SCE, resulting in Oct6 expression. Oct6 is transiently expressed during
myelination and is known to promote timely expression of the pro-myelinating
factor Krox20 (Jeagle et al., 1996; Ryu et al., 2007). The expression of Oct6 early
after injury prevents c-Jun upregulation and thus delays SC conversion into
repair SCs and axonal regrowth (Briigger et al., 2017). At a later stage, repair
SCs upregulate the H3K27me3 demethylase JMJD3, which demethylates the
p19Arf and p16ink4a promoters, leading to the activation of the Ink4a/Arf locus
that prevent SC overproliferation and potentially tumor formation (Gomez-

Sanchez et al., 2013).

1.4.4.2. MicroRNAs

Regulation of gene transcription can also occur through non-coding RNAs.
Among them, miRNAs repress gene expression post-transcriptionally by binding
to the 3’-UTRs of their target genes and promote mRNA degradation or
inhibition of protein translation (O’Brien et al.,2018).

The role of microRNAs (miRNAs) during SC development is already well
established and several miRNAs are under the control of Sox10 (Bremer et al.,
2010; Gokey et al., 2012; Pereira et al., 2010). The relevance of miRNAs for SC
response to peripheral nerve injury has also been highlighted (Adilakshmi et al.,
2012; Gokey et al., 2012).

Indeed, several miRNAs have been shown to control either the positive or the

negative regulators of myelination. For example, miR-138 and miR-79 bind to c-
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Jun and Sox2 promoter and promote c-Jun and Sox2 expression after injury
(Adilakshmi et al., 2012). Interestingly, Arthur-Farray et al. found that c-Jun
regulates the expression of several miRNAs in repair SCs. Indeed, after injury,
miR-21 and miR-34 are expressed at lower levels in c-Jun-null nerves compared
to control nerves, whereas miR-96, miR-124, miR-183 and miR-204 are
expressed at higher levels in c-Jun-null nerves. However, the functions of the
latter miRNAs in SCs after injury are still unknown. This study also identified
several differentially expressed long-noncoding RNAs (IncRNAs) in repair SCs,
whose functions still need to be defined (Arthur-Farray et al., 2017). miRNA
binding sites have been identified on Krox20 MSE, whose expression is totally
inhibited at 48 hours post injury (hpl) (Adilakshmi et al., 2012). miRNAs have also
been shown to regulate chromatin accessibility by forming epigenetic silencing
complexes (Morris et al., 2004). In repair SCs, miR-709 forms a silencing complex
together with AGO-1 on the Krox20 MSE at regions enriched in the repressing
histone mark H3K27me3 (Adilakshmi et al., 2012). Lastly, Martinez-Moreno et
al. identified a IncRNA antisense to the promoter of Krox20 (Erg2-AS-RNA),
whose expression increases during the first 12 hpl and is part of a chromatin
remodeling complex acting on Krox20 promoter. Indeed, Erg2-AS-RNA
sequentially recruits AGO1, AGO2 and the methyltransferase EZH2 at 48 hpl,
leading to trimethylation of H3K27 and Krox20 silencing (Martinez-Moreno et

al., 2017).
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Figure 10. Histone modifications and histone modifiers in SCs after lesion. Schematic representation
of chromatin-remodeling enzymes and associated mechanisms regulating SC conversion into repair
SCs and SC remyelination. ac, acetyl group ; AGO1, Argonaute protein 1; AGO2, Argonaute protein 2;
Arf, ADP-ribosylation factor; c-Jun, c-Jun proto-oncogene; eEF1A1, eukaryotic elongation factor 1 alpha
1; Erg2-AS, non-coding RNA antisense to the promoter of Egr2; GDNF, Glial cell line-derived
neurotrophic factor; HDAC1, histone deacetylase 1; HDAC2, histone deacetylase 2; Hey2,
Hairy/enhancer-of-split related with YRPW motif protein 2; 1d2, DNA binding protein inhibitor 2;
IGFBP2, Insulin-like growth factor binding protein 2; Ink4, inhibitor of cyclin-dependent kinase 4; Ink4c,
inhibitor of cyclin-dependent kinase 4c; JMJD2C, Jumonji C domain-containing protein D2C; JMJD3,
Jumonji C domain-containing protein D3; KAT, histone acetyltransferase; KDM, histone demethylase;
KMT, histone methyltransferase; Krox20, early growth response 2; me, methyl group; MSE, myelinating
SC element; miR, microRNA; NuRD, Nucleosome remodeling and deacetylase; Oct6, Octamer-binding
transcription factor 6; PO, Myelin protein zero; p15Ink4b, cyclin-dependent kinase 4 inhibitor B;
pl6ink4a, cyclin-dependent kinase inhibitor 2 A; p19Arf, tumor suppressor ARF; SCE, SC specific
enhancer; Shh, Sonic hedgehog; Sin3a, suppressor interacting 3a; Sox2, SRY (sex determining region Y)
box 2; Sox10, SRY (sex determining region Y) box 10; Zeb2, Zinc finger E-box-binding homoebox 2
(Modified and adapted from Duman et al., 2020 ; Duman and Martinez-Moreno, 2020 ; Jacob, 2017 ;
Zhang et al., 2022).

1.5 Maintenance of the repair phenotype

Maintenance and survival of repair SCs are a prerequisite for a successful nerve
regeneration. Unfortunately, the regeneration capacity fades with age and in
the context of chronic nerve injury. This problematic is relevant for the
regeneration failure occurring in larger mammals and in humans since the
longer the distal SCs remain without axonal contact, the more they lose their
repair-supportive capacities, together with a large-scale SC death (Hoke et al.,
2006; Sulaiman and Gordon, 2009). Indeed, the lesion can be localized very
proximally, thus requiring axons to grow over a very long distance at a relatively
low speed. Therefore, deciphering the mechanisms behind the phenotypic
instability of the repair SCs will improve the clinical outcome of both the young
and the elderly population after nerve damage. Interestingly, the decrease in
the regenerative capacity is not due to age-dependent changes in neurons, as
no difference in the intrinsic growth capacity of neurons has been found in aged
animals compared to young animals (Kang and Lichtman, 2013; Painter et al.,

2014). Rather, it is restrained by SCs, which fail to activate the repair phenotype
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rapidly and successfully (Painter et al., 2014, 2017). Consequently, the aged PNS
shows delayed axonal degeneration and myelin clearance defect after injury.
Indeed, aged axons extend as fast as young axons but must slow down and
navigate around a lot of remaining myelin debris, thereby affecting the speed of
axonal regeneration (Kang and Lichtman, 2013). Furthermore, aged repair SCs
secrete less growth factors and immunomodulating cytokines, leading to
macrophage recruitment delay (Painter et al., 2014; Scheib and Hoke, 2016). The
work of Scheib and Hoke also pointed to alterations of the phagocytic activity of
both aged repair SCs and macrophages as well as an overall altered immune
response in aged animals after lesion. While young animals upregulate both pro-
and anti-inflammatory cytokines, aged animals show muted cytokine responses
(Scheib and Hoke, 2016). The presence of debris within the nerve impairs axonal
migration and it has been found that the poorer regeneration in aging animals
is in part due to the inefficient debris clearance resulting from the inefficient SC
reprogramming after lesion (Kang and Lichtman, 2013). Interestingly, the
microenvironment of uninjured old sciatic nerve is pro-inflammatory. Indeed,
transcriptome analysis of SCs revealed higher expression of genes involved in SC
conversion into repair SCs and higher expression of macrophages markers,
together with reduced levels of myelination-associated genes in old animals
compared to young animals. In old animals, an overshooting and persisting
macrophage infiltration occurs in later phases of regeneration after lesion
together with a higher and prolonged cytokine expression compared to young
animals. Treating mice with low doses of acetylsalicylic acid (ASA)
downregulated cytokines levels, reduced macrophages number and improved
remyelination (Blttner et al., 2018). In the context of chronic denervation, distal
nerves gradually lose their repair supportive capacity due to death of chronically

denervated SCs as well as the loss of SC repair-supportive features over time
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(Benito et al., 2017; Wagstaff et al., 2021). Besides the deregulated immune
response in aged animals, regeneration inefficiency can also be explained by the
reduced c-Jun activation in aged animals, which never reaches the levels
observed in young animals after lesion. Indeed, in aged animals, c-Jun activation
is delayed, whereas it occurs already within the first 24 hours after lesion in
young animals. In addition, many c-Jun-controlled genes are deregulated in aged
animals, suggesting defects in the transcriptional machinery (Painter et al.,
2014, 2017; Wagstaff et al., 2021). During long-term denervation, c-Jun levels
fail to be maintained, irrespective of age. Restoring c-Jun levels to similar levels
as in young animals after lesion is sufficient to restore efficient nerve
regeneration in aged mice as well as in the context of chronic denervation
(Wagstaff et al., 2021). Similarly to rodents, c-Jun and p75"® levels are also
upregulated in human SCs after lesion and decline during long-term
denervation, demonstrating that chronic denervation in humans also results in
a deterioration of repair SC functions (Wilcox et al., 2020). Interestingly, Sonic
Hedgehog (Shh) expression is strongly upregulated in SCs only after injury and
mice lacking Shh in SCs show decreased c-Jun and phospho-c-Jun levels. The
Shh-dependent enhancement of c-Jun after injury is likely to be mediated by an
autocrine Shh signaling loop, as SCs are the major source of Shh in nerves.
Indeed, blocking the cellular response to Shh results in decreased c-Jun and
phospho-c-Jun levels. Therefore, the failure of maintaining high c-Jun levels in
aged mice or during chronic injury may be due to the failure of SCs to establish
or maintain the autocrine Shh signaling loop (Arthur-Farraj et al., 2012; Lin et al.,
2015; Wagstaff et al.,, 2021). In addition to c-Jun, STAT3 is the second
transcription factor in SCs with selective functions only in SCs of injured nerves.
Like c-Jun, STAT3 is not required for SC development and myelination. However,

STAT3 is required for both short- and long-term SC survival as well as for the
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maintenance of the repair SC phenotype after injury. Indeed, levels of the key
repair SC markers c-Jun, Oligl, and Shh as well as the axonal growth-promoting
factors GDNF and BDNF are reduced in STAT3cKO mice at 8 weeks post injury
compared to control animals, whereas short-term denervated cells and
functional recovery are normal in STAT3cKO mice. Thus, in contrast to c-Jun,
STAT3 is not essential for the acquisition of the repair phenotype early after
lesion. However, STAT3 is required for a functional autocrine survival signaling
in denervated SCs and the defective autocrine survival loop observed in
STAT3cKO SCs contributes to the loss of SCs during chronic denervation (Benito
et al,, 2017). Altogether, these findings suggest that targeting the SC autocrine-
survival loop, c-Jun, STAT3 as well as modulating the immune response could
help improving functional recovery in both young and old individuals after a

severe nerve injury.

1.6 Schwann cell remyelination

Although the molecular mechanisms of myelination have been extensively
investigated, the remyelination process is less documented and differs to some
extent to the myelination process. Indeed, remyelination occurs faster than
myelin formation during development and the myelin sheath is thinner after
lesion (Strassart et al., 2018). In addition, while some factors are only required
during developmental myelination, others are only required for axon
remyelination. The molecular mechanisms of factors implicated in both
processes have mostly been studied during development. However, their
functions and mechanisms may differ during remyelination. Despite these
differences, some molecular programs remain unchanged between

developmental myelination and remyelination, as exemplified by the expression
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pattern of Sox10, Oct6, Krox20 or Zeb2 and subsequent transcriptional

activation of myelin genes (reviewed in Jacob, 2017; Sock and Wegner, 2019)

1.6.1 Transmembrane proteins, proteases, and secretases

The communication between axons and SCs is critical for SC differentiation
during development and for myelin maintenance, as axons provide signals for
SCs to differentiate. In addition, axo-glia communication is critical for nerve
repair. Indeed, the correct re-establishment of axon-SC contact allows repair SCs
to re-differentiate and remyelinate axons (Strassart and Woodhoo, 2021).

One of the most studied transmembrane molecules so far during SC
development and regeneration is Neuregulin-1(NRG1). NGR1 belongs to the
epidermal growth factor (EGF)-like growth factors and bind to the ERBB tyrosine
kinase receptors on SCs. This interaction activates several signal transduction
pathways like PI3K-Akt, MEK/ERK and Calcineurin, which modulate the
activation of pro-myelinating factors and thus myelin gene transcription. NRG1
exists in different isoforms, including NRG1-type | and NRG1-type Ill, which have
been detected in the PNS. NRG1-type Il is expressed on PNS axons and is
required for SC proliferation and differentiation. Later, NRG1-type Il regulates
the myelination fate of SCs as well as myelin thickness (reviewed in Nave and
Salzer, 2006). Axonal NRG1 has been shown to regulate the rate of axonal
regeneration and remyelination. Indeed, genetic ablation of NRG1 in axons leads
to severe hypomyelination and slower axonal regrowth two months after injury.
However, while remyelination is almost absent until 8 weeks post lesion, axons
are fully remyelinated after 12 weeks. In contrast to its function during
development, NRG1 does not determine the myelinating fate of axons after

lesion, indicating that NRG1 may control developmental myelination and
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remyelination in a different manner. Indeed, while the developmental
phenotype of a lack of NRG1 is not compensated, axonal remyelination occurs
after lesion in mice in which NRG1 has been ablated in the adulthood (Fricker et
al., 2011, 2013). However, in the two studies both NRG1-type | and IIl were
ablated. Thus, the specific role of each isoform during remyelination cannot be
precisely determined. In contrast, Strassart et al. observed complete
remyelination in mice overexpressing either NRG1-type | or NRG1-type lll. In
addition, these findings indicate that while axonal NRG1-type Il regulates both
developmental myelination and remyelination, axonal NRG1-type | acts only
during remyelination. Indeed, NRG1-type | is not required during development,
as axons of mice overexpressing NRG1-type | do not show myelination defects
(Michailov et al., 2004; Strassart et al., 2013). Interestingly, Strassart et al. found
that NRG1-type | mRNA is upregulated in SCs 24h after injury and during the first
two weeks after injury, when SCs start to re-differentiate and remyelinate
axons. In vitro and in vivo experiments demonstrated that axonal NRG1-type Il
signalling to SCs via the ERBB receptor and subsequent ERK1/2 pathway repress
NRG-1 type | expression in myelinating SCs. After lesion, when SCs loose contact
with axons, NRG1-type | is re-expressed by SCs and acts in an autocrine or
paracrine way on SCs to promote remyelination and functional recovery by
inducing Krox20 expression. Consistently, remyelination in mice lacking NRG1-
type | in SCs is strongly impaired. Furthermore, overexpressing axonal NRG1-
type | in these mice did not improve remyelination. These results indicate that
SC-derived NRG1-type | drives remyelination until they regain axonal contact
and SC-derived NRG1-type | cannot be substituted by axonal NRG1-type I.
Finally, mice lacking NRG1-type | in embryonic SCs do not show myelination
defects, indicating that SC-derived NRG1-type | is not required for

developmental myelination (Stassart et al., 2013).
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These findings make NRG-1 a very interesting target to improve remyelination.
Indeed, administration of NRG1-type lll and type | enhanced nerve regeneration
and modulation of NRG1 activity or expression has shown very promising results
in animal models of CMT1A and CMT1B (Fledrich et al., 2014; Scapin et al.,
2019).

During development, NRG1-type Il activity is modulated by extracellular
cleavage regulated by secretases localized in axons. While B-amyloid precursor
protein-cleaving enzyme 1 (BACE1) cleaves and activates NRG1-type Ill and
enhances myelination, A Disintegrin and Metalloprotease 17 (ADAM17) inhibits
NRG1 activity and impairs myelination (reviewed in Pellegatta and Taveggia,
2019). BACE1 is expressed by motor and sensory DRG neurons and regulates the
myelination process and myelin sheath thickness during PNS development.
BACE1 also affects remyelination, as the ablation of BACE1 delays but does not
prevent remyelination (Hu et al., 2006, 2008). Interestingly, SC and axonal
BACE1 are highly expressed after injury and are both required for optimal
remyelination. Moreover, since NRG1-type | and BACE1 are expressed in SCs
after nerve injury, it is possible that BACE1 promotes remyelination by cleaving
NRG1-type |, thereby releasing the soluble form of NRG1-type | to produce the
autocrine signalling. Of note, both NRG1-type | and Il bear BACE1 cleavage sites
(Hu et al., 2008, 2015). Furthermore, while dispensable for myelin development,
ADAM19 acts as a timer for axon remyelination by activating Krox20 expression
in SCs via the PI3K-Akt pathway, thereby promoting SC redifferentiation
(Wakatsuki et al., 2009). Indeed, mice lacking ADAM19 show fewer
remyelinated axons and thinner myelin sheaths. These observations make
BACE1 and ADAM19 interesting candidates to modulate NRG1 activity and
improve remyelination, both after injury and in the context of inherited

peripheral neuropathies.
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Another interesting transmembrane receptor for peripheral nerve
remyelination is the transmembrane receptor p75NR, which regulates
fibrinolysis after nerve injury. After lesion, fibrin accumulates in the nerve and
triggers SC de-differentiation. Simultaneously, p75"™ is induced and
downregulates myelin genes via ERK1/2 phosphorylation. Later, tissue
plasminogen activator (tPA) promotes fibrin clearance by activating plasmin.
However, p75NTR downregulates tPA and blocks fibrin degradation (Akassoglou
et al., 2002; Sachs et al., 2007; Tomita et al., 2007). Recently, Pellegatta et al.,
found that the absence of ADAM17 in SCs impairs fibrinolysis and remyelination
after lesion by accumulation of unprocessed p75NTR and subsequent
downregulation of tPA expression. In this study, the authors discovered a new
function for ADAM17 as well as a different molecular mechanism. Indeed, in
contrast to its function during remyelination, ADAM17 regulates developmental
myelination by modulating the NRG1-ErbB axis. Furthermore, while ADAM17
acts as a negative regulator of myelination, it acts as a positive regulator of
remyelination (Pellegatta et al., 2022).

Lastly, the G protein-coupled receptor Gpr126 has been shown to be crucial for
initiation of SC myelination, axon regeneration and remyelination. Grp126
signals by the second messenger cAMP and induces Oct6 expression. Indeed,
SCs lacking Grp126 do not express Oct6 and Krox20 and are arrested at the pro-
myelinating stage. However, the ligand activating Grp126 remains unknown.
Consistent with its crucial role in developmental myelination, the ablation of
Grp126 in SCs of adult mice severely impairs remyelination after sciatic nerve
crush injury. In addition, Grp126 is also needed for chemokine secretion by SCs
and subsequent macrophage recruitment, for myelin clearance and axonal
regrowth. These findings highlight distinct roles for Grp126 in SCs after nerve

damage. While Grp126 is needed autonomously in SCs for proper remyelination,
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it acts in a non-autonomous way for myelin clearance and axon regeneration. It
would be interesting to know whether Grp126 functions in nerve regeneration

also require cAMP elevation (Mogha et al., 2013, 2016; Monk et al., 2009, 2011).

1.6.2 Transcription factors

Remyelination of regenerated axons requires the redifferentiation of repair SCs
and thus the downregulation of negative regulators of myelination and the
upregulation of positive regulators of myelination, as observed during
developmental myelination (Jessen and Mirsky, 2016).

Two major negative regulators of myelination are c-Jun and Sox2. c-Jun
expression is low during SC development and myelin maintenance and is not
required in both processes. In contrast, it is highly expressed after injury. c-Jun
is considered as the key transcription factor controlling SC reprogramming into
repair SCs and is both necessary and sufficient for the establishment of a
regeneration-supportive environment. Indeed, c-Jun regulates the expression of
several genes implicated in the regeneration process. In addition, c-Jun is
necessary for neuron survival, axonal regrowth, repair SC morphology and the
structure of the regeneration tracks (Arthur-Farraj et al., 2012; Fontana et al.,
2012; Parkinson et al., 2008). In support with a negative function of c-Jun on
myelination is the cross-inhibitory relationship between c-Jun and Krox20
(Parkinson et al.,, 2008). Consistently, remyelination in mice mildly
overexpressing c-Jun in SCs (c-Jun®¥) is delayed to two weeks after injury
together with a transient decreased in Krox20 levels. By 10 weeks after injury,
axon myelination was similar to control animals, but with a thinner myelin
sheath. In c-Jun®/ mice, developmental myelination is also delayed, and adult

nerves present a thinner myelin sheath than control animals. In contrast, in
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adult nerves of mice highly overexpressing c-Jun (c-Jun °¥CE) myelination is
inhibited, and nerves are severely hypomyelinated. These observations indicate
that c-Jun exerts its effects on myelination in a dose-dependent manner (Fazal
et al, 2017). Recently, Kim et al. showed that c-Jun O-linked N-
acetylglucosaminylation (O-GIcNAc) at multiple sites reduces c-Jun
transcriptional activity and promotes remyelination after lesion. Indeed, in mice
lacking O-GIcNAc transferase in SCs (OGT-SCKO), c-Jun levels and activity are
constantly elevated and SCs failed to timely downregulate the injury program,
thus preventing SCs redifferentiation and remyelination. c-Jun activity depends
on its phosphorylation levels and c-Jun also regulates its own transcription
(Angel et al., 1988; Shaulian and Karin, 2001). The authors found that O-GIcNAc
decreases c-Jun activity and transcriptional activity by interfering with c-Jun
phosphorylation (Kim et al., 2018). Furthermore, while SC myelination is not
affected during development in the OGT-SCKO, myelin maintenance is defective
and leads to demyelinating neuropathy (Kim et al., 2016).

The high mobility group (HMG) domain transcription factor Sox2 has also been
shown to repress Krox20 expression and axon myelination in SCs/DRG co-
culture and impairs myelination in vivo (Le et al., 2005; Roberts et al., 2017).
Indeed, mice with persistent Sox2 expression in SCs show a hypomyelinating
phenotype, increased number of unmyelinated axons and reduced levels of
Krox20 and myelin proteins, resulting in impairment of sensory-motor function.
Although Sox2 is important for the formation of SC regeneration cords and thus
for correct axon pathfinding after nerve transection, a prolonged Sox2
expression after lesion leads to hypomyelination, reduced number of
remyelinated axons, decreased PO levels and poor functional recovery (Parinello

et al., 2010; Roberts et al., 2017).
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The expression of myelin inhibitors is timely controlled by the transcription
factor Zeb2, both in myelinating SCs and during remyelination. Zeb2 has been
found to downregulate the expression of Hey2, a downstream effector of Notch
signalling pathway, endothelin receptor B (Ednrb) and Sox2 (Quintes et al., 2016;
Wu et al., 2016). Moreover, Zeb2 silences the expression of these genes by
recruiting the HDAC1/2-NuRD complex on their promoters (Wu et al., 2016).
Indeed, genetic ablation of Zeb2 in SCs results in persistent elevation of Hey2,
EDNRB and Sox2 levels together with a low expression of the promyelinating
factors Sox10, Oct6 and Krox20, and SCs of Zeb2-deficient mice are arrested at
the immature stage. Consequently, animals show axonal sorting failure,
myelination defects and motor deficits. Zeb2 is also required for SC
redifferentiation after lesion. Indeed, in conditionally inducible Zeb2 KO mice
(Zeb2KO), Krox20 levels fail to be upregulated, while Sox2, I1d2 and Hey5 levels
remain high, even beyond four weeks post injury. Therefore, only a few axons
of Zeb2KO mice are remyelinated, and functional recovery is severely impaired.
However, the early steps of SC reprogramming are not affected by the absence
of Zeb2, and c-Jun levels remain unaffected in Zeb2KO mice during
developmental myelination and after lesion. Thus, Zeb2 is required for repair
SCs to re-differentiate and remyelinate axons after lesion by timely repressing
myelination inhibitors. Taken together, the results of both studies indicate that
Zeb2 may represent a secondary inhibitory axis, working in concert with
transcriptional activators for the activation of the myelination program
(Brinkmann and Quintes, 2017; Quintes et al., 2016; Wu et al., 2016).

Recent studies also highlighted the two paralogous effectors of the Hippo
pathways YAP and TAZ as important factors for SC remyelination after lesion
(Grove et al., 2020; Jeanette et al., 2021). In myelinating developing SCs, YAP

and TAZ recruit TEAD1 on regulatory regions of promyelinating genes in concert
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with Sox10, and SCs lacking both YAP and TAZ fail to myelinate axons (Deng et
al, 2017; Grove et al., 2017; Poitelon et al., 2016). Moreover, the lack of YAP and
TAZ in SCs leads to failure of SC redifferentiation and remyelination after lesion
and to impaired functional recovery in conditional inducible YAP/TAZ knock-out
mice (YAP/TAZ iDKO) (Grove et al., 2020; Jeanette et al., 2021). While YAP/TAZ
are not required for SC reprogramming and axonal regrowth, they are required
during SC redifferentiation (Grove et al., 2020; Jeanette et al., 2021). Indeed,
YAP/TAZ ablation after SC reprogramming also decreases the number of
remyelinated axons and myelin thickness and maintains c-Jun expression until
60 days post injury (Jeanette et al., 2021). Since YAP/TAZ regulate Krox20 levels
during SC myelination and Krox20 represses c-Jun expression (Deng et al., 2017;
Grove et al., 2017; Parkinson et al., 2008), the sustained c-Jun expression in
YAP/TAZ KO mice may be explained by the incapacity of YAP/TAZ to upregulate
Krox20. These results are also in accordance with the remyelination delay
observed in c-Jun®¥- mice (Fazal et al., 2017). In contrast, Grove et al. did not
report any change in c-Jun expression in crushed nerves.

After nerve damage, nuclear factor kB (NF-kB) transcription factor is activated
by phosphorylation, leading to nuclear localization and gene regulation. Morton
et al. found that the nuclear, active form of NF-kB modulates axonal
regeneration and remyelination rate after injury. Indeed, the in vivo inactivation
of NF-kB results in a delayed axonal remyelination at 4 weeks post injury, which
normalizes at 8 weeks post injury. However, the downstream NF-kB target genes
in SCs during the regeneration process are still unknown (Morton et al., 2012).
While NF-kB activation is required for timely remyelination, its activation is
dispensable for developmental myelination (Morton et al., 2013). This contrasts

with the crucial role of NF-kB for in vivo myelination found by Chen et al. In their
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study, the authors showed that HDAC1/2 deacetylate and recruit NF-kB to the

Sox10 promoter and by doing so, induces myelination (Chen et al., 2011).

1.6.3 Chromatin remodeling enzymes

The investigations on epigenetic modifier functions after peripheral nerve injury
is a recent and very promising research field. The phenotypic switches occurring
in SCs during peripheral nerve regeneration and remyelination requires a fine-
tuned regulation of gene transcription, which is provided by epigenetic
regulation and chromatin remodeling complexes. Among those, histone
deacetylases have been extensively studied. These enzymes can also
deacetylate non-histone targets such as transcription factors or function as a
protein bridge to recruit other chromatin remodeling enzymes (Seto and
Yoshida, 2014). Some members of the HDAC family can functionally
compensate, and therefore double (in the case of HDAC1 and HDAC2) and triple
(in the case of HDAC4, 5 and 7) ablations have been used in the studies
presented below (Gomis Colona et al., 2018; Jacob et al., 2011; Velasco-Aviles,
Patel et al., 2022).

The two class | HDACs HDAC1 and HDAC2 (HDAC1/2) control SC specification,
myelination, survival, and myelin maintenance (Brigger et al., 2015; Chen et al.,
2011; Jacob et al., 2014; Jacob et al., 2011). In postnatal SCs, Sox10 recruits
HDAC1/2 to regulatory regions of Sox10, Krox20 and PO genes and deletion of
HDAC1/2 in iSCs leads to developmental arrest at the promyelinating stage,
followed by SC apoptosis. During regeneration, HDAC2 is sequentially recruited
to the Oct6 SCE and Krox20 MSE together with Sox10 and two demethylases
JMJD2C and KDM3A to derepress and thus activate Oct6 and Krox20 expression,

respectively. While activation of Oct6 expression early after lesion impedes early
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c-Jun upregulation and thus delays SC conversion into repair SCs, and slows
down axonal regrowth, the activation of Oct6 and Krox20 expression at a later
stage after lesion promotes remyelination. Consistently, ablation of HDAC1/2 in
SCs improves axonal regeneration but impairs remyelination. Interestingly
however, a 3-day short-term treatment with an HDAC1/2 inhibitor early after
lesion does not impair remyelination and promotes functional recovery (Briigger
et al.,, 2017). Recently, Duman et al. (2020) identified eEF1A1 as the HDAC2
deacetylation target allowing the formation of the HDAC2/Sox10 remyelination
complex. The authors found that the acetylated form of eEF1A1 translocates to
the nucleus and drags Sox10 out of the nucleus to target it to proteasomal
degradation. Therefore, by deacetylating eEF1A1, HDAC2 prevents the
cytoplasmic relocalization of Sox10 and its degradation. Consistently, a short
treatment with the HDAC2 activator theophylline just before the start of
remyelination leads to increased Sox10 levels and to increased activation of its
target genes, increased myelin thickness and improved sensory and motor
function recovery (Duman et al., 2020). Importantly, the myelin sheath of mice
treated with theophylline after injury has a similar thickness than the uninjured
animal and thus allows full remyelination (Duman et al., 2020).

While HDAC1/2 act positively on the myelination program, the class | histone
deacetylase 3 (HDAC3) impairs myelination (He et al., 2018; Rosenberg et al,
2018). Indeed, mice treated with an HDAC3 inhibitor or conditionally lacking
HDAC3 in SCs show increased expression of promyelinating factors, myelin
genes and myelin thickness during PNS maintenance or after injury. Treatment
with and HDAC3 inhibitor also improves sensory-motor recovery in both young
and aged mice after lesion (Rosenberg et al, 2018, He et al.,, 2018). Since
regeneration capacity is known to decline with age (Jessen and Mirsky, 2019),

these results encourage the use of HDAC3 inhibitors in young and old patients
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after injury or in the context of demyelinating diseases. However, starting the
treatment already at one day post injury in the study of He et al. (2018) seems
contradictory with effects of HDAC3 on remyelination. It would be interesting to
start the treatment at a later time point after lesion, when remyelination
normally occurs. Two different mechanisms have been proposed to explain
HDAC3 function. He et al. found that HDAC3 represses myelination by
antagonizing NRG1-PI3K-Akt signalling. Moreover, HDAC3 simultaneously
inactivates promyelinating programs and, by recruiting p300, activates
myelination inhibitory programs, through activation of the transcription factor
TEADA4. Interestingly, two negative regulators of myelination targeted by
HDAC3, Pten and Dlg1, are also inhibitors of PI3K-Akt signalling. This indicates
that the repressive effect of HDAC3 on NRG1-PI3K-AKT signalling may be indirect
(He et al., 2018). In contrast, Rosenberg et al. propose that HDAC3 allows the
switch from the adult biogenic state to the homeostatic state, during which
myelin protein synthesis rate decreases to levels needed to maintain myelin
sheath innntegrity during adulthood (Rosenberg et al., 2018). Additional studies
will be necessary to clarify HDAC3 functions.

The class Il histone deacetylases HDAC4, 5 and 7 are also implicated in SC
myelination and remyelination. During myelination onset, HDAC4 is
phosphorylated, translocates to the nucleus, and represses c-Jun expression by
recruiting the NcoR1-HDAC3 complex on the c-Jun promoter (Gomis Colona et
al., 2018). In the absence of HDAC4/5 and 7 in SCs, remyelination is delayed and
reaches normal levels only late after injury. This can be explained by the
prolonged c-Jun and c-Jun target genes expression, leading to the incapacity of
SCs to redifferentiate on time. Accordingly, the levels of Krox20, myelin proteins
and enzymes involved in lipid biosynthesis were decreased when remyelination

is normally active in control animals. Furthermore, HDAC4 has been shown to
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be enriched on c-Jun, Gdnf, Runx2 and Sox2 promoters. The authors concluded
that class Il HDACs are needed to repress negative regulators of myelination and
activate myelin gene expression. Whether HDAC4 interacting partners during
remyelination are the same as during myelination remains to be determined
(Velasco-Aviles, Patel et al., 2022).

Recently, the chromatin regulator suppressor interacting 3a (Sin3a) has been
found to be essential for SC myelination and myelin regeneration. Sin3a is a
scaffold protein that interacts with HDAC complexes and act both as a
transcriptional activator or repressor (Kadam and Mittal, 2013). Sin3a follows
the same expression pattern as Krox20 after nerve injury, and in vivo Sin3a
knock-down specifically in SCs decreases myelin protein levels and myelin
thickness after lesion. The authors found that Sin3a forms a complex with
HDAC1/2 and cooperates with Sox10 to regulate the myelination program
(Zhang et al., 2022). The mechanisms of chromatin remodeling enzymes in the

context of SC remyelination are summarized in Figure 10.

1.6.4 MicroRNA

In 2011, Viader et al. pointed to the regulatory function of miR-140 for SC
remyelination after lesion through regulation of Krox20 levels. Indeed, miR-140
levels are downregulated early after lesion and re-expressed at the pre-injury
levels when SCs redifferentiate. The authors found that miR-140 targets Krox20
3’-UTR and downregulates Krox20 and myelin protein levels in SCs in vitro.
Additionally, overexpression of miR-140 in SCs co-cultured with DRG neurons
inhibits myelination. It would be very interesting to further investigate the
relevance of miR-140 for remyelination in vivo, by using mice conditionally

lacking miR-140 in SCs (Viader et al, 2011).
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Another miRNA, miR-30c, promotes remyelination in injured sciatic nerves. miR-
30c expression is downregulated immediately in rat sciatic nerves and gradually
increases until 28 days post lesion. Injection of miR-30c agomir early after lesion
in injured rat sciatic nerves increases PO and MAG protein levels and myelin
thickness. However, miR-30c agomir was already injected at day 1 and day 7
post injury. As mentioned for HDAC3 inhibitor, injection at day 1 seems too early
to promote remyelination. It would be interesting to see the effects on
remyelination with a first injection at day 7 and a second one at day 14. In vitro
microarray analysis in SCs identified several miR-30c candidate target genes, yet
the validation of miR-30c direct target genes needs to be experimentally
conducted (Yi et al., 2017).

Recently, miR-29a-3p has been found to repress PMP22 expression and delay
remyelination after injury. Indeed, injection of miR-29a-3p mimic in rat after
injury results in reduced myelin sheath thickness and impairs
electrophysiological parameters and functional recovery (Shen et al., 2022).
Since PMP22 gene duplication and overexpression cause Charcot-Marie-Tooth
disease type 1A (CMT1A), miR-29a-3p may represent a novel therapeutic
approach to normalize PMP22 levels in CMT1A patients (Fridman and Saporta,
2021).
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2 MATERIAL AND METHODS

2.1 Statistical analyses

For each data set presented, experiments were performed at least three times
independently or with at least three animals and p values were calculated in
Microsoft Excel (Mac version 16.34) using two-tailed (black asterisks) or one-
tailed (gray asterisks) Student’s t-tests. P values: *<0.05, **<0.01, ***<0.001,
data are presented as mean values + SEM. For data sets obtained using animals
or their tissues, three to seven animals were used per group and tissues of each
animal were processed independently. For data sets obtained using cells, three
to ten independent experiments were conducted and analyzed. Sample size was
determined by the minimal number of animals or individual experiment
required to obtain statistically significant results and increased in some cases to
improve confidence in the results obtained. No animal or data point was

excluded from the analysis.

2.2 Animals

2.2.1 Mouse strains

To identify HDACS functions during regeneration after lesion in adult mice, we
ablated HDACS8 in adult SCs by crossing either tamoxifen-inducible POCreERT2 or
PLPCreERT2 mice with the HDACS8-loxP line, in which exon 4 of hdac8 gene is
flanked by two loxP sites (Fig. 11a). Exon 4 codes for the acetyl-transferase
domain of HDACS8. CreERT2 is a fusion protein consisting of the Cre recombinase
fused to the ligand-binding domain of the human oestrogen receptor. In the
latter, the G400V/M543A/L544A triple mutation prevents binding of B-

oestradiol and allows the recombinase to be activated upon injection of 4-
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hydroxy (OH)-tamoxifen. In these mouse lines, CreERT2 is expressed in the
cytoplasm and is bound to Hsp90. Upon administration, Tamoxifen binds to the
ERT2 domain and displaces Hsp90. This binding allows the translocation of
CreERT2 into the nucleus, where it induces recombination of the floxed exon
(Leone et al., 2003) (Fig. 11b).

When expressed under the control of the PO promoter, CreERT2 is expressed
only in SCs. However, when expressed under the control of the PLP promoter,
CreERT2 is expressed in SCs but also in oligodendrocytes (Leone et al., 2003).
We chose to use the PLPCreERT2 line for experiments requiring only sciatic
nerves collection, whereas behavioural tests and subsequent molecular
analyses were performed with POCreERT2 line. Indeed, since CreERT2 is
expressed in oligodendrocytes and SCs in the PLPCreERT2 line, a lack of HDAC8
in oligodendrocytes could have an undesirable effect on CNS function and could

potentially influence the results of the behavioural tests.
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Figure 11. Generation of HDAC8 KO mice inducible by Tamoxifen (a). Tamoxifen-inducible PO-CreERT2
or PLP-CreERT2 line is crossed with HDAC8-loxP line, in which exon 4 of hdac8 gene is flanked by two
loxP sites. (b) Translocation of CreERT2 into the nucleus upon Tamoxifen injection. The cell type-
specific, Tamoxifen-mediated translocation of CreERT2 into the nucleus allows the recombination
between the two loxP sites. CreERT2, Cre recombinase - estrogen receptor T2; HDACS8, Histone
deacetylase 8; Hsp90, Heat shock protein 90; PO, Protein zero; PLP, Proteolipid protein (Modified from
Leone et al., 2003 ; Parkitna and Engblom, 2012).

Mice homozygous for floxed Hifla allele (The Jackson Laboratory, Strain #
007561) were crossed with Plp-CreERT2 mice. To ablate HDAC8 or HIF1a in adult
SCs, three- to four-month-old adult mice received daily injections of 2 mg
tamoxifen (Sigma) for five consecutive days. As control mice, Cre-negative
littermates of HDACS8 or HIF1la knockout mice were used. The preparation of
Tamoxifen is described in Table 1. Genotypes were determined by PCR on
genomic DNA. The different mice lines used in the study are listed in Table 2.

Stratified random allocation in blocks with gender and age as strata was used.
Analysis of the raw data was done at least twice by different researchers,
independently. All mice used in this study were from mixed strains backcrossed
to C57BL/6 J. Mice were housed in a standard mouse facility with controlled
temperature (22 + 2°C) and humidity (45 + 10%) in individually ventilated cages
containing sawdust bedding, a plastic cylinder and 2 paper tissues on the floor,
food pellet and water ad libitum. Light cycle: 12:12 h. This study complies with

all relevant ethical regulations concerning animal use, which was approved by
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the Veterinary office of the Canton of Fribourg, Switzerland, the Veterinary
office (Landesuntersuchungsamt) of Rheinland-Pfalz, Germany, and the
Veterinary office (Landesdirektion) in Sachsen, Germany.

Plp-CreERT2 and PO-CreERT2 mice have been used in collaboration with Dr. Ueli
Suter (ETH Zirich, Switzerland).

Table 1. Tamoxifen preparation

Reagent Amount Final concentration
Tamoxifen 400mg 20mg/ml
Ethanol 2ml 10%
Sunflower oil 18ml 90%

Weight Tamoxifen directly in a falcon tube. Add ethanol and sunflower oil
directly on top. Wrap the falcon tube in aluminum foil and mix 1h on a
rotating wheel at RT. Aliquot and store at -20°C

Table 2. Mouse strains

Name Background Source Genotyping | References
/Primers
Wild C57BL/6N Jackson Strain
type Laboratory #:005304
Hdac8 C57BL/6NTac EMMA HDAC8 F (54) | Strain #
flox Hdac8tm1la(EUCO HDAC8 R (55) | EM:05717
MM)Witsi
Hifla B6.129 Jackson Performed by | Strain #
flox Hiflatm3Rsjo/) Laboratory collaborators | 007561
POCx- C57BL/6.DBA/2F1 | Ueli Suter POCre-up Leone et
CreERT2 | Tg(Mpz- Swiss (271) al., 2003
cre/ERT2)2Ueli Federal POCre-lo
Institute of | (272)
Technology,
ETH, Zlrich,
Switzerland
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PLP- C57BL/6.DBA/2F1 | Ueli Suter PLPCre-up Leone et
CreERT2 | Tg(Plp1l- Swiss (269) al., 2003
cre/ERT2)1Ueli Federal PLPCre-lo
Institute of | (270)
Technology,
ETH, Zlrich,
Switzerland
DhhCre | FVB(Cg) Dies Meijer, | DhhCre-for Jeagle et
Tg(DhhCre)1Mejr | Erasmus (267) al., 2003
/) University DhhCre-rev
Medical (268)
Center,
Rotterdam,
Netherlands
R26R- B6.129X1 Jackson Strain
EYFP Gt(ROSA)26Sortm | Laboratory #:006148
1(EYFP)Cos/)

2.2.2 Utilized transgenes

The mouse strains listed in Table 2 were crossed to generate either conditional

or conditional and inducible knock-out mice. Of note, both Hif1a f/f: PLPWYWt 3nd

Hifla f/fl; PLPCreERT2/Wt mjce samples were kindly provided by Ruth Stassart and

Robert Fledrich from the Paul-Flechsig-Institute of Neuropathology, Leipzig

University, Leipzig, Germany

The following genotypes used in this study are listed in Table 3.
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Table 3. Utilized transgenes

Name Internal Mutation Mutation Mutation

denomination | (grade) 1 (grade) 2 (grade) 3

Hdactiif't/ﬂ; Rosa26STOP

PLPY/ Hdac8 fl/fl Hdac8 (fl/fl) | floxEYFP

Rosa26-EYFP f/f (f1/11)

Hdacs f/f,; Rosa26STOP

oW/t Hdacs fl/fl Hdac8 (fI/fl) | floxEYFP

Rosa26-EYFP f/f (f1/11)

H fl/fl.

. Hdacs fi/fl | Hdacs (fI/fl)

Hdacg f/fl;

PLPcreERTZ/wt; Hdac8 ﬂ/ﬂ Hdac8 (ﬂ/ﬂ) PLP Egi:i?iTop
PLPCre+ (creERT2/wt)

Rosa26-EYFP f/f (f1/11)

Hdacg f/fl;

PocreERTZ/wt; Hdac8 ﬂ/ﬂ Hdacs (ﬂ/ﬂ) PO Egi:i?grop
POCre+ (creERT2/wt)

Rosa26-EYFP f/f (f1/11)

Hdacg f/fl; Hdac8 fl/fl

Dhhere/wt DhhCre + Hdac8 (fl/fl) | Dhh (cre/wt)

H fl/fl.

i Hifto fI/fl | HifLo (/A1)

Hif1a 1/1: Hif1afl/fl , PLP

PLPpereERT2/wt PLPCre+ Hifla (fl/f) (creERT2/wt)

2.3 Genotyping

2.3.1 DNA extraction

Ear, tail, or toe biopsies were lysed overnight in 100ul TE-lysis buffer (see section
2.23.1.2) supplemented with Proteinase K at 55°C at 900 rpm. The day after,
Proteinase K was inactivated by heating the samples to 95°C for 1min. Samples
were then centrifuged at 13’000 rpm for 1min, cooled down at RT and either

directly used for genotyping or store at -20°C.
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2.3.1 Polymerase chain reaction setup

2.3.2.1. List of genotyping primers

Table 4. Genotyping primers

Mice strain Primer name Sequence in 523 direction
HDACS fl/fl HDAC8_F (54) CACCAAGGAGAGGCAAGAGG
HDAC8_R (55) TTTGTCAGTTTGTCACACGAGATG
PLPCreERT2 PLPCre-up (269) CACTCTGTGCTTGGTAACATGG
PLPCre-lo (270) TCGGATCCGCCGCATAACC
POCreERT2 POCre-up (271) CTGCACAGACATGAGACCATAGG
POCre-lo (272) TCGGATCCGCCGCATAACC
DhhCre DhhCre for (267) ATACCGGAGATCATGCAAGC
DhhCre rev (268) GGTGGTGTGGTAGAGCAGGT

Cre unspecific Cre-up (22) ACCAGGTTCGTTCACTCATGG
Cre-lo (23) AGGCTAAGTGCCTTCTCTACA
R26R-EYFP R26R-F (24) AAAGTCGCTCTGAGTTGTTAT
R26R-R (25) GCGAAGAGTTTGTCCTCAACC

All primers were produced by Microsynth AG

2.3.2.2 List of Master Mix

Table 5. HDAC8 master mix

PCR reaction setup component Volume Final concentration
Nuclease-free dH,0 18.25ulL
10x Taq polymerase buffer 2.5uL 1X
10puM Forward primer 1.25uL 0.5uM
10uM Reverse primer 1.25pulL 0.5uMm
10mM dNTPs 0.5uL 0.2mM
Taqg polymerase 0.25uL
Template 1ul Variable

Table 6. PLP-CreERT2, POCx-CreERT2, DhhCre master mix

PCR reaction setup component Volume Final concentration
Nuclease-free dH,0 15.785uL
10x Taq polymerase buffer 2.5uL 1X
10puM Forward primer 2.5uL 1uM
10uM Reverse primer 2.5uL 1uM
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10mM dNTPs 0.5uL 0.2mM
Taq polymerase 0.125uL
Template 1ul Variable
Table 7. Cre unspecific master mix
PCR reaction setup component Volume Final concentration
Nuclease-free dH,0 9.34ulL
5x Green Go Taq® buffer 6uL 1X
1uM Forward primer 6uL 0.2uM
1uM Reverse primer 6uL 0.2uMm
10mM dNTPs 0.66uL 0.22mM
WT Taq polymerase 1l Variable (depend on the
lot -> homemade Taq
Polymerase
Template 1ul Variable
Table 8. R26R-EYFP master mix
Component Volume Final concentration
Nuclease-free dH,0 18.9uL
5x Green Go Taq® buffer 6uL 1X
20uM Forward primer 1.5uL 1uM
20uM Reverse primer 1.5uL 1uM
10mM dNTPs 0.6uL 0.2mM
WT Taq polymerase 0.5uL Variable (depend on the
lot -> homemade Taq
Polymerase
Template 1ul Variable
2.3.3 Polymerase chain reaction cycling conditions
Table 9. HDAC8 PCR cycle
Step Degree Time Cycles
Initial denaturation 94°C 5 min 1x
Denaturation 94°C 30 sec 35x
Primer annealing 60°C 30 sec 35x
Elongation 68°C 30sec 35x
Final elongation 68°C 5 min 1x
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Table 10. POCx-CreERT2 PCR cycle

Step Degree Time Cycles
Initial denaturation 94°C 3 min 1x
Denaturation 94°C 1 min 2X
Primer annealing 62°C 1 min 2X
Elongation 68°C 1 min 2X
Denaturation 94°C 30 sec 33x
Primer annealing 62°C 30 sec 33x
Elongation 68°C 45 sec 33x
Final elongation 68°C 5 min 1x
Table 11. PLP-CreERT2 PCR cycle
Step Degree Time Cycles
Initial denaturation 94°C 2 min 1x
Denaturation 94°C 30 sec 35x
Primer annealing 54°C 45 sec 35x
Elongation 68°C 45sec 35x
Final elongation 68°C 5 min 1x
Table 12. DhhCre PCR cycle
Step Degree Time Cycles
Initial denaturation 94°C 2 min 1x
Denaturation 94°C 45 sec 35x
Primer annealing 53°C 30 sec 35x
Elongation 68°C 1 min 35x
Final elongation 68°C 5 min 1x
Table 13. Cre and R26R-EYFP PCR cycle
Step Degree Time Cycles
Initial denaturation 94°C 3 min 1x
Denaturation 94°C 1 min 35x
Primer annealing 57°C 1 min 35x
Elongation 72°C 1 min 35x
Final elongation 72°C 5 min 1x
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2.3.4 Agarose gel electrophoresis

DNA samples were separated by length using gel electrophoresis. A 2% agarose

gel was prepared by mixing 3g of agarose with 150mL of 1X TAE buffer (see

section 2.23.1.2). The solution was heated in a microwave until the agarose was

dissolved. The solution was then poured into a horizontal gel chamber and

combs were added. Once the gel was polymerized, samples were mixed with

5uL of 6X Orange gel loading dye (when needed), 3.3uL of SyBrGreen and loaded

to the gel, next to the DNA ladder, whose preparation is described in Table 4.

The gel was run between 80 to 100mV for 30 to 45 min. PCR products were

visualized with a transilluminator (IO Rodeo). The size of the PCR bands is

referenced in Table 5.

Table 14. DNA ladder preparation

Reagent Amount | Final concentration
1mg/ml 1kb Plus DNA Ladder 150uL 125ug/mL
6X Purple gel loading dye 200puL 1X
dH,0 850puL

add 6L of SyBrGreen

Mix reagents until dH,O and store at 4°C for few days. Before loading,

Table 15. PCR products for genotyping

Basepairs Allel
670bp HDACS floxed
410bp HDACS8 wt
800bp POCx-CreERT2
500bp PLP-CreERT2
389bp DhhCre
200bp Cre unspecific
260bp R26R-EYFP
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2.4 Surgical procedures

For all surgical procedures, isoflurane (3% for induction, 1.5-2% for narcosis
during the operation, Isofluoran, CP Pharma) was used for anesthesia. For
analgesia, 0.1 mg/kg body weight buprenorphine (Richter) was administered by
i.p. injection 1 h before surgery and every four hours until the evening on the
day of surgery. The following day, 1 mL agarose gel containing 0.027 mg/ml
buprenorphine was given twice (morning and evening). The mice were placed
on a heat pad during the entire procedure until waking up from anaesthesia. To
prevent dehydration of the eyes, a carbomer liquid eye gel (Lacryvisc, Alcon) was
used preoperatively. Mice were shaved at the height of the hip for sciatic nerve
crush lesion and the field of operation was cleaned and disinfected. Sciatic nerve
crush lesions were carried out on three- to four-month-old adult mice (males
and females) as follows (by the procedure described in Briigger et al., 2017): An
incision was made at the height of the hip and the sciatic nerve was exposed on
one side. The nerve was crushed (5 times for 10 sec with crush forceps: Ref. FST
00632-11). The wound was closed using Histoacryl Tissue Glue (BBraun). After
the operation, mice were wrapped in paper towels until recovery from
anaesthesia. After surgery, both the crushed sciatic nerve and the contralateral

sciatic nerve were collected for different purposes (Fig. 12a-b)
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Figure 12. Experimental set-up to study the regeneration process after sciatic nerve crush. (a)
Experimental paradigm. Adult, conditional HDAC8KO mice are injected with Tamoxifen for 5
consecutive days. At 14 days post Tamoxifen (dpT), sciatic nerve is crushed and collected at different

time-points after lesion to study the regeneration process. (b) Schematic representation of crushed
and contralateral mouse sciatic nerve. The contralateral intact nerve is used as internal control.

2.5 Functional recovery experiments

Recovery of motor function was tested at 12, 19 and 30 dpl using the Rotarod
test and the inverted grid test. For the Rotarod test, mice were placed four times
on the Rotarod apparatus at a fixed speed of 15 revolutions per minute to test
balance and motor coordination, at 12, 19 and 30 dpl. The duration of each trial
was limited to 1200 sec. Latency to fall from the rotating beam was recorded
and the average of the four trials was used for quantification. For the inverted
grid test, mice were placed on a cage grid, that was slowly inverted and observed
for 30 sec. The test was stopped if the animal fell. For each animal, the average
count of grabs and missed steps as well as the average time the animals stayed
attached to the inverted grid among the four trials were calculated as described
(Tillerson et al., 2001, 2003). All trials were video recorded for accurate analysis.
For both tests, mice were first trained three times and trials were separated by

a 30 min recovery period. Recovery of sensory function was tested at 12, 19 and
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30 dpl by toe pinch test: each toe of the rear foot on the right side (lesioned

side) was pinched with equal pressure applied by the same experimenter using

flat tip forceps. Immediate withdrawal was recorded as functional sensitivity of

the pinched toe. In case no toe exhibited sensitivity, the same test was applied

to toes of the contralateral side (uninjured side), which always resulted in

immediate withdrawal.

2.6 List of constructs

Table 16. List of constructs

Name Reference
HDAC8 shRNA Sigma, TRCNO0000877999
TRAF7 shRNA Sigma, TRCNO000302734
HIF1la shRNA Sigma, TRCN0000232221

Ctrl shRNA (pLKO.1-puro)

Sigma, SHC001

pGL3-basic-c-Jun promoter

Claire Jacob, Johannes-Gutenberg
University, Mainz, Germany

pGL3-basic

Promega, E1715

pSV-beta-Galactosidase

Promega, E1081

pCEP4F-HDACS8-FLAG

Kind gift from Dr. Edward Seto

pLenti-C-mGFP

Origene, PS100071

pCXN2-Flag-TRAF7

Kind gift from Dr. Huanjie Yang

pPCXN2-Flag

Kind gift from Dr. Huanjie Yang

PCXN2-Flag-TRAF7-small-isoform

Nadege Hertzog and Claire Jacob,
Johannes-Gutenberg University, Mainz,
Germany
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2.7 Cloning

2.7.1 Cloning of pGL3-basic-c-Jun promoter

The c-Jun promoter-luciferase construct was generated by PCR on mouse
genomic DNA: a 2.5 kb fragment corresponding to the mouse c-Jun promoter (-
1702/+781: 94939678-94942161 Mus musculus strain C57BL/6J chromosome 4,
GRCm39) was inserted into the pGL3-Basic vector (Promega) between Mlu | and

Bgl Il restriction sites. The construct was verified by sequencing.

2.7.2 Cloning of pCXN2-Flag-TRAF7-small-isoform

We generated pCXN2-Flag-TRAF7-small-isoform construct by PCR using primers
listed in Table and in Figure 13a. To this end, the NCBI entry of Traf7 human gene
(NM_032271.3), the NCBI entry predicting the sequence of the small TRFA7
isoform (>XR_007064922.1) as well as the sequence of the pCXN2-Flag-TRAF7
plasmid were used as reference to design the primers (Fig. 13a). The primers
details for cloning and sequencing of pCXN2-Flag-TRAF7-small-isoform are listed

in Table 17.

a b

ATGAGCTCAGGCAAGAGTGCCCGCT
AGGGACCAGAR GA

TTCTCCGGGGGGCCCAGCAATCTTCCCACCCCAGACGTCACCAC
CTTTTCAGCCGTCACCACCATCACARAAGCTGACGGGACCAGCA
CCAGCACCCTTGCCTACTCCCCGCGGGACGAGGAG

Primer A : TRAF7-ORF-Fw-Xhol (with 6 bases before Xhol site)

5"-TAAGCACTCGAGATGAGCTCAGGCAAGAGTGCCCGC-3’

5 GGTGAACARCATCGCG!
CTG0CGGGTAGCGRECARCGEGAAGCCCOCCATCTY
GCGCCCGGAAGGACCACGAGGGCAGCTGTGACTAC
CTCAGGATGAACCTGGAGG! CCTCAAGGAGT!

Primer New B : Small-Traf7-Rv (part annealing to fragment 2 + part annealing to
fragment 1)

ACCCCCGA
CGGTGTCC
CARATGCC!
GCTTCGAG

5’-CGCTGTAGAGTTTG CACCCACCTTGATGGTCTT G-3’

CTTT CCACCAGGGCCCTGTGTGGTGTCTCTGCGTCTACTCCATGGGTGAC
CAAGACCATCAAGGTGJJEGGACACATGTACCACCTACAAGTGTCAGAAGACAC!
TGGCTCTCT,

TTCPPGT C:
CTTCAGTGGCTCCT

Primer New C : Small-Traf7-Fw (part annealing to fragment 1 + part annealing to
fragment 2)

‘GEGTEOARACTC TACAGCEGCTCTGCAGACTGCACCA!

5’-CAAGACCATCAAGGTGGGTGCAAACTCT ACAGCG-3’

TGCCCTGGCGGTCATCTCGACG
C GTATGGACAACATGATCTGCAC CA
CCAGGGCAGTGTCAC GGGCCGACTCTTCTCAGGGGCTGTGGATAGCACTGTGAAGGTTT

GGACTTGCTAA 5'-TAATTAGCGGCCG_’3 ’

Primer New D : TRAF7-ORF-Rv-Notl (with 6 bases before Not1)

Figure 13. Primer A-D used for cloning of TRAF7 small isoform and alignment with coding sequence
from human TRAF7 of the pCXN2-TRAF7-FLAG plasmid. (a) coding sequence of Traf7 human gene.
(b) Primers used to clone the TRAF7 small isoform. Colour codes for a and b as following: Sequence of
primer A complementary to the CDS region (green), sequence complementary to fragment 1 (AB)
(yellow), sequence complementary to fragment 2 (CD) (light blue), sequence added to primers B and
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C to be 36nt long and have a similar Tm as primers A and D (grey), STOP codon (red), the two bases
from the sequence to be removed that are kept to stay in frame after the deletion (dark blue), and
sequence that will be deleted (bolt and italics). (reference sequence from NM_032271.3)

The small isoform of TRAF7 consists of two parts of the TRAF7 sequence.
Consequently, a sequence localized in the middle of the Traf7 CSD (in italic and
bolt in Figure 13a) had to be deleted (Fig. 13b). Fragments AB (bp 1 to bp 1266)
and CD (bp 1346 to 1436) were aligned into the final product AD in a second PCR
(Fig. 14b).

The Primer A has a restriction site for the restriction enzyme Xho1 and binds to
the beginning of the TRAF7 sequence (bp 1 to bp 1266), while primer New B
anneals at the end of fragment 1 (AB). The AB PCR thus generates the fragment
AB. Primer New D has a restriction site for the restriction enzyme Not1 and binds
to the end of the CSD for the TRAF7 short isoform (bp 1346 to 1436), while
primer New C anneals at the beginning of fragment 2 (CD). The CD PCR thus
generates fragment CD (Fig. 14a). Primers New B and New C bind at either side
of the region to be deleted (depicted in orange in Figure 14a). In this way, they
prevent its incorporation in fragments AB and CD. The complementary
sequences of primers New B and New C (blue and yellow arrows in Figure 14a)
allow the generation of complementary sequences on AB and CD fragments. The
latter can then hybridize during the second round of PCR. The final product AD
consists of the CSD of the TRAF7 small isoform and is generated by using

fragments AB and CD as template with the Primers A and New D (Fig. 14b).
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Figure 14. lllustration of primer extension for deletion (a) The Primer A binds to the beginning of the
DNA sequence, while primer New B anneals at the end of fragment 1 (AB). The AB PCR thus generates
the fragment AB. Primer New D binds to the end of the DNA sequence, while primer New C anneals
at the beginning of fragment 2 (CD). The CD PCR generates fragment CD. Primers New B and New C
bind at either side of the region to be deleted (in orange). In this way, they prevent its incorporation
into fragments AB and CD. The complementary sequences of primers B (blue arrow) and C (yellow
arrow) allow the generation of complementary sequences on AB and CD fragments. (b) AB and CD
fragments hybridize during the second round of PCR. The final product AD is generated by the Primers
A and D (Illustration from https://eu.idtdna.com/pages/education/decoded/article/methods-for-site-
directed-mutagenesis and modified by Nadege Hertzog).

Table 17. Primers for cloning and sequencing of pCXN2-Flag-TRAF7-small-

isoform construct

Target

Primer name

Sequence in 5" 23 direction

TRAF7-ORF-Fw-Xhol

Primer A (279)

TAAGCACTCGAGATGAGCTCA

(288)

GGCAAGAGTGCCCGC

Small-Traf7-Rv Primer New B CGCTGTAGAGTTTGCACCCAC

(280) ACCTTGATGGTCTTG
Small-Traf7-Fw Primer New C CAAGACCATCAAGGTGTGGG

(281) TGCAAACTCTACAGCG
TRAF7-ORF-Rv-Notl | Primer New D TAATTAGCGGCCGCTCATGGG

(282) CCCGGATGGTGTTCAC
TRAF7-small TRAF7-small TTGTGCTGTCTCATCATTTTGG
isoform sequencing-Fw

(285)
TRAF7-small TRAF7-small ACAACGTCAAACTGACCGTGG
isoform sequencing-Fw_2

(287)
TRAF7-small TRAF7-small AGTTTCTGCAGCAGACGGATG
isoform sequencing-Fw_3

All primers were produced by Microsynth AG

94



The PCR reactions was carried out according to protocol provided by Phusion
High-Fidelity DNA Polymerase (Thermo Fischer). Briefly, for the generation of
fragments AB, CD and AD, the PCR cycle was designed as described in Table 18.

Table 18. PCR cycle to generate products AB, CD, and AD

Step Degree Time Cycles

Initial denaturation 98°C 30 sec 1x
Denaturation 98°C 5 sec 30x

Primer annealing 72°C 30 sec 30x
Elongation (AB) and | 72°C 30 sec 30x

(AD)

Elongation (CD) 72°C 15 sec 30x

Final elongation 72°C 5 min 1x

Each PCR product was purified using the Nucleospin Gel and PCR clean up kit
according to the manufacturer recommendations (Macherey-Nagel,
#740609.50). The product AD and the pCXN2-FLAG-TRAF7 plasmid were then
double digested using the restriction enzymes Xhol/Notl by following the
recommendations provided by New England Biolabs, purified, ligated in a 3:1
ratio using the T4 DNA ligase according to the manufacturer recommendations
(New England Biolabs), and then transformed into competent E.coli. The
enzymes and buffers used for the generation of pCXN2-Flag-TRAF7-small-

isoform listed in Table 19. The construct was verified by sequencing.
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Table 19. List of enzymes used for the generation of pCXN2-Flag-TRAF7-small-
isoform construct

Product name Reference
Phusion™ High-Fidelity DNA Thermoscientific, F530S (and F518L)
Polymerase (and 5X Phusion™ HF
Buffer)
Not1 restriction enzyme New England Biolabs, R0189S
Xhol restriction enzyme New England Biolabs, R0146S
NEBuffer™r3.1 New England Biolabs, B7203S
T4 DNA ligase (and 10X T4 DNA Ligase | New England Biolabs, M202 (and
buffer) B202S)

2.8 E.Coli calcium chloride competent cell protocol

A single E.Coli colony was inoculated into 5mL LB and grown overnight at 37°C.
The next morning, 1mL of the culture was inoculated into 100mL of LB (see
section 2.23.3) and incubated at 37°C for 3 h. Bacteria were then incubated on
ice for 10 min and centrifuged for 3 min at 6000 rcf. The pellet was then gently
resuspended in 10mL of sterile, cold 0.1M CaCl; solution, incubated on ice for
20 min, and centrifuged again for 3 min at 6000 g. The pellet was then
resuspended in 5 ml of sterile, cold 0.1M CaCl, solution containing 15% glycerol,

aliquoted in microcentrifuge tubes and stored at -80°C.
2.9 Transformation of Competent E.Coli

Chemical competent E.Coli were thawed on ice and 0.2uL of 14.3M B-
mercaptoethanol were added to 100uL of competent E.Coli. Bacteria were
mixed gently and incubated on ice for 10 min and gently swirled every 2 min.
50ng of plasmid were added and incubated on ice for 30 min. Then, bacteria
were heat-shocked at 42°C for 45 min and incubated on ice for 2min. 900uL of

LB (see section 2.23.3) were then added to the bacteria and incubated at 37°C
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for 1h on a shaking platform at 225-25 rpm. 200ul of transformation product
were plated on a LB agar plate containing the selective antibiotic (see section

2.23.3).

2.10 Plasmid preparation from bacteria

For MiniPrep, a single bacteria colony was picked using a sterile pipet tip,
inoculated in 5mL LB (see section 2.23.3) supplemented with the selective
antibiotic, and incubated for 12 to 18 h at 37°C on a shaking platform at 225-250
rom. The next morning, bacteria were pelleted at 10’000 rcf for 10 min and
subjected to plasmid preparation according to the manufacturer’s
recommendations (Macherey-Nagel, #740588.50). Plasmids were eluted in
nuclease-free dH,O and stored at -20°C. MiniPrep DNA was checked by

restriction digestion and sequencing (StarSeq, Mainz).

For MaxiPrep, a single bacteria colony was picked using a sterile pipet tip,
inoculated in 3ml LB supplemented with the selective antibiotic, and incubated
for 12 to 18 h at 37°C on a shaking platform at 225-250 rpm. The next morning,
300uL of the preculture were added to 300mL LB with the selective antibiotic
and incubated for 12 to 18h at 37°C at 225-250 rpm. When a glycerol stock was
used, the preculture step was omitted and 1ml of the glycerol stock was directly
added to 300uL LB with the selective antibiotic. The day after, bacteria were
pelleted at 10’000 rcf for 15 min and subjected to plasmid preparation according
to the manufacturer’s recommendations (Macherey-Nagel, #740424.10).

Plasmids were eluted in nuclease-free dH,0 and stored at -20°C.
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For both MiniPrep and MaxiPrep protocols, 500uL of the overnight culture were
mixed with 500uL of glycerol and stored at -80°C. The DNA concentration was

determined using NanoDrop 100 Spectrophotometer (Thermo Scientific).

2.11 qRT-PCR

Isolation of RNA was carried out using Trizol reagent (Invitrogen) and cDNA was
produced using SuperScript Il Reverse Transcriptase (Thermo Scientific),
according to the manufacturers’ recommendations. Quantitative real-time PCR
analyses were performed with an ABI 7000 Sequence Detection System (Applied
Biosystems) using FastStart SYBR Green Master (Roche), according to the
manufacturer’s recommendations. A dissociation step was added to verify the
specificity of the products formed. Primer sequences, master mix and qRT-PCR

cycle are described in Tables 20, 21, and 22 respectively.

Table 20. Real-time quantitative PCR primers

Target Primer name Sequence in 523 direction

c-Jun gene rat | rat c-Jun forward CACCTCCGAGCCAAGAACTC
(151)
rat c-Jun reverse CTGGACTGGATGATCAGGCG
(152)

Gapdh gene rat | rat Gapdh forward | GTATCCGTTGTGGATCTGACAT
(147)
rat Gapdh reverse GCCTGCTTCACCACCTTCTTGA
(148)

All primers were produced by Microsynth AG
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Table 21. Gapdh and c-Jun master mix

PCR reaction setup component Volume Final concentration
Nuclease-free dH,0 10.75uL
2X SYBR Green Master Mix (Fast | 12.5uL 1X
Start)
10pM Forward primer 0.375pulL 0.15uM
10uM Reverse primer 0.375pulL 0.15uM
cDNA lul Variable

Taq polymerase and dNTPs are included in SYBR Green Master Mix

Table 22. Real-time quantitative PCR cycle for Gapdh and c-Jun

Step Degree Time Cycles
Initial denaturation 95°C 10 min 1x
Denaturation 95°C 15 sec 45x
Primer annealing 60°C 60 sec 45x
Elongation 72°C 60 sec 45x

2.12 Primary rat Schwann cell cultures

Purified primary rat SC cultures were derived from P2 Wistar rat sciatic nerves,
as previously described in Jacob et al., 2008. SCs were then purified by
sequential immunopanning in plastic dishes coated with a Thyl.1 antibody
(Dong et al., 1997). Identity and purity were checked for each primary
preparation by immunofluorescence of SC-specific markers (Sox10, Oct6,
Krox20, PO, MAG). SCs were grown in proliferation medium: DMEM containing
10% FBS (Gibco), 1:500 penicillin/streptomycin (Invitrogen), 4 ug/ml crude GGF
(bovine pituitary extract, Bioconcept), and 2 uM forskolin (Sigma) (see section
2.23.2.2), at 37°C and 5% C02/95% air. SC culture protocol mimicking SC
demyelination and conversion into repair cells that occur after a PNS lesion was
as follows (previously described in Briigger et al., 2017): SCs were first growth-
arrested for 8 to 15 h in differentiation medium (DM): DMEM/F-12 (Gibco)

containing 0.5% FBS (Gibco), 1:500 penicillin/streptomycin (Invitrogen), 100
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ug/ml human apo-transferrin (Sigma), 60 ng/mL progesterone (Sigma), 1 pug/mL
insulin (Sigma), 16 pg/mL putrescin (Sigma), 400 ng/mL L-thyroxin (Sigma), 160
ng/mL selenium (Sigma), 10 ng/mL triiodothyronine (Sigma) and 300 pg/mL
bovine serum albumin (Sigma) (see section 2.23.2.2). Then 1 mM dbcAMP
(Sigma) was added to induce differentiation and cells were incubated in this
medium for another 3 days. The medium was then changed to DM only without
dbcAMP, and RSCs were incubated in this medium for 3 days (differentiation
mimicking adult SC stage). To mimic SC conversion into the repair phenotype,
cells were then changed to proliferation medium and incubated in this medium
for 1 day.

To inhibit HDAC8, 1uM, 10uM or 100uM PCI-34051 (HDACS8 inhibitor,
Selleckchem), 30uM or 90uM 1-Naphthohydroxamic acid (HDACS8 inhibitor,
MedChemExpress) or their vehicle were added in conditions mimicking the
conversion into the repair phenotype at the time of change to proliferation
medium.

To inhibit JNK, 1 uM JNK-IN-8 (JNK inhibitor, MedChemExpress) or its vehicle
were added to rat SCs in conditions mimicking the conversion into the repair
phenotype the day before and at the time of change to proliferation medium
for 24 h.

To mimic hypoxia, 250uM CoCl, was added to SCs in conditions mimicking the
conversion into the repair phenotype 8h after the change to proliferating
medium and incubated for 16h. To induce hypoxia, RSCs were incubated in a
hypoxic incubator (COz-Incubator C16, Labotect) in conditions mimicking the
conversion into the repair phenotype, at the time of change to proliferation
medium and for 16 h at 5%CO, and 1%0,/94%N,. We thank Dr. Regnier-

Vigouroux (JGU Mainz, Germany) for access to the hypoxia incubator.
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To inhibit the proteasome, 20uM MG-132 (proteasome inhibitor, Hycultec) or
its vehicle were added to rat SCs in conditions mimicking the conversion into the
repair phenotype for 4 to 8 h.

HEK293T cells were obtained from ATCC and cultured in DMEM containing 10%
FCS (Gibco) and 1:500 penicillin/streptomycin (Invitrogen) (see section 2.23.2.2)
on poly-D-lysine (Sigma)-coated dishes.

Mycoplasma contamination was not tested in primary rat SCs or in HEK293T
cells, because of the low incidence of mycoplasma contamination in primary
cells, and because mycoplasma contamination results in inefficiency of
transfection, which we did not observe in our primary rat SCs or in HEK293T

cells.
2.13 Generation and use of lentiviruses

To produce lentiviral particles, HEK293T cells (ATCC) were co-transfected with
each lentiviral construct: HDAC8 shRNA (TRCN0O0000877999), TRAF7 shRNA
(TRCN0O000302734), HIFla shRNA (TRCN0000232221) or control shRNA
(SHC001), together with the packaging constructs pLP1, pLP2 and pLP/VSVG
(Invitrogen), using Lipofectamine 2000 (Invitrogen), according to the
recommendations of the manufacturer (ViraPower Lentiviral Expression
Systems Manual). Lentiviruses were added to primary rat SCs in DM and
incubated for two days. Then, infected cells were selected by adding 2 pg/ml
puromycin (Sigma) in DM for two days, before adding proliferating medium.
HDAC8 shRNA, TRAF7 shRNA, HIFla shRNA and control shRNA lentiviral

constructs were purchased from Sigma-Aldrich.
2.14 Transfection

Confluent primary rat SCs were transfected either in differentiating conditions

or in conditions mimicking the conversion into the repair phenotype at the time
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of change to proliferation medium with Fugene 6 (Promega) at 5:1 ratio Fugene
6:DNA, according to the manufacturer’s recommendations, with the following
modifications: the DNA was incubated in OptiMEM (Gibco) for 5 min at room
temperature (RT) before addition of Fugene 6. The mix Fugene 6:DNA was then

incubated for 30 min at RT before being added to the cells.
2.15 Luciferase gene reporter assay

Confluent primary rat SCs previously infected in differentiating conditions with
HDACS8 shRNA or control shRNA in 12-well plates were transfected in conditions
mimicking the conversion into the repair phenotype at the time of change to
proliferation medium with Fugene 6 (Promega) at 3:1 ratio Fugene 6:DNA,
according to the manufacturer’s recommendations, with the following
modifications: the DNA was incubated in OptiMEM (Gibco) for 5 min at RT
before addition of Fugene 6. The mix Fugene 6: DNA was then incubated for 30
min at RT before being added to the cells. Eight hours after transfection, 250uM
CoCl, or vehicle (H,0) were added to the cells for 16 h. Cells were lysed 24 h
after transfection in 110uL Reporter Lysis Buffer (Promega) and assayed for
luciferase activity. Forty microliters of lysate were subjected to two consecutive
injections of each 25uL luciferase substrate and values were recorded after an
integration time of 2 and 10 sec, respectively. Efficiency of transfection was
evaluated by measuring beta-galactosidase activity of a co-transfected beta-gal
construct (Promega). Primary rat SCs were co-transfected with 1ug of the
luciferase construct pGL3b-c-Jun promoter or empty pGL3b (Promega), and 300
ng beta-gal construct (Promega). Luciferase activity was first normalized to beta-
galactosidase activity and then normalized to the empty pGL3b luciferase
control (transfected at the same ratio Fugene 6: DNA). For beta-galactosidase

activity, we followed the instructions of the manufacturer (Promega). Briefly,
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50uL Assay Buffer 2x was added to 50ul lysate, and beta-galactosidase activity
was recorded after a 15-20 min incubation time at 37°C. Endogenous beta-
galactosidase activity (as determined from cells only transfected with

overexpressing construct at the same ratio Fugene 6: DNA) was subtracted.
2.16 Western blot analysis

For all Western blots and immunoprecipitations on mouse sciatic nerve lysates,
we collected the injured sciatic nerve from the lesion site to around 12mm distal
to the lesion site (region where the nerve splits into the three branches of tibial,
sural, and common peroneal nerves). We collected the same region of the
contralateral nerve as internal control for each animal. After perineurium
removal, sciatic nerves were frozen in liquid nitrogen, pulverized with a chilled
mortar and pestle, lysed in radioimmunoprecipitation assay (RIPA) buffer (see
section 2.23.1.2) for 30 min on ice, and centrifuged to pellet debris.
Supernatants were collected.

Cells were washed once in PBS, lysed in RIPA buffer for 15 min on ice, and
centrifuged to pellet debris. Sciatic nerves and cell lysates were submitted to
SDS-PAGE and analyzed by Western blotting.

Primary and secondary antibodies used for Western blot are listed in Tables 23

and 24 respectively.

Table 23. Western blot primary antibodies

Name of Antibody | Host species | Dilution Reference

Anti-HDACS8 rabbit 1:1000 Santa Cruz Biotechnology,
cat. # sc-11405, lot # DO715

Anti-HDAC1 rabbit 1:1000 GeneTex, cat. # GTX100513,
lot # 39471

Anti-HDAC2 mouse 1:1000 Sigma, cat. # H2663, lot #
092M4824V

Anti-HDAC3 rabbit 1:1000 GeneTex, cat. # GTX109679,
lot # 39974
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Anti-Oct6 rabbit 1:2000 Kind gift from Dr. Dies
Meijer, University of
Edinburgh

Anti-Krox20 rabbit 1:500 kind gift from Dr. Dies
Meijer, University of
Edinburgh

Anti-Sox10 mouse 1:1000 Abcam, cat. # ab216020, lot
#GR3272630-2

Anti-Mpz chicken 1:5000 Aves Labs, cat. # PZO, lot #
PZ0877982

Anti-MBP rat 1:750 Bio-Rad, cat. # MCA409S, lot
# 158446

Anti-c-Jun rabbit 1:1000 Cell Signaling, cat. #9165, lot
#13

Anti-phospho-c-Jun | rabbit 1:1000 Cell Signaling, cat. #3270, lot
#5)

Anti-TRAF7 rabbit 1:1000 Proteintech, cat. # 11780-1-
AP, lot #00047291

Anti-TRAF7 rabbit 1:1000 ABclonal, cat. # A3095, lot #
5500008204

Anti-HIF1a rabbit 1:1000 Novus Biological, cat. #
NB100-479, lot # D108267-1

Anti-HIF1a mouse 1:500 &D Systems, cat. #
MAB1536, lot # KRK0521051

Anti-VHL rabbit 1:1000 ABclonal, cat. # A0O377, lot #
5500020894

Anti-Ubiquitin mouse 1:1000 Cell Signaling, cat. # 3936,

(P4D1) lot # 19

Anti-phospho- rabbit 1:1000 Invitrogen, cat. # 44-682G,

JNK1/JNK2 lot # 2465206

Anti-GAPDH mouse 1:5000 GeneTex, cat. # 28245, lot #
822203823

Anti-B-Actin mouse 1:5000 Sigma, cat. # A5441, lot #
122M4782

Anti-a-Tubulin mouse 1:5000 Sigma, cat. # T9026, lot #
000241529

Anti-Lamin A/C mouse 1:1000 Sigma, cat. # SAB4200236,
lot # 055M4822V

Anti-eEF1A1 rabbit 1:5000 Abcam, cat. # ab157455, lot

#GR231741-10

104



Table 24. Western blot secondary antibodies

Name of Antibody | Host species | Dilution Reference
Anti-rabbit (1gG) goat 1:10000 |Jackson ImmunoResearch,
HRP cat. #111-036-047
Anti-mouse (IgG) goat 1:10000 |Jackson ImmunoResearch,
HRP cat. # 115-036-072
Anti-chicken (lgY) rabbit 1:10000 |Jackson ImmunoResearch,
HRP cat. # 303-035-008

2.17 Immunoprecipitation

For non-denaturing IPs, tissues or cells were processed as described in the
Western blot section in RIPA buffer (see section 2.23.1.2) supplemented with
protease inhibitor cocktail (Thermo Scientific). Lysates were pre-cleared for 1 h
at 4°C with 30puL protein A/G PLUS agarose beads (Santa-Cruz Biotechnology).
Antibodies were conjugated to 30uL of agarose beads for 2 h at 4°C on a rotating
platform. Then, 1mL of cleared lysate was rotated for 2 h at 4°C with
immunoprecipitating antibodies conjugated to the beads.

For denaturating IPs, tissues or cells were lysed in denaturing buffer (see section
2.23.1.2), boiled for 5 min at 95°C, and mixed with 9 volumes of RIPA buffer (see
section 2.23.1.2). Lysates were homogenized with a 20-gauge needle attached
to a sterile plastic syringe, pre-cleared for 1 h at 4°C with 30uL of agarose beads
and rotated overnight at 4°C with immunoprecipitating antibodies. The day
after, 30uL of agarose beads were added and samples were further rotated at
4°Cfor 2 h.

Two to six micrograms of the antibodies listed in Table 25 were used per nerve

or per 1x107 cells:
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Table 25. List of antibodies used for Immunoprecipitation

Name of Antibody | Host species Reference

Anti- HIF1a mouse R&D Systems, cat. #
MAB1536, lot # KRK0522111

Anti- HIF1a rabbit Novus Biological, cat. #
NB100-479, lot # D108267-1

Anti-HDACS8 sheep R&D Systems, cat. # AF4359,
lot # CAKS0120091

Normal Goat IgG goat R&D Systems, cat. # AB-108-

control C, lot # ES41160812

Anti-Flag mouse Sigma, cat. # F1804, lot #
SLBMO089V

Anti-GFP rabbit Abcam, cat. # ab290, lot #
GR3431263-1)

Rabbit anti-GFP, mouse anti-Flag and goat anti-IgG antibodies were used as
control IPs.

Immunoprecipitates were pelleted, washed four times with RIPA buffer, eluted
in 40 pL of Laemmli buffer and incubated at 75°C for 10 min. Analysis was done

by Western blot.
2.18 Subcellular fractionation

Cytoplasmic and nuclear fractions were obtained by following the protocol of
Senichkin et al., 2021. For fractionation on sciatic nerve lysates, we collected the
injured sciatic nerve from the lesion site to around 12 mm distal to the lesion
site (region where the nerve splits into the three branches of tibial, sural, and
common peroneal nerves). We collected the same region of the contralateral
nerve as internal control for each animal. After perineurium removal, sciatic
nerves were pulverized with a chilled mortar and pestle and lysed in hypotonic
buffer (see section 2.23.1.2) supplemented with 0.5mM DTT, 0.5mM PMSF and

protease inhibitor (Thermo Scientific) for 30 min on ice.
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Cells were harvested by trypsination, resuspended in PBS, centrifuged at 500 rcf
for 3 min at 4°C and resuspended in hypotonic buffer for 3 min on ice. Then,
Nonidet P-40 (NP-40) was added to a final concentration of 0.1% and the lysates
were further incubated for 3 min and centrifuged at 1000 rcf for 3 min at 4°C.
The supernatant (cytoplasmic fraction) was centrifuged a second time at 15000
rcf for 3 min at 4°C to pellet remaining debris. The pellet (nuclear fraction), was
resuspended in isotonic buffer (see section 2.23.2.1) supplemented with 0.5mM
DTT, 0.5mM PMSF and protease inhibitor on ice for 10 min, and centrifuged at
1000 rcf for 3 min at 4°C. The pellet was then resuspended in RIPA buffer
containing 1% SDS, 1% sodium deoxycholate, 1% NP-40 and protease inhibitor
(Thermo Scientific) (see section 2.23.1.2) for 30 min and centrifuged at 2000 rcf

for 3 min at 4°C. Supernatants were collected.
2.19 Immunofluorescence and imaging

Mouse sciatic nerves were fixed in situ with 4% PFA for 10 min, dissected,
embedded in PolyFreeze (Sigma), and frozen at -80°C. Sciatic nerve cryosections
(5-um thick) were first incubated with acetone for 10 min at -20°C, washed in
PBS, blocked for 30 min at RT in blocking buffer with either BSA or Donkey serum
(see section 2.23.1.2), and incubated with primary antibodies overnight at 4°C
in blocking buffer. Sections were then washed 3 times in blocking buffer and
secondary antibodies were incubated for 1 h at RT in the dark. Sections were
washed again, incubated with DAPI for 5 min at RT, washed and mounted in
Citifluor (Agar Scientific).

Cells were washed with PBS, fixed for 10 min with 4% PFA at RT, washed again
in PBS, blocked, incubated with antibodies, DAPI, and mounted as described

above.
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For whole-mount sciatic nerve staining, nerves were processed as described in

Dun et al., 2015) with the following modifications: the perineurium was fully

removed after 5 h fixation in 4% PFA and each nerve branch was separated from

one another.

The primary and secondary antibodies used for Immunofluorescence are listed

in Tables 26 and 27 respectively.

Table 26. Immunofluorescence primary antibodies

Name of Antibody | Host species | Dilution Reference

Anti-HDACS8 sheep 1:200 R&D Systems, cat. # AF4359,
lot # CAKS0120091

Anti-TRAF7 rabbit 1:200 ABclonal, cat. # A3095, lot #
5500008204

Anti-c-Jun rabbit 1:200 Cell Signaling, cat. #9165, lot
#13

Anti-phospho-c-Jun | rabbit 1:800 Cell Signaling, cat. #3270, lot
#5

Anti-F4/80 rat 1:200 GeneTex, cat. # GTX26640,
lot # 821401311

Anti-NFM chicken 1:1000 GeneTex, cat. # GTX85461,
lot # 822102296

Anti-Stathmin 2 rabbit 1:1000 Novus Biologicals, cat. #
NBP1-49461, lot # D-1

Anti-Stathmin 2 goat S5ug/ul Origene, cat. # TA318234

Anti-GAP43 rabbit 1:500 Abcam, cat. # ab75810, lot

#GR3299539-7

Table 27. Immunofluorescence secondary antibodies

Alexa Fluor 488

Name of Antibody | Host species | Dilution Reference
Anti-rabbit (1gG) Donkey 1:500 Jackson ImmunoResearch,
Alexa Fluor 488 cat. # 711-545-152
Anti-rabbit (IgG) Cy3 | Donkey 1:500 Jackson ImmunoResearch,

cat. #711-165-152
Anti-goat (IgG) Cy3 | Donkey 1:500 Jackson ImmunoResearch,

cat. # 705-165-147
Anti-sheep (1gG) Donkey 1:500 Jackson ImmunoResearch,

cat. # 713-546-147
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Anti-chicken (lgY) Donkey 1:500 Jackson ImmunoResearch,
Alexa Fluor 647 cat. # 703-605-155
Anti-Rat (IgG) Alexa | Donkey 1:500 Jackson ImmunoResearch,
Fluor 647 cat. # 712-605-153

Photos were acquired using a Visitron VisiScope spinning disk confocal system
CSU-W1. Fiji (version 2.9.0) and Adobe Photoshop (CC 20.0.4 Release) were used
to process images. z-series projections (stated in the figure legends) are shown.
Axonal regrowth was measured using Neuron) software (Imagel plugin freely
available online with a user manual:
http://www.imagescience.org/meijering/software/neuronj/). Parameters used
were the same as described in the method validation article (Meijering et al.,
2004). Neurite appearance: Bright, Hessian smoothing scale: 2.0, Cost weight
factor: 0.7, Snap window size: 9 x 9, Path-search window size: 2,500 x 2,500,

Tracing smoothing range: 5, Tracing subsampling factor: 5, Line width: 1.
2.20 Electron microscopy

Mice were killed with 150 mg/kg pentobarbital i.p. (Esconarkon; Streuli Pharma
AG) and sciatic nerves were fixed in situ with 4% paraformaldehyde (PFA) and
3% glutaraldehyde in 0.1M phosphate buffer, pH 7.4 (see section 2.23.1.2). Fixed
tissues were post-fixed in 2% osmium tetroxide, dehydrated through a graded
acetone series as described in Benninger et al., 2006 and embedded in Spurr’s
resin (Electron Microscopy Sciences). Semithin sections were stained with 1%
Toluidine blue for analysis at the light microscope, and ultrathin sections (70-nm
thick) were cut as described in Benninger et al., 2006. All analyses were done at
5 mm distal to the lesion site. No contrasting reagent was applied. Images were
acquired using a Philips CM 100 BIOTWIN equipped with a Morada side

mounted digital camera (Olympus).
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2.21 Mass spectrometry analysis

Protein samples eluted from the beads in 1X Laemmli sample buffer were
heated for 10 min at 75°C, treated with 1 mM DTT, and alkylated using 5.5mM
iodoacetamide for 10 min at RT. Samples were fractionated on 4-12% gradients
gels and proteins were in-gel digested with trypsin (Promega) into four fractions
per sample. Tryptic peptides were purified by STAGE tips and LC-MS/MS
measurements were performed on a QExactive HF-X mass spectrometer
coupled to an EasyLC 1200 nanoflow-HPLC (all Thermo Scientific) as described
in Kaeser-Pebernard et al., 2022. MaxQuant software (version 1.6.2.10) (Cox and
Mann, 2008) was used for analyzing the MS raw files for peak detection, peptide
guantification and identification using a full length Uniprot mouse database
(version April 2016). Carbamidomethylcysteine was set as fixed modification
and oxidation of methionine was set as variable modification. The MS/MS
tolerance was set to 20 ppm and four missed cleavages were allowed for
Trypsin/P as enzyme specificity. Based on a forward-reverse database, protein
and peptide FDRs were set to 0.01, minimum peptide length was set to seven,
and at least one unique peptide per protein had to be identified. The match-
between run option was set to 0.7 minutes. MaxQuant results were analysed

using Perseus software (version 1.6.2.10) (Tyanova et al., 2016).
2.22 Data availability

All relevant data are available from the authors. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via
the PRIDE [1] partner repository with the dataset identifier PXD046582.
Reviewer account details: Username: reviewer_ pxd046582@ebi.ac.uk;

Password: 99F8fDcq
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2.23 Stock solutions, buffers, and media

All stock solutions, buffers and media were prepared in sterile conditions or

were sterilized by autoclaving or by filtration.

2.23.1 Stock solutions and buffers for molecular biology, biochemistry,
immunofluorescence, and electron microscopy

2.23.1.1 Stock solutions

Table 28. Stock solutions
Reagent Amount

0.1M EGTA, pH 8.0
EGTA 3.8g

Make up to 80ml with dH,0, adjust pH to 8.0 and
complete up to 100ml with dH,0. Store at 4°C.

0.5M EDTA, pH 8.0
EDTA 93.05¢g

Make up to 400mL with dH20, adjust the pH to 8.0
using NaOH. Make up to 500mL with dH20.

10% Ammonium persulfate

APS 100mg

dH,0 1mL

Vortex to dissolve. Store at 4°C for up to three weeks.
10% SDS

SDS 50g

Make up to 500mL with dH,0, shake carefully by heating
the solution to 37°C, store at RT to avoid precipitation.

100mM PMSF

PMSF 0.174g

Make up to 10mL with ethanol. Aliquot and store at -
20°C.

iIM DTT

DTT 1.5g
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Make up to 100mL with dH,0. Aliguot and store at -20°C.
It is rather recommended to prepare the required
amount of 1M DTT at the last moment.

1M KCI

KCI 7.46¢g

Make up to 100mL with dH,0.

1M MgCl2

Make up to 100mL with dH,O0.

1M Na2HPO4

Na;HPO4;*7H,0 268.07g

Make up to 1L with dH,O0.

1M NaH2PO4

NaH,PO4;*2H,0 156.01g

Make up to 1L with dH,O0.

4% PFA

PFA 40g

Make up to 800mL with PBS. Dissolve on stir plate at
60°C. Adjust pH to 7.4 and complete up to 1L with PBS.
Aliguot and store at -20°C.

EM fixative solution

Final concentration

PFA 40g 4%
0.1M phosphate buffer 880mL
25% Glutaraldehyde solution 120mL 3%

Dissolve PFA in phosphate buffer on a stir plate at 60°C.
Cool down to RT and add glutaraldehyde. Aliguot and
store at -20°C.
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2.23.1.2 Buffers

Table 29. Buffers

Reagent Amount
0.1M Phosphate buffer, pH7.4
1M Naz;HPO, 77.4mL
1M NaH,PO4 22.6mL

Make up to 1L with dH,0. Do not adjust pH.

0.5M Tris pH 6.8

Tris base 30.25g

Make up to 400ml with dH,0, adjust pH to 6.8 and
complete up to 500ml with dH20. Store at 4°C.

1M Tris pH 8.3

Tris base 60.5g

Make up to 400mL with dH,0, adjust pH to 8.3 and
complete up to 500mL with dH20. Store at 4°C.

1.5M Tris pH 8.8

Tris base 90.75g

Make up to 400mL with dH,0, adjust pH to 8.8 and
complete up to 500mL with dH20. Store at 4°C.

1X Phosphate buffer saline (PBS), pH7.4

Final concentration

Na,HPO4 1.14g 8mM
KH,PO4 0.2g 1.5mM
NaCl 8g 137mM
KCl 0.2g 2.7mM

Make up to 800mL with dH,0, adjust pH to 7.4 and complete up to 1L with dH-0.

4% Stacking gel (based on making 1 gel)

40% acrylamide 0.5mL
0.5M Tris-HCl, pH 6.8 1.25mL
dH,0 3.125mL
10% SDS 50uL
10% APS 40uL
TEMED S5uL
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Add APS and TEMED at the last moment for

polymerization.

6% Stacking gel (based on making 1 gel)

40% acrylamide 0.75mL
1.5M Tris-HCI, pH 8.8 1.25mL
dH,0 2.9mL
10% SDS 50uL
10% AP 45uL
TEMED 3.75ulL

Add APS and TEMED at the last moment for

polymerization.

8% Stacking gel (based on making 1 gel)

40% acrylamide 1mL
1.5M Tris-HCI, pH 8.8 1.25mL
dH,0 2.65mL
10% SDS 50uL
10% APS 45uL
TEMED 3.75uL

Add APS and TEMED at the last moment for

polymerization.

10% Stacking gel (based on making 1 gel)

40% acrylamide 1.25mL
1.5M Tris-HCI, pH 8.8 1.25mL
dH,0 2.40mL
10% SDS 50uL
10% APS 45uL
TEMED 3.75uL

Add APS and TEMED at the last moment for

polymerization.

12% Stacking gel (based on making 1 gel)

40% acrylamide 1.5mL
1.5M Tris-HCI, pH 8.8 1.25mL
dH,0 2.15mL
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10% SDS 50uL
10% APS 45pL
TEMED 3.75uL

Add APS and TEMED at the last moment for
polymerization.

14% Stacking gel (based on making 1 gel)

40% acrylamide 1.75mL
1.5M Tris-HCI, pH 8.8 1.25mL
dH,0 1.9mL
10% SDS 50uL
10% APS 45uL
TEMED 3.75uL

Add APS and TEMED at the last moment for
polymerization.

50x TAE buffer, pH8.3

Final concentration

Tris base 242g 2M
glacial acetic acid 57.1mL 1M
0.5M EDT 100ml 50mM

Make up to 1L with dH,0, without adjusting pH. Use at a concentration of 1X.

Blocking solution for IHC/IF with BSA

Final concentration

BSA 200mg 20g/L

Triton-X-100 30uL 0.30%

Make up with PBS to 10mL. Vortex well to dissolve. Store at 4°C.

Blocking solution for IHC/IF with Donkey serum Final concentration
Donkey serum 500uL 5% v/v
Triton-X-100 30uL 0.30%

Make up with PBS to 10mL. Vortex well to dissolve. Store at 4°C.

Blocking solution for whole sciatic nerve staining Final concentration
PTX 90mL 90%

FBS 10mL 10%

Mix well. Store at 4°C.

Blocking solution for WB Final concentration
Non-fat milk powder 10g 50g/L
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10X TBS 20mL 10%

Tween 20 200puL 0.10%

Make up to 200mL with dH,0. Dissolve Tween20 on a stir plate. Store at 4°C.

Denaturing buffer, pH 7.4 Final concentration
Tris-HCl 0.157g 10mM
SDS 1g 1% w/v

Make up to 80mL with dH,0, adjust pH to 7.4. Add and dissolve SDS and
complete up to 100mL with dH,0. Store at RT.

Hypotonic buffer for subcellular fractionation Final concentration
Tris-HCI 0.315g 20mM

1M KCI 1mlL 10mM

1M MgCl, 200pL 2mM

0.1M EGTA 500uL 1mM

Make up to 80mL, adjust pH to 7.4 and complete up to 100mlLwith dH,0. Store
at 4°C. Add 0.5mM DTT and 0.5mM PMSF at the last moment.

Isotonic buffer for subcellular fractionation Final concentration
Tris-HCI 0.315g 20mM

KCI 1.119g 150mM

1M MgCl, 200puL 2mM

0.1M EGTA 500uL 1mM

Make up to 80mL, adjust pH to 7.4 and complete up to 100mL with dH,0. Store
at 4°C. Add 0.5mM DTT and 0.5mM PMSF at the last moment.

Laemmli buffer (4X) Final concentration
SDS (Sodium Dodecyl Sulfate) 1g 100mg/mL

0.5M Tris-HCI 3.75mL 187.5mM

Glycerol 3mL 30% w/v

14.3M B-Mercaptoethanol 300puL 429mM
Bromophenol blue 10mg 1mg/mL

Make up with dH,0 to 10mL. Mix on a stir plate. Aliquot and store at -20°C. Use
at a final concentration of 1X.

PTX (PBS-Triton-X 100) Final concentration
PBS 100mL 99%
Triton-X-100 1mL 1%

Mix well on a stir plate. Store at 4°C.
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RIPA lysis buffer

Final concentration

Tris-HCI 0.788g 10mM
NaCl 4.383g 150mM
NaF 1.05g 50mM
NasVO, 0.09g 1mM
-EE;,:-fAI);:s:tl:)m Ethylene Diamine 0.19g 1mM
Sodium deoxycholate 2.5g 0.5% w/v
NP-40 2.5mL 0.5% w/v

Make up to 500mL with dH,0, adjust pH to 7.4. Store at 4°C.

RIPA lysis buffer for subcellular fractionation

Final concentration

RIPA lysis buffer To 50mL

NP-40 250pulL 1%
10% SDS 150uL 1%
Sodium deoxycholate 250mg 1%

Dissolve on a stir plate. This buffer is single use and cannot be stored at 4°C

otherwise SDS will precipitate.

Running buffer (10X)

Final concentration

Tris base 30g 250mM

Glycine 144gr 1.92M

SDS 10g 10g/L

Make up to 1L with dH,0 and use at a final concentration of 1X.

TBS (10X) Final concentration
Tris base 24.2g 201.6mM

NaCl 80g 1.37M

Make up to 800mL with dH,0, adjust pH to 7.6 and complete up to 1L. Use at a

final concentration of 1X. Store at 4°C.

TBST (1X) Final concentration
10X TBS 100mL 10%

Tween20 1mL 0.10%

Make up to 1L with dH,0. Dissolve Tween20 by mixing on a stir plate. Store at
4°C.

Transfer buffer (10X) Final concentration
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Tris-HCI 30.3g 190mM

Glycine 144g 1.92M

Make up to 800mL with dH,0, adjust pH to 8.3 and complete up to 1L with dH-0.
Use at a final concentration of 1X by adding 100mL of the 10X solution, 200mL
Methanol and 700mL dH,0. Store the 1X solution at 4°C.

Tris-EDTA lysis buffer Final concentration
0.5M EDTA 2mL 2mM

1M KCI 24.9mL 50mM

1M Tris, pH 8.3 5mL 10mM

NP-40 2.25mL 0.45% w/v

Tween 20 2.25mL 0.45% w/v

Make up to 500mL with dH,0. Store at 4°C.

2.23.2 Stock solutions and media for cell culture

2.23.2.1 Stock solutions

Table 30. Stock solutions for media and cell culture

Reagent Amount
1-Naphthohydroxamic acid stock solution Final concentration
1-Naphthohydroxamic acid 10mg 100mM
DMSO 0.5342mL

Dissolve in 1-Naphthohydroxamic acid in DMSO by vortexing. Aliquot and store
at -80°C.

50mM Tris buffer, pH 9.5
Tris base 3.029¢

Make up to 400mL with dH,0, adjust pH to 9.5 and
complete up to 500mL with dH,0. Store at 4°C.

Bovine pituitary extract stock solution Final concentration
Bovine pituitary extract 14mg 2mg/mL

dH,0 7mL

Dissolve the bovine pituitary extract in sterile dH,0. Aliquot and store at -20°C.
Bovine Serum Albumin (BSA) stock solution Final concentration
BSA 3g 30mg/mL
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dH,0 10mL

Dissolve BSA in dH,0 in a water bath at 37°C. Mix well and aliquot and store at
-20°C.

CoCl2 stock solution Final concentration
CoCl,*6H,0 1.19¢g 1M
deO 5mL

Dissolve in dH,0 by vortexing. Store at 4°C. At the time of use, dilute 1:100 in
dH-0, filter sterilize using 0.2um filter and apply to your cells at the desired
concentration (50uM to 250uM).

Dibutyryl cAMP sodium salt (dbcAMP) stock solution Final concentration

:1b::0hgﬁo(;i;l:;]t;i\;r)yl cyclic adenosine 25mg 100mM

PBS 5.087mL

Dissolve dbcAMP in PBS. Aliquot and store at -20°C.

Forskolin stock solution Final concentration
Forskolin 10mg 10mM

DMSO 2.44mL

Dissolve the Forskolin in DMSO. Aliquot and store at -20°C.

HDACS8-IN-1 stock solution Final concentration
HDACS8-IN-1 5mg 10mM

DMSO (Dimethylsulfoxide) 1.4476mL

Dissolve in HDAC8-IN-1 in DMSO by vortexing. Aliquot and store at -80°C.
Human Apo-transferrin stock solution Final concentration
Apo-transferrin (human) 100mg 20mg

dH,0 5mL

Dissolve human Apo-transferrin in sterile dH,0. Aliquot and store at -20°C.
Insulin stock solution Final concentration
Insulin 50mg 2mg/ml

37% HCI (=12M HCl) 2.075mL 1M

dH,0 22.925mL

JNK-IN-8 stock solution Final concentration
JNK-IN-8 10mg 10mM

DMSO 1.9701mL

Dissolve in JNK-IN-8 in DMSO by vortexing. Aliquot and store at -80°C.
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L-thyroxin sodium salt stock solution

Final concentration

L-thyroxin sodium salt pentahydrate

1mg

0.1 mg/mL

dH,0

10mL

Dissolve L-thyroxin in dH,0. Aliquot and store at -20°C.

MG-132 stock solution

Final concentration

MG-132

10mg

20mM

DMSO (Dimethylsulfoxide)

1.051mL

Dissolve in MG-132 in DMSO by vortexing. Aliquot and store at -80°C.

PCI-34051 stock solution

Final concentration

PCI-34051

10mg

10mM

DMSO

3.3447mL

Dissolve in PCI-34051 in DMSO by vortexing. Aliquot and store at -80°C.

Progesterone stock solution

Final concentration

Progesterone

100mg

1mg/mL

Ethanol

100mL

Dissolve Progesterone in ethanol on stir plate. Aliquot and store at -20°C.

Putrescine stock solution

Final concentration

Putrescine

160mg

16mg/mL

dH,0

10mL

Dissolve Putrescine in dH,0. Aliguot and store at -20°C.

PX-478 stock solution

Final concentration

PX-478

5mg

60mM

DMSO

211.43pL

Dissolve in PX-478 in DMSO by vortexing. Aliquot and store at -80°C.

Sodium selenite stock solution

Final concentration

Sodium Selenite

1g

50mg/mL

dH,0

20mL

Dissolve Sodium selenite in dH,0. Aliquot and store at -20°C.

Triiodothyronine (T3) stock solution

Final concentration

T3

28

200pg/mL

Ethanol

10mL

Dissolve Triiodothyronine in 10ml ethanol. Aliqguot and store at -20°C.
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2.23.2.2 Cell culture media

Table 31. Cell culture media

Reagent Amount
HEK medium (50mL) Final concentration
DMEM 45mL
FBS 5mL 10%
Penicillin/Streptomycin 0.1mL 0.20%
Filtrate and store at 4°C.
OX-7 hybridoma medium (50mL) Final concentration
RPMI 45mL
FBS 5mL 10%
Penicillin/Streptomycin 0.1mL 0.20%
100mM sodium pyruvate 500uL 1mM
50mM B-Mercaptoethanol 50uL 5uM

Filter and store at 4°C.

Rat Schwann Cells Differentiation Medium (50mL)

Final concentration

DMEM/F12 48.973mL

FBS 250pulL 0.50%
Penicillin-Streptomycin 100uL 0.20%
20mg/mL Human Apo-transferrin 250uL 100pg/mL
60ug/mL Progesterone (stock at

Img/ml at -20°. Add 60ul of 1Img/ml

solution in 1ml EtOH to reach >0ut 60ng/mL
60ug/ml)

2mg/mL Insulin 25ulL 1pg/mL
16mg/mL Putrescine 50ulL 16pg/mL
0.1mg/mL L-thyroxin 200puL 400ng/mL
160pg/ml Sodium Selenite (stock at

50mg/ml at -20°. Add 3.2ul of

50mg/ml solution in 1ml dH,0 to >0ul 160mg/mL
reach 160ug/ml)

200pug/mL T3 2.5uL 10ng/mL
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300mg/mL BSA ‘ 50uL 300ug/mL

Filtrate, aliquot, and store at -20°C.

Rat Schwann Cells Growth Medium (50mL) Final concentration
DMEM 45mL

FBS 5mL 10%
Penicillin/Streptomycin 0.1mL 0.20%

2mg/mL Bovine pituitary extract 100pL 4ug/mL

10mM Forskolin 10ulL 2uM

Filtrate and store at 4°C. Add Bovine pituitary extract and forskolin at the time
of use and filtrate again.

2.23.3 Stock solutions and media for bacteria

Table 32. Stock solutions and media for bacteria

Reagent Amount
0.1M CaCl2
CaCly*6H,0 2.19¢g
Make up to 100mL with dH,O0.
Ampicillin sodium salt stock solution Final concentration
Ampicillin sodium salt 500mg 50mg/mL
dH,0 10mL

Dissolve Ampicillin with dH,0. Filter-sterilize using 0.2um cellulose acetate
filter. Aliqguot and store at -20°C.

LB (Luria-Bertani) Broth Final concentration
LB Broth (Miller) 20g 20g/L

dH,0 1L

Dissolve LB Broth in dH,0. Autoclave.

LB Agar (for 10 Petri dishes) Final concentration
LB Broth (Miller) 4g 2%

Agar 3g 1.50%

dH,0 200mL

122



Add LB Broth and Agar in a 1L bottle. Add dH,0. Boil and dissolve the powders
in the microwave. Cool the mixture down and add the antibiotics Poor 10mL of
LB Agar per plate and let polymerize. Dry the Petri dishes in an incubator at
37°C.

2.24 List of chemicals, reagents, and kits

Table 33. List of chemicals, reagents, and kits

Product name Reference

1-Naphthohydroxamic acid (HDAC8 MedChemExpress, HY-130538

inhibitor)

Ey—:iaeaictosidase Enzyme Assay Promega, E2000
B-Mercaptoethanol Alfa Aesar, A15890
Acetone Roth, #5025.2
Acrylamide/Bisacrylamide solution Thermo Scientific Chemicals,
(40%, 37.5:1) #15433569

Agar Sigma, A5306
Agarose Sigma, A9539

APS Sigma, #215589
Ampicillin Sigma, A9518
Apo-transferrin (human) Sigma, T2036
Bovine pituitary extract Corning, #734-1311
Bromophenol blue Amresco, #0449
BSA Sigma, A7030

Buprenovet multidose, VetViva

Buprenorphin Richter, #18760711

CaCl,*2H,0 Merck, A862982 824

Citifluor™ AF1, Mounting Medium Science services, E17970-100

CoCly*6H,0 Sigma, C8661
DAPI Sigma, D9542

123



DC Protein Assay Reagents Package

BioRad, #500-0116

dbcAMP

Sigma, D0627

DER 736 (Diglycidylether of
polypropyleneglycol)

Electron Microscopy Sciences,
#13000

S-1 Dimethtylaminoethanol

Electron Microscopy Sciences,
#13300

DMEM Gibco, #11594446
DMEM/F12 Sigma, D8062
DMSO Acros Organics,

ACR.39760.1000

DNA Ladder (1kb PLUS)

New England Biolabs, N3200S

dNTPs

Sigma, dNTP100-1kt

Donkey serum

Biozol, END9010-10

DTT Roth, #6908.1
EDTA Sigma, E9884
EGTA Sigma, E3889
ERL 4221 Electron Microscopy Sciences,

#15004

Ethanol (absolute)

Fisher Scientific, #15612540

FBS

Gibco, #10270-106, lot 2096981

Forskolin

Sigma, F6886

Fugene® 6 Transfection Reagent

Promega, E2693

Gel loading dye (orange) Roth, HP04.1
Gel loading dye (purple) New England Biolabs, B7024S
Glacial acetic acid Sigma, A6283

Glutaraldehyde

Sigma, G5882

Glycerol

Fischer Bioreagents, BP229-1

Glycine

Roth, #3790.4

5X Green GoTaq® Reaction buffer

Promega, M7911

HCI (32%)

Roth, X896.2

HDACS8-IN-1 (HDACS inhibitor)

MedChemExpress, HY-111342
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Histoacryl Tissue Adhesive

Praxis Dienst, #126137

Insulin

Sigma, 11882

Isofluoran

CP Pharma, #1214

IJNK-IN-8 (JNK inhibitor)

MedChemExpress, HY-13319

KCI

Sigma, P9541

KH,PO4

Roth, P018.2

Lacryvisc (eye ointment)

Alcon, #768499540343

LB Broth

Sigma, L3022

Lipofectamine™ 2000 Transfection
Reagent

Thermofisher, #11668019

L-thyroxine Sigma, T1775
Luciferase Assay System Promega, E1500
Methanol Roth, AE17.2

MG-132 (proteasome inhibitor)

MedChemExpress, HY-13259

MgCl,*6H,0

Roth, #2189.1

Molecular Biology Grade dH,0

HyClone, GE Healthcare Life
Sciences, SH30538.2

NaCl Roth, #3957.2
NaF Sigma, #201154
Na;HPO4s*7H,0 Sigma, #431478
NaH,PO4;*2H,0 Sigma, #71505
NaOH Sigma, #1.37020
NazVOq Sigma, #567540

Non-fat milk powder

Rapilait, Migros (Switzerland)

NP-40

Sigma, #74385

NSA

Electron Microscopy Sciences,
#19050

NucleoBond Xtra Maxi EF

Macherey-Nagel, #740424.10

NucleoSpin Gel and PCR Clean-up

Macherey-Nagel, #740609.50
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NucleoSpin Plasmid

Macherey-Nagel, #740588.50

OptiMEM

Gibco, #31985-070

Osmium Tetroxide

Elektron Technology, AGR1016

PFA

Sigma, P6148

PCI-34051 (HDACS inhibitor)

Selleckchem, S2012

Penicillin/Streptomycin

Sigma, P4333

Pentobarbital

Esconarkon; Streuli Pharma AG

Phenol:Chloroform:lsoamyl Alcohol
25:2

Sigma, P2069

PMSF

Roth, #6367.1

Poly-D-lysine hydrobromide

Sigma, P647

Precision Plus protein All Blue
Prestained Protein Standards

BioRad, #1610393

Progesterone

Sigma, P8783

Propanol

Roth, #6752.5

Protease and Phosphatase Inhibitor,
EDTA-free (100X)

Thermoscientific, #78443

Protein A/G PLUS-Agarose

Santa Cruz Biotechnology, sc-
2003

Proteinase K

Sigma, P2308

Puromycin

Sigma, P8833

Putrescine dihydrochloride

Sigma, P5780

PX-478 (HIF1la inhibitor)

MedChemExpress, HY-10231

Random Primers

Promega, C1181

Reporter lysis buffer, 5X (luciferase
assay)

Promega, E3971

RNase H (E.Coli)

Promega, M4280

RNasin Recombinant Ribonuclease
Inhibitor

Promega, N2511

RPMI

Gibco, #1153586
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SDS

Roth, CN30.3

Sodium chloride physiological
solution

Sigma, #07982-100TAB-F

Sodium deoxycholate

Sigma, D6750

sodium pyruvate

Sigma, S8636

Sodium selenite

Sigma, S5261

Sunflower oil

Rewe, Germany

SuperScript™ Reverse Transcriptase
(supplied with 5X First-Strand Buffer
and 0.1M DTT)

Thermofisher, #18080044

SuperSignal™ West Pico PLUS
Chemiluminescent Substrate

Thermofischer, #345778

SYBR Green Staining Reagent DNA
Free

VWR, APLIA8511.100625

SYBR Green Master Mix (Fast Start)

Roche, #04 673 492 001

Tamoxifen

Sigma, T5648

Tag DNA polymerase (and 10X
ThermoPol buffer) for genotyping

New England Biolabs, M0267S
(and B9004S)

TEMED Sigma, 79281

T3 Sigma, T2752

TRI Reagent (Trizol) Sigma, 79424

Tris base Roth, A411.1

Tris-HCI Sigma, T3252
Fischer Scientific

Triton-X-1 ’

riton 00 #10254640phys
Trypsin-EDTA (0.25%) Sigma, T4049

Tween-20

Sigma, P1379

Wonder Taq Polymerase

Home-made production. The
construct was a kind gift from
Dr. Alessandro Puoti, University
of Fribourg, Fribourg,
Switzerland
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3. Aims and brief description of the results

The relevance of chromatin remodeling enzymes in SC biology is now well
documented. Among them, class | HDACs have been extensively studied.
Indeed, our previous studies on HDAC1/2 have shown that HDAC1/2 are
essential for the specification of the SC lineage, SC myelination, and for the
maintenance of paranodes and nodes of Ranvier (Briigger et al., 2015; Chen et
al., 2011; Jacob et al., 2011). Additionally, HDAC1/2 have been shown to slow
down axonal regrowth after injury but to promote remyelination (Brligger et al.,
2017; Duman et al., 2020). In parallel, other research groups found that HDAC3
affects SC myelination, myelin maintenance, and remyelination after lesion (He
et al., 2018; Rosenberg et al., 2018). Recently, two studies revealed that class
HDACs also influence SC myelination and remyelination process after lesion
(Gomis-colona et al., 2018; Velasco-Aviles, Patel et al., 2022).

The aims of my thesis were to investigate the functions of the last member of
the class | HDACs, namely HDACS8, in the context of SC development,
maintenance and PNS regeneration after injury.

To study the functions of HDAC8 in SCs during postnatal development, we
generated SC-specific knockout mice by crossing mice expressing floxed Hdac8
with mice expressing Cre recombinase under the control of the Dhh promoter,
which becomes active at E 12.5 after SC lineage specification. Sciatic nerves were
collected for molecular and morphological analysis at different time points after
birth. Our analyses as well as behavioral tests at different time points after birth
did not reveal defects in SC development or impairments in motor and sensory
functions in HDAC8 knockout mice.

In the context of myelin maintenance and regeneration, we generated SC-

specific knockout mice by crossing mice expressing floxed Hdac8 with mice
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expressing the tamoxifen-inducible CreERT2 recombinase under control of
either the (OL and SC)-specific Plp promoter or SC-specific PO promoter. We
collected sciatic nerves at 3- and 6-months post tamoxifen treatment and
analyzed the morphology of the nerves by electron microscopy. We did not find
any morphological alterations, indicating that HDACS8 is not required for the
maintenance of myelin integrity. To confirm our conclusions, we will also collect
sciatic nerves of HDAC8 KO mice at 12 months after tamoxifen treatment.

To analyze the functions of HDAC8 in SCs during regeneration, we collected
sciatic nerves at key time points after lesion in control animals and found that
HDAC8 levels were strongly upregulated after injury, suggesting potential
important functions of HDAC8 during PNS regeneration. In a first step, we
collected sciatic nerves of control and HDAC8 KO mice for molecular and
morphological analyses. Additionally, we also performed behavioral tests to
assess sensory and motor function recovery after lesion as well as whole nerve
immunofluorescence to measure axonal regrowth in HDAC8 KO mice compared
to control animals.

In a second step, | aimed at elucidating the mechanisms of action of HDACS first
in vitro, by using purified primary rat SCs to mimic SC conversion into repair SCs,
and in vivo using HDAC8 KO mice.

In summary, we found that HDACS8 ablation in SCs specifically promotes the
regrowth of sensory axons and sensory function recovery and that HDACS is
detected only in SCs ensheating sensory axons. Mechanistically, HDACS8
stabilizes the E3 ubiquitin ligase TRAF7, leading to faster degradation of HIF1q,
a factor that promotes c-Jun phosphorylation and upregulation during hypoxia.
Consequently, HDAC8 delays both c-Jun and phospho-c-Jun upregulation after

lesion, which slows down SC conversion into repair SCs.
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My last objective in the context of PNS regeneration was to determine whether
the modulation HDAC8 activity using a specific activator or inhibitor could
increase regeneration efficiency in vitro, using DRG explant cultures in
microfluidic chambers, or in vivo. We found that HDAC8 stabilizes TRAF7
independently of its deacetylase activity. It was therefore not possible to assess
a potential increase in regeneration efficiency in mice treated with an HDAC8

inhibitor compared to vehicle-treated mice.
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4. RESULTS — HDACS8 control hypoxia-induced conversion
of sensory Schwann cells into repair cells
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4.1 Abstract

After a traumatic injury, the peripheral nervous system (PNS) can efficiently
regenerate. This is primarily due to the high plasticity of Schwann cells (reviewed
in Nocera and Jacob, 2020), the myelinating glia and the main glial cell type of
the PNS. Indeed, SCs react rapidly to a traumatic injury of the PNS by actively
demyelinating and converting into repair cells that secrete neurotrophic factors
which promote axonal regrowth, and form bands of Blingner that guide axons
back to their former target (Jessen and Arthur-Farraj, 2019). SCs then
remyelinate or re-ensheath regenerated axons, which leads to successful
functional recovery (Nocera and Jacob, 2020; Sock and Wegner, 2019). In some
cases, however, when the injury has created a large gap between axons and
their target or in aged individuals, target re-innervation and functional recovery
can partially or completely fail (Jessen and Mirsky, 2019). Understanding the

molecular mechanisms that control SC plasticity after injury has the potential to
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reveal drug targets for increasing SC plasticity and thereby accelerating axonal
regrowth and remyelination efficiency.

The transcription factor c-Jun, which is rapidly upregulated in SCs after a PNS
injury, is widely recognized as a master inducer of the SC demyelination process
and conversion into repair cells and is critical for axonal regrowth after injury
(Arthur-Farraj et al., 2012; Fazal et al., 2017; Gomez-Sanchez et al., 2015; Jessen
and Mirsky, 2022). Interestingly, c-Jun expression levels in SCs after a PNS lesion
are lower in aged individuals compared to young adults, and restoring c-Jun
levels in aged individuals leads to axonal regeneration of similar efficiency as in
young adults®. Although the functions and target genes of c-Jun have been
extensively studied in SCs after injury, the mechanisms that control c-Jun
upregulation remain partially understood. Wagstaff et al. (2019) showed an
involvement of Sonic Hedgehog signaling in maintaining high c-Jun levels at 7
days post sciatic nerve cut lesion, but not at earlier time points. We have
previously shown that the two highly homologous class | histone deacetylases 1
and 2 (HDAC1/2) are critical in SCs for the remyelination process after a PNS
injury (Briigger et al., 2017; Duman et al., 2020). However, we also showed that
HDAC2 is upregulated too early in SCs after injury, already 1 day after a sciatic
nerve crush lesion. Indeed, HDAC2 upregulation following injury leads to
precocious upregulation of the transcription factor Oct6, which in turn
counteracts c-Jun upregulation in SCs, thereby slowing down axonal regrowth.
We also demonstrated that a short treatment with an HDAC1/2 inhibitor
following a PNS injury accelerates axonal regrowth and functional recovery
without impairing remyelination (Briigger et al., 2017). These findings indicate
that the regeneration process after a PNS injury is not optimal and can be
improved. Other members of the HDAC family have also been described to be

involved in the regeneration process of the PNS after injury (Duman and
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Martinez-Moreno, 2020; Gomez-Sanchez et al.,, 2022; Jacob, 2017). Indeed,
HDAC3, another class | HDAC, has been reported to prevent precocious
remyelination after lesion (He et al., 2018), while members of class || HDACs
have been shown to be involved in the remyelination process (Velasco-Aviles,
Patel et al., 2022).

A PNS lesion abruptly interrupts oxygen supply and therefore creates a hypoxic
environment (Cho et al., 2015). Hypoxia is known as a strong inducer of c-Jun
phosphorylation and upregulation (Chang et al., 2014; Laderoute et al., 2002;
Minet et al.,, 2001). Indeed, hypoxia-inducible factor 1-alpha (HIFla), a
transcription factor that is rapidly targeted to the proteasome and degraded in
the cell cytoplasm under normoxic conditions, is instead rapidly upregulated in
hypoxic conditions by inhibition of its degradation (reviewed in Jiang et al.,
2021). Under hypoxia, HIF1a upregulation can promote c-Jun-N-terminal kinases
(JNK) activation (Comerford et al., 2004; Minet et al., 2001) and both HIF1a and
phosphorylated JNK translocate to the cell nucleus (Flores et al., 2019; Jiang et
al.,, 2021; Schodel et al.,, 2019), which leads to JNK-dependent c-Jun
phosphorylation and to the activation of c-Jun transcription (Laderoute et al.,
2002; Minet et al.,, 2001) and c-Jun stabilization (Musti et al., 1997). The
mechanisms regulating HIFla stabilization and degradation have been
extensively studied (Jiang et al., 2021; Yu et al., 2001), particularly in cancer cells
(Kaelin et al., 2022; Pugh et al., 2003; Wicks et al., 2022). However, they remain
partially understood and little is known about HIF1la regulation in SCs. Here, we
show that HDAC8, a member of the class | HDAC family of proteins whose
functions in SCs remained so far unreported, counteracts the stabilization of
HIF1a in SCs, thereby slowing down HIFla -dependent c-Jun phosphorylation
and upregulation, axonal regrowth, and functional recovery after injury.

Unexpectedly, we found that HDACS8 regulates this mechanism specifically in SCs
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ensheathing sensory axons, thereby specifically controlling the regrowth of

sensory axons and the recovery of sensory function.

4.2 Ablation of HDAC8 in adult Schwann cells accelerates myelin
clearance, regrowth of sensory axons and sensory function recovery
after injury

We found that after a sciatic nerve crush lesion, HDAC8 expression is
upregulated in peripheral nerves distal to the lesion site (Fig. 15a) and is
exclusively or in major part found in the cell cytoplasmic compartment, until at
least 12 days post lesion (dpl) (Fig. 15b). To test for a potential function of
HDACS in SCs during the regeneration process after lesion, we ablated HDACS8
specifically in adult SCs. To this aim, we crossed Hdac8 floxed mice with mice
expressing the tamoxifen-inducible CreERT2 recombinase under control of the
Plp promoter (HDAC8 KO) that is active in SCs (and oligodendrocytes) and used
Plp-CreERT2-negative littermates as control mice. To induce HDACS ablation, we
injected 2 mg tamoxifen per day for five consecutive days. Control mice received
tamoxifen injections simultaneously to HDAC8 KO mice. Mice were submitted
to a sciatic nerve crush lesion two weeks after tamoxifen injections, where
HDAC8 was efficiently ablated in SCs (Fig. S1a). Surprisingly, the regeneration
process after lesion was not impaired by the ablation of HDACS, but instead was
accelerated. Indeed, we found by electron microscopy that myelin debris were
cleared faster and more axons per surface area, including Remak axons, had
regrown at 12 dpl (Fig. 15¢) in HDAC8 KO compared to control mice. To test for
a potential improvement in functional recovery, we crossed Hdac8 floxed mice
with mice expressing the tamoxifen-inducible CreERT2 recombinase under
control of the PO promoter (also called thereafter HDAC8 KO, only used for

functional recovery experiments) that is active only in SCs and used PO-CreERT2-
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negative littermates as control mice. Here again, mice were submitted to a
sciatic nerve crush lesion two weeks after tamoxifen injections, where HDACS8
was also efficiently ablated in SCs (Fig. S1b). We found that sensory function
recovery was faster in HDAC8 KO mice (Fig. 15d). However, motor function
recovery (Fig. 15d) and remyelination (Fig. S2a-b) were comparable in both
HDAC8 KO and control mice and we did not detect compensatory expression of
HDAC1, HDAC2 or HDACS3 (Fig. S2b), the other members of class | HDACs. We
then carried out whole-nerve stainings for Stathmin-2 (STMN2, also called
SCG10) and growth-associated protein 43 (GAP43) in sciatic nerves of HDAC8 KO
and control mice at 3 dpl. STMN2 is a highly selective marker of regrowing axons
that preferentially labels sensory axons after sciatic nerve injury, while GAP43 is
a general marker of regrowing axons (Shin et al., 2014). Consistent with faster
sensory function recovery, we found that STMN2-labeled axons had regrown
over a longer distance at 3 dpl in sciatic nerves of HDAC8 KO mice compared to
control mice (Fig. 15e), whereas we could not detect a significant difference for
GAP43-labeled axons (Fig. S3). We thus asked whether HDACS is specifically
expressed in SCs associated with sensory axons, which could potentially explain
why HDAC8 ablation has a specific effect on the regrowth and functional
recovery of sensory axons. To answer this question, we co-stained HDAC8 with
STMN?2 that preferentially labels sensory axons and Neurofilament that labels
all axons. Indeed, SCs expressing high levels of HDAC8 were associated with
STMN2-positive axons, whereas SCs associated with STMN2-negative axons
(Neurofilament-positive) did not express HDACS8 or at very low level (Fig. 15f and
Fig. S4). Of note, HDAC8 was also expressed in some axons (Fig. 15f). Taken
together, our results identify HDACS8 as a specific marker of SCs associated with

sensory axons in adult sciatic nerves and show that the ablation of HDAC8 in SCs
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promotes myelin debris clearance, regrowth of sensory axons and sensory

function recovery.
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Figure 15. HDACS ablation in SCs promotes the regeneration of sensory axons and sensory function
recovery. (a) HDAC8 Western blot and quantification normalized to GAPDH at 1, 3, 5, 12 and 30 dpl|,
showing upregulation of HDACS8 starting from 3dpl in crushed compared to contralateral sciatic nerves
of wild type (WT) adult mice. Paired two-tailed Student's t-tests, p value: *<0.05, values=mean, error
bars=s.e.m., n=4 (1, 3, 5, 12 dpl) or 5 (30 dpl) animals per group. (b) HDAC8 Western blot after
subcellular fractionation of cytoplasmic (C) and nuclear (N) fractions of crushed (Cr) and contralateral
(Co) sciatic nerves of adult mice at 1, 3, 5 and 12 dpl. GAPDH and Lamin A/C are used as markers of
the cytoplasmic and nuclear fractions, respectively, and show the efficiency of the fractionation. Three
WT mice per time point were used and representative images are shown. (c) Semithin (upper panel)
and ultrathin (lower panel) cross-sections of HDAC8 KO (H8KO) and Control (Ctrl) sciatic nerves of
adult mice at 12 dpl, and graphs showing the number of degenerated myelin rings per mm?, the
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percentage of remyelinated axons, the number of axons with diameter > 2 um per mm?, and the
number of Remak axons per mm?. Unpaired two-tailed Student's t-tests, p values: *<0.05, **<0.01,
values=mean, error bars=s.e.m., n=4 animals per group. On the upper panel, magenta arrows point to
degenerated myelin rings. On the lower panel, blue arrows indicate remyelinated axons, and the areas
surrounded by a pink line show Remak axons. (d) Graphs representing the performance of HDAC8 KO
and Control mice at the Toe pinch test, Rotarod test and Inverted grid test. Unpaired two-tailed (Toe
pinch test) or one-tailed (Rotarod test and Inverted grid test) Student's t-tests, p values: **<0.01,
values=mean, error bars=s.e.m., n=12 (Toe pinch test), 7 (Rotarod test) and 7 (Inverted grid test)
animals per group. (e) Whole sciatic nerve immunofluorescence of Stathmin-2 (green, marker of
sensory regenerative fibers) and DAPI labeling (blue, nuclei) and quantification of axonal regrowth at
3 dpl showing longer regrowth in HDAC8 KO compared to Control nerves. Unpaired two-tailed
Student's t-tests, p value: *<0.05, values=mean, error bars=s.e.m., n=4 animals per group, 45 to 76
regrowing axons measured and counted per animal. (f) Co-immunofluorescence of HDAC8 (green),
Stathmin-2 (red) and Neurofilament (NF, magenta, general axonal marker) and DAPI labeling (blue) in
a sciatic nerve cross-section of WT mice at 1 dpl. Three animals were used, and a representative image
is shown. White arrows point to HDAC8-positive SCs surrounding Stathmin-2-positive axons, and blue
arrows indicate HDAC8-positive axons (NF-positive).

4.3 HDACS ablation in Schwann cells enhances hypoxia-induced c-
Jun phosphorylation and upregulation

Molecularly, we found that the levels of c-Jun (Fig. 16a-b) and phosphorylated
c-Jun (Fig. 16b) were increased in SCs of HDAC8 KO compared to control mice,
already at 1 dpl. c-Jun expression levels remained increased in SCs of HDAC8 KO
mice until at least 3 dpl and returned to control levels at 5 dpl (Fig. 16a). Oct6
expression levels in SCs were not affected by the ablation of HDAC8 (Fig. S5),
indicating that the mechanisms underlying c-Jun upregulation in HDAC8 KO SCs
are different than the mechanisms responsible for c-Jun upregulation in
HDAC1/2 KO SCs (Briigger et al., 2017).

To elucidate these mechanisms, we used purified primary rat SCs cultured under
conditions that mimic the conversion into the repair SC phenotype occurring
after a peripheral nerve lesion, where myelin proteins are downregulated and
c-Jun upregulated (Brigger et al., 2017; Duman et al., 2020; Monje et al., 2010).
To downregulate HDACS in primary SCs, we used a lentiviral vector carrying a

highly efficient HDAC8-specific shRNA (Fig. S6a). HDAC8 downregulation in SCs
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led to increased levels of c-Jun and phosphorylated c-Jun compared to levels in
SCs transduced with a lentiviral vector carrying a non-targeting control shRNA
(Fig. S6b), an effect that was however more significant under hypoxic
conditions, either by incubation in a hypoxia chamber (Fig. 16¢c-d) or incubation
with cobalt chloride (CoCl,) which mimics hypoxic conditions (Fig. 16e-f).
Hypoxia is known as a robust inducer of c-Jun expression and phosphorylation
and occurs after a peripheral nerve injury (Babetto et al., 2020; Chang et al.,
2014; Cho et al., 2015; Laderoute et al.,, 2002, 2004; Minet et al., 2001).
Additionally, we show that knocking out HIFla specifically in adult SCs by
crossing Plp-CreERT2 mice with Hifla -floxed mice and inducing Hifla
recombination by tamoxifen injections, such as described above for Hdac8
recombination, leads to reduced c-Jun upregulation after lesion (Fig. S7). For
these reasons, we carried out our cell cultures under hypoxia and tested
whether hypoxia is involved in HDAC8-mediated regulation of c-Jun expression
and phosphorylation after injury. In addition to increased c-Jun protein levels,
we found that HDAC8 downregulation in primary SCs led to increased c-Jun
MRNA levels under hypoxic conditions (Fig. 16g), but only to a trend under
normoxia (Fig. S6c). Consistently, HDAC8 downregulation resulted in increased
activation of the c-Jun promoter under hypoxic conditions (Fig. 16h), but not
under normoxia (Fig. S6d). These results indicate that HDAC8 counteracts c-Jun

upregulation and phosphorylation, particularly under hypoxic conditions.
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Figure 16. Ablation of HDACS in SCS leads to increased levels of c-Jun and phospho-c-Jun. (a) c-Jun
Western blot and quantification normalized to GAPDH at 1, 3, 5 and 12 dpl, showing increased c-Jun
levels at 1 and 3 dpl in crushed sciatic nerves of HDAC8 KO mice compared to Control mice. Paired
two-tailed (1 dpl) or one-tailed (3, 5, and 12 dpl) Student's t-tests, p value: *<0.05, values=mean, error
bars=s.e.m., n=9 (1 dpl) or 4 (3, 5, and 12 dpl) animals per group. (b) Co-immunofluorescence of c-Jun
(green, upper panels) or phospho-c-Jun (p-c-Jun, green, lower panels) and F4/80 (magenta, marker of
macrophages), and DAPI labeling (blue, nuclei) in longitudinal sections of crushed and contralateral
HDACS8 KO and Control sciatic nerves at 1 dpl. Three animals per group were used and representative
images are shown. (c, d, e, f) Western blot of c-Jun (c, e) or phospho-c-Jun (d, f) in primary rat SCs
cultured under conditions mimicking the conversion into the repair phenotype in hypoxia (c, d : in
hypoxic chamber for 16 h ; e, f : CoCl; for 16 h), and quantification normalized to GAPDH showing that
prior downregulation of HDAC8 by shRNA (H8sh) leads to increased c-Jun and phospho-c-Jun levels
compared to cells incubated with a control shRNA (Csh). The dashed lines indicate that samples were
run on the same gel but not on consecutive lanes. Paired two-tailed Student's t-tests, p values: *<0.05,
**<0.01, values=mean, error bars=s.e.m., n=6 (c, e, f) independent experiments per group. (g)
Quantification of c-Jun mRNA levels by qRT-PCR in primary rat SCs cultured as in above (c, d), showing
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increased c-Jun expression in cells where HDAC8 was downregulated by shRNA compared to cells
incubated with a control shRNA. Unpaired two-tailed Student's t-tests, p values: *<0.05, values=mean,
error bars=s.e.m., n=5 independent experiments per group. (h) Quantification of c-Jun promoter
activity by luciferase gene reporter assay in cells cultured as above (c, d, g), showing higher activity
when HDAC8 was downregulated by shRNA compared to cells incubated with a control shRNA. Paired
two-tailed Student's t-tests, p values: *<0.05, values=mean, error bars=s.e.m., n=7 independent
experiments per group.

Hypoxia leads to the stabilization of HIF1la and its translocation to the nuclear
compartment (Jiang et al., 2021 and Fig. $8). Consistent with HDACS8 cytoplasmic
localization in contralateral and crushed sciatic nerves of adult mice (Fig. 15b),
we found that HDACS is exclusively localized in the cytoplasm of primary rat SCs
cultured under conditions mimicking the conversion into the repair phenotype
in normoxia or hypoxia (Fig. 17a). HDAC8 downregulation increased HIF1a levels
under normoxic (Fig. 17b) and hypoxic (Fig. 17b-c) conditions, and HIFla
downregulation by shRNA (Fig. S9) reduced c-Jun expression and
phosphorylation (Fig. 17d-e). We hypothesized that HDAC8 promotes HIFla
degradation. Indeed, when we inhibited the proteasome by a treatment with
the proteasome inhibitor MG-132, HIF1a levels were no longer increased in cells
where HDAC8 was downregulated compared to controls (Fig. 17f). Taken
together, these data indicate that the increased levels of HIF1a in SCs mediated
by HDACS8 downregulation are due to the protection of HIF1la from proteasomal
degradation. Under normoxia, the Von Hippel-Lindau (VHL) tumor suppressor
interacts with HIF1la and recruits a protein complex with E3 ubiquitin ligase
activity that induces HIF1la ubiquitination and subsequent targeting to the
proteasome (Kaelin et al., 2022). However, expression levels of VHL were
increased in normoxic conditions in SCs where HDAC8 was downregulated by
shRNA (Fig. S10), probably to compensate the increased levels of HIFla, as
previously shown (Karhausen et al., 2005; Turcotte et al., 2004), suggesting that
HDACS regulates HIF1a stability by a VHL-independent mechanism. Consistent

with our cell culture findings, we show that HIFla levels are increased in sciatic
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nerves of HDAC8 KO mice compared to control mice already at 1 dpl (Fig. 17g),
indicating that HDAC8 KO SCs can rapidly upregulate HIFla after injury.
Interestingly, we identified this early increase of HIFl1a levels in the cytoplasmic
compartment (Fig. 17g), while nuclear levels of HIF1a were not affected (Fig.
S11), indicating that HIFla -dependent regulation of c-Jun expression and
phosphorylation at 1dpl is mediated by a mechanism occurring in the cytoplasm.
Similarly, at an early time point of hypoxia in rat SCs, the increase of HIF1a levels
due to HDAC8 downregulation occurred in the cytoplasm (Fig. 17h), whereas no
HIF1a was detected in the nucleus (data not shown). Several studies have also
reported high levels of HIFla in the cytoplasmic compartment while nuclear
levels remained low (Baba et al., 2010; Kubis et al., 2005; Wu et al., 2021),
suggesting a function of HIF1la in the cytoplasm. c-Jun is phosphorylated by JNK
and in turn phosphorylated c-Jun dimerizes with ATF-2 to activate c-Jun
expression (Herdegen et al., 1997). In addition, the JNK pathway is known to
mediate various hypoxia-induced cellular processes (reviewed in Tam and Law,
2021). We found that in SCs cultured under hypoxic conditions, HIFla
downregulation by shRNA led to decreased activation of JNK (Fig. 17i), and JNK
inhibition completely abrogated the increase of c-Jun phosphorylation and
partly prevented c-Jun upregulation mediated by HDAC8 downregulation (Fig.
17j-k). Taken together, our data indicate that the ablation or downregulation of
HDACS in SCs leads to HIF1la - and JNK-dependent c-Jun phosphorylation and

upregulation.
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Figure 17. HDACS ablation activates a HIF1a/JNK/c-Jun axis. (a) HDAC8 Western blot after subcellular
fractionation of cytoplasmic (Cyt) and nuclear (Nuc) fractions of rat SCs cultured under normoxia or
hypoxia (CoCl, for 16 h) in conditions mimicking the conversion into the repair phenotype. GAPDH and
Lamin A/C, used as markers of the cytoplasmic and nuclear fractions, respectively, show fractionation
efficiency. Three independent experiments have been carried out and representative images are
shown. (b, ¢) HIFla Western blot on lysates of rat SCs cultured under the same conditions as above
(a) in normoxia (N) or hypoxia (H) induced by CoCl, (b) or by incubation in a hypoxia chamber (c) for
16 h, and quantification normalized to GAPDH showing that the downregulation of HDAC8 by shRNA
(H8sh) leads to increased HIF1a levels compared to cells incubated with a control shRNA (Csh). Paired
two-tailed (Normoxia) or one-tailed (Hypoxia) Student's t-tests, p values: *<0.05, values=mean, error
bars=s.e.m., n=6 independent experiments per group. (d, e, i) c-Jun (d), phospho-c-Jun (p-c-Jun, e) and
phospho-JNK (p-JNK, i) Western blots on lysates of rat SCs cultured under the same conditions as
above (a) in hypoxia (CoCl, for 16 h), and quantification normalized to eEF1A1 showing decreased
levels of c-Jun, p-c-Jun and p-JNK when HIF1a was downregulated by shRNA (HFsh) compared to cells
incubated with a control shRNA (Csh). Unpaired two-tailed Student's t-tests, p values: *<0.05, **<0.01,
values=mean, error bars=s.e.m., n=6 (c-Jun), 4 (p-c-Jun) or 3 (p-JNK) independent experiments per
group. (f) HIFlo Western blot on lysates on rat SCs cultured as above (a) under normoxia and
incubated with the proteasome inhibitor MG-132 for 4 h, and quantification normalized to GAPDH
showing no significant difference (n.s.) of HIF1a levels in cells where HDAC8 was downregulated by
shRNA (H8sh) compared to cells incubated with the control shRNA (Csh). Paired one-tailed Student's
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t-test, n.s.=non-significant, values=mean, error bars=s.e.m., n=6 independent experiments per group.
(g) HIF1a Western blot on lysates of crushed sciatic nerves (Cr) of HDAC8 KO (H8KO) and control (Ctrl)
mice at 1 dpl after subcellular fractionation (the cytoplasmic fraction is shown), and quantification
normalized to GAPDH and to levels in contralateral nerves showing increased HIFla levels in H8KO
compared to Ctrl. Unpaired one-tailed Student's t-tests, p value: *<0.05, values=mean, error
bars=s.e.m., n=4 (Ctrl) or 3 (H8KO) animals per group. For nuclear fractions and contralateral nerve
lysates, see Figure S10. (h) HIF1la Western blot on lysates of rat SCs cultured under the same
conditions as above (a) under hypoxia (hypoxic chamber for 5 hours) after subcellular fractionation
(the cytoplasmic fraction is shown), and quantification normalized to GAPDH showing higher levels of
HIF1la in cells where HDAC8 was downregulated by shRNA (H8sh) compared to cells incubated with a
control shRNA (Csh). Paired two-tailed Student's t-tests, p values: *<0.05, values=mean, error
bars=s.e.m., n=3 independent experiments per group. (j, k) Phospho-c-Jun (p-c-Jun, j) or c-Jun (k)
Western blots on lysates of rat SCs cultured under the same conditions as above (a) in hypoxia and
where cells were either incubated with a HDAC8 shRNA (H8sh) or a control shRNA (Csh) lentivirus, and
guantification normalized to GAPDH showing that treatment with a highly specific JINK inhibitor (JNKi)
totally prevents c-Jun phosphorylation (j) and partially prevents c-Jun upregulation (k) mediated by
HDAC8 downregulation, compared to vehicle-treated cells (V). Paired (comparison to Csh-V) or
unpaired two-tailed (black asterisks) or one-tailed (grey asterisks) Student's t-tests, p values: *<0.05,
n.s.=non-significant, values=mean, error bars=s.e.m., n= 3 independent experiments per group.
Dashed lines indicate that samples were run on the same gel but not on consecutive lanes.

4.4 HDAC8 regulates TRAF7 expression to promote HIFla
degradation and to prevent c-Jun phosphorylation

To understand how HDACS8 regulates HIF1a stabilization, we first asked whether
HDACS8 deacetylase activity is involved in this function. We tested 2 different
HDAC8 specific inhibitors, PCI-34051 and 1-Naphthohydroxamic acid, at
different concentrations. None of the two HDACS8 inhibitors was able to increase
HIF1a levels, c-Jun expression, or phosphorylated c-Jun levels in SCs (Fig. S12a-
¢), indicating that these effects are independent of HDAC8 deacetylase activity.
HDAC8 has been previously shown to have in some instances deacetylase-
independent functions, including acting as a scaffold for protein complexes or
preventing the degradation of its binding partners (Durst et al., 2003; Gao et al.,
2009; Lee et al., 2006). To identify HDAC8 putative binding partners, we
immunoprecipitated HDAC8 in unlesioned mouse sciatic nerves and at 1 day
post sciatic nerve crush lesion and used a non-targeting IgG as

immunoprecipitation control. We then analyzed co-immunoprecipitated
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proteins by mass spectrometry. We found 9 interesting, significantly enriched
terms among which “Ubiquitin conjugation” showed the highest number of
matching proteins (Fig. 18a and Table S1). Among the putative binding partners
of HDAC8 with a function in ubiquitin conjugation, we focused on tumor necrosis
factor receptor-associated factor 7 (TRAF7) that is localized in the cytoplasmic
compartment in both primary rat SCs (Fig. 18b) and adult sciatic nerves (Fig. 18c)
such as HDACS, possesses a RING domain with E3 ligase activity and can
therefore mediate ubiquitination (Bouwmeester et al., 2004; Zotti et al., 2017).
Our mass spectrometry analyses indicated TRAF7 as a putative binding partner
of HDACS8 in both unlesioned nerves and nerves at 1 day post sciatic nerve crush
lesion (Table S1). We first confirmed that TRAF7 co-immunoprecipitated with
HDACS in primary rat SCs (Fig. 18d). We used two different TRAF7 antibodies,
which both detected three to four bands in primary rat SCs and in mouse sciatic
nerves, two-three ranging from around 65 to 75 kDa and one shorter around 50
kDa (Fig. 18b-c). Multiple isoforms of TRAF7 ranging from 65 to 75 kDa are
commonly described. In addition, the NCBI database describes a shorter
predicted isoform of 50 kDa (accession number: XR_007064922.1) that contains
the RING finger domain with E3 ubiquitin ligase activity, the TRAF-type Zinc
finger domain and the coiled-coil domain, but only one truncated WD40 repeat
domain instead of the 7 WD40 repeat domains found in the longest TRAF7
isoform (Zotti et al., 2017). To test whether all bands detected by the TRAF7
antibodies are isoforms of TRAF7, we downregulated TRAF7 in primary rat SCs
by using a lentivirus carrying a specific TRAF7 shRNA targeting a sequence
common to all TRAF7 isoforms. Indeed, all four bands were downregulated (Fig.
18e), indicating that they correspond to four different isoforms of TRAF7.
Among these four isoforms, we found that the shorter isoform co-

immunoprecipitated with HDACS8 (Fig. 18d). Interestingly, in primary rat SCs
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where HDAC8 was downregulated by shRNA, expression of the shorter TRAF7
isoform was significantly decreased while expression of the longest isoform was
increased (Fig. 18f). In sciatic nerves, we found that TRAF7 is expressed in all SCs
(Fig. 18g), while as described above, HDACS8 is present only in sensory SCs and
in axons. Consistent with our cell culture findings, the short TRAF7 isoform was
downregulated in HDAC8 KO nerves, while the long TRAF7 isoform was
upregulated (Fig. 18h). Of note, the short TRAF7 isoform was also
downregulated in crushed nerves of Control mice at 1 dpl compared to
contralateral nerves, but not further downregulated in crushed nerves of HDAC8
KO mice compared to their contralateral nerves (Fig. 18h). This suggests that
TRAF7 short isoform is completely downregulated already in SCs of contralateral
nerves of HDAC8 KO mice and can therefore not be further downregulated. The
remaining expression of TRAF7 short isoform is thus likely to be due to
expression in non-sensory SCs. These results indicate that HDACS8 differentially
regulates TRAF7 isoforms by stabilizing the short isoform and in contrast
destabilizing the long isoform. We then asked whether TRAF7 is involved in
HDAC8-dependent degradation of HIFla and subsequent effects on c-Jun
regulation. We found that TRAF7 downregulation by shRNA in primary rat SCs
led to increased HIF1a levels in normoxic conditions (Fig. 18i) and increased c-
Jun levels in hypoxic conditions (Fig. 18j), similar to the effects of HDAC8
downregulation. In addition, by co-immunoprecipitation we show that the short
TRAF7 isoform interacts with HIF1a in primary rat SCs (Fig. S13 and Fig. 18k) and
that HIF1a ubiquitination is decreased in SCs where TRAF7 is downregulated by
shRNA (Fig. 18l). However, in contrast to HDAC8 downregulation, we found that
TRAF7 downregulation led to decreased levels of phosphorylated c-Jun in
normoxia and has no effect on HIF1la and phospho-c-Jun levels in hypoxia (Fig.

S14a-b). It has been previously shown that TRAF7 can promote JNK
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phosphorylation (Bouwmeester et al., 2004; Scudiero et al., 2012; Xu et al.,
2004), which in turn increases HIFla levels and phosphorylates c-Jun
(Comerford et al., 2004; Sala et al., 2018; Tam et al., 2020; Zeke et al., 2016).
Indeed, we show in primary rat SCs that TRAF7 downregulation leads to
decreased phospho-JNK levels in normoxia but not in hypoxia (Fig. S12c). It is
highly likely that this effect is due to the downregulation of the long TRAF7
isoforms that contain WD40 repeats because TRAF7 is known to promote JNK
phosphorylation by interacting with MEKK3 through its WD40 repeat domains
(Gao et al., 2009; Zotti et al., 2017). As mentioned above, the short TRAF7
isoform contains only one truncated WD40 repeat domain and it was shown that
a mutant of TRAF7 missing the WD40 repeat domains cannot interact with
MEKK3 and that the long TRAF7 isoform cannot promote JNK phosphorylation
in the absence of MEKK3 (Bouwmeester et al., 2004). Since HDACS stabilizes the
short TRAF7 isoform but destabilizes the long TRAF7 isoform (Fig. 18f), we
conclude that HDAC8 downregulation leads through the upregulation of the
long TRAF7 isoform to increased phospho-JNK levels, inducing increased
phospho-c-Jun levels and consequently increased c-Jun levels, and through the
downregulation of the short TRAF7 isoform to increased HIF1la levels, resulting
in JNK-dependent increase of phospho-c-Jun and c-Jun levels and to JNK-
independent increase of c-Jun levels. Consistently, we show here that
overexpression of TRAF7 (long and short isoforms) reverted the increase of
HIFla and c-Jun but not of phospho-c-Jun levels mediated by HDACS8
downregulation through shRNA (Fig. 18m-p). Of note, all four TRAF7 isoforms
were overexpressed by transfection of a construct carrying the longest isoform,
indicating that the isoforms detected by Western blot result either from post-
translational modifications of the long isoform or potentially also from mRNA

heterosplicing, a mechanism that has been recently described (Top et al., 2021).
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Taken together, these data show that HDAC8 oppositely regulates the short and
the long TRAF7 isoforms, which leads to TRAF7-induced ubiquitination and
degradation of HIFla and slows down JNK phosphorylation, c-Jun

phosphorylation, and c-Jun upregulation in hypoxic conditions (Fig. 19).
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Figure 18. HDACS interacts with and regulates TRAF7 to control HIF1a levels and JNK activation. (a)
GO analysis (selection of process relevant terms and enrichments compared to the whole genome as
background) of HDACS8 putative binding partners after immunoprecipitation (IP) of HDAC8 (H8) on
lysates of crushed and contralateral mouse sciatic nerves at 1 dpl and analysis of binding partners by
mass spectrometry. As negative control, an IP with a non-targeting IgG was carried out on the same
lysates as the HDACS IP. A representative IP and Western blot (carried out 3 times on independent
samples) on similar samples (lysates of adult mouse sciatic nerves) with the same antibodies show the
efficiency of the HDACS IP. (b, c) TRAF7 Western blot after subcellular fractionation of cytoplasmic
(Cyt) and nuclear (Nuc) fractions of (b) rat SCs cultured under normoxia or hypoxia (CoCl, for 16 h) in
conditions mimicking the conversion into the repair phenotype or (c) crushed (Crush) and
contralateral (Contra) mouse sciatic nerves at 1 dpl. GAPDH and Lamin A/C, used as markers of the
cytoplasmic and nuclear fractions, respectively, show the efficiency of the fractionation. (b) Three
independent experiments have been carried out and (c) three animals have been used, and
representative images are shown (b, c). (d) IP HDAC8 (H8) or control IP (Ctrl, IgG) and Western blot of
TRAF7 in lysates of rat SCs cultured under the same conditions as above (b) in normoxia. The GAPDH
input shows equal amount of lysates used for IP HDAC8 and control IP. Three independent
experiments have been carried out and representative images are shown. (e) TRAF7 and GAPDH
(loading control) Western blots in lysates of rat SCs cultured as above (b) in normoxia and incubated
with lentiviruses carrying either a TRAF7 shRNA (T7sh) or a control shRNA (Csh), showing that all bands
detected by the TRAF7 antibody are downregulated by the TRAF7-specific shRNA, and quantification
normalized to GAPDH showing decreased levels of TRAF7 (all isoforms) in cells where TRAF7 was
downregulated. Paired two-tailed Student's t-tests, p value: ***<0.001, values=mean, error
bars=s.e.m., n=4 independent experiments per group. (f) TRAF7 Waestern blot in lysates of cells
cultured as above (b) in normoxia and hypoxia and incubated with lentiviruses carrying either an
HDAC8 shRNA (H8sh) or a control shRNA (Csh), and quantification normalized to GAPDH showing
decreased levels of the short TRAF7 isoform and increased levels of the longest TRAF7 isoform in cells
where HDACS8 was downregulated. Unpaired two-tailed Student's t-tests, p values: *<0.05, **<0.01,
values=mean, error bars=s.e.m., n=6 independent experiments per group. (g) Co-
immunofluorescence (z-series projection of confocal stacks) of TRAF7 (red), HDAC8 (green) and
Neurofilament (NF, magenta, axonal marker), and DAPI labeling (blue, nuclei) in cross-section of adult
mouse sciatic nerve showing TRAF7 expression in all SCs (rings surrounding axons). Three WT mice
were used for this experiment and representative images are shown. (h) TRAF7 Western blot in lysates
of HDAC8 KO (H8KO) and control (Ctrl) crushed (Cr) and contralateral (Co) mouse sciatic nerves at 1
dpl, and quantification normalized to GAPDH showing decreased levels of the short TRAF7 isoform
and increased levels of the long TRAF7 isoform in H8KO nerves. Paired (comparison to Ctrl-Co) or
unpaired two-tailed Student's t-tests, p values: *<0.05, **<0.01, n.s.=non-significant, values=mean,
error bars=s.e.m., n=4 animals per group. (i, j) Western blot of HIF1a (i) or c-Jun (j) in lysates of rat SCs
cultured as above (b) in normoxia (i) or hypoxia (j) and incubated with lentiviruses carrying a TRAF7
SshRNA (T7sh) or a control shRNA (Csh), and quantification normalized to GAPDH showing increased
levels of HIF1a and c-Jun in cells where TRAF7 was downregulated. Paired one-tailed (i) or two-tailed
(j) Student's t-tests, p values: *<0.05, **<0.01, values=mean, error bars=s.e.m., n=9 (i) or 7 (j)
independent experiments. (k) IP HIF1a or control IP (Ctrl, Flag antibody) and Western blot of TRAF7
in lysates of rat SCs cultured under the same conditions as above (b) in normoxia and incubated for 8
h with the proteasome inhibitor MG-132. Three independent experiments have been carried out and
representative images are shown. (l) Denaturing IP of HIF1a and control IP (Ctrl, GFP antibody) and
Western blot of ubiquitin (P4D1) in lysates of SCs transduced with TRAF7 shRNA (T7sh) or control
shRNA (Csh) lentivirus and cultured as above (b) in normoxia and incubated for 8 h with MG-132, and
qguantification of ubiquitinated HIFla levels in lysates of cells transduced with T7sh lentivirus
compared to Csh lentivirus. Paired two-tailed Student's t-tests, p value: *<0.05, values=mean, error
bars=s.e.m., n=3 independent experiments. In kand |, the GAPDH input shows same amount of lysates
used for IPs. (m) TRAF7 Western blot on lysates of rat SCs transfected with a TRAF7-expressing
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construct or with a Flag-expressing construct as control (Ctrl), and quantification normalized to GAPDH
showing that all four TRAF7 isoforms are overexpressed by transfection of the cDNA of the longest
TRAF7 isoform. Unpaired two-tailed (long isoforms) or one-tailed (short isoform) Student's t-tests, p
values: *<0.05, **<0.01, values=mean, error bars=s.e.m., n=3 independent experiments. (n, o, p)
Western blots of HIF1a (n), c-Jun (o) or phospho-c-Jun (p-c-Jun, p) on lysates of rat SCs cultured as
above (b) under hypoxia and incubated with lentiviruses carrying a HDAC8 shRNA (H8sh) or a control
shRNA (Csh) and subsequently transfected with a TRAF7-overexpressing construct or a Flag-expressing
construct as control (Ctrl), and quantification normalized to GAPDH showing that TRAF7
overexpression by transfection reverts the increase of HIF1a (n) and c-Jun (o) but not of p-c-Jun (p)
levels mediated by HDAC8 downregulation. Paired (comparison to Ctrl-Csh) or unpaired two-tailed
(black asterisks) or one-tailed (grey asterisks) Student's t-tests, p values: *<0.05, n.s.=non-significant,
values=mean, error bars=s.e.m., n=3 independent experiments.
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Figure 19. Mechanism of action of HDACS in SCs after injury. In WT SCs, HDACS interacts with and
stabilizes TRAF7 short isoform, at the expense of TRAF7 long isoform; in turn, TRAF7 short isoform
interacts with HIF1a and ubiquitinates it to target it to the proteasome for degradation. In the absence
of HDACS, TRAF7 short isoform is degraded, which leads to increased HIF1a levels. In parallel, TRAF7
long isoform is stabilized. Both HIF1a and TRAF7 long isoform increase the levels of phosphorylated
JNK, HIF1a and phosphorylated JNK translocate to the nucleus, leading to increased phosphorylated
c-Jun and total c-Jun levels. This mechanism promotes the conversion of sensory SCs into the repair
phenotype and accelerates the regrowth of sensory axons and recovery of the sensory function.
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4.5 Supplementary Information
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Figure S1. Onset of HDACS loss after tamoxifen injections. (a, b) HDAC8 Western blots on lysates of
HDAC8 KO (H8KO) and control (Ctrl) sciatic nerves at 2- and 4-weeks post tamoxifen injections (wpT),
and quantification normalized to GAPDH showing efficient HDAC8 recombination at both 2 and 4 wpT.
Recombination efficiency is shown in both lines PLPCre-ERT2; Hdac8 fl/fl (a) and in POCre-ERT2; Hdac8
fI/fl (b) mice compared to their respective control littermates. Unpaired two-tailed (black asterisks) or
one-tailed (grey asterisk) Student's t-tests, p values: *<0.05, **<0.01, values=mean, error bars=s.e.m.,
n=4 animals per group. In (a), dashed lines indicate that samples were run on the same gel but not on
consecutive lanes.
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Figure S2. Ablation of HDACS8 does not affect remyelination after injury. (a) Electron micrographs of
ultrathin cross sections from HDACS8 KO (H8KO) and Control (Ctrl) crushed sciatic nerves at 30 dpl, and
quantification of g-ratio (=axon diameter/(axon+myelin) diameter) represented either as average of
all counted fibers or plotted against the axon diameter, showing no significant difference of myelin
thickness between H8KO and Ctrl nerves. Unpaired one-tailed Student's t-tests, n.s.=non-significant,
values=mean, error bars=s.e.m., n=3 animals per group. (b) Western blots of Krox20. Oct6, Sox10, PO,
MBP, HDAC1, HDAC2 and HDAC3 on lysates of HDAC8 KO (H8KO) and control (Ctrl) sciatic nerves at
30 dpl, and quantification of protein levels in crushed nerves normalized to GAPDH and to
contralateral nerves of the same mice, showing no significant difference between the two
experimental groups. Unpaired one-tailed Student's t-tests, n.s.=non-significant, values=mean, error
bars=s.e.m., n=3 (Krox20), 4 (Oct6), 6 (Sox10, HDAC1, HDAC2, HDAC3), or 7 (PO and MBP) animals per
experimental group.
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Figure S3. Overall axonal regrowth is not affected by HDAC8 ablation. Whole sciatic nerve
immunofluorescence of GAP43 (magenta, general marker of regrowing axons) and DAPI labeling (blue,
nuclei) and quantification of axonal regrowth at 3 dpl showing similar regrowth in HDAC8 KO (H8KO)
nerves and Control (Ctrl) nerves. Unpaired one-tailed Student's t-tests, n.s.=non-significant,

values=mean, error bars=s.e.m., n=4 animals per group, 47 to 79 regrowing axons measured and
counted per animal.
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Figure S4. HDACS is expressed in sensory SCs. Co-immunofluorescence (z-series projection of
confocal stacks) of HDACS (green), Stathmin-2 (STMN2, red, marker of regrowing sensory axons) and
Neurofilament (NF, magenta, general axonal marker) and DAPI labeling (blue) in sciatic nerve cross-
section of WT mice at 1 dpl. Three animals were used and a representative image is shown. White
arrows point to HDAC8-positive SCs surrounding Stathmin-2-positive axons.
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Figure S5. Oct6 levels are not affected by HDACS8 ablation. Oct6 Western blot and quantification
normalized to GAPDH at 1, 3, 5 and 12 dpl in lysates of contralateral (Co) and crushed (Cr) mouse
sciatic nerves, showing similar Oct6 levels in crushed sciatic nerves of HDAC8 KO (H8KO) and Control

(Ctrl) mice.

Unpaired one-tailed Student's t-tests,

n.s.=non-significant, values=mean,

error

bars=s.e.m., n=4 animals per group and per time point. Dashed lines indicate that samples were run
on the same gel but not on consecutive lanes.
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Figure S6. HDAC8-mediated regulation of c-Jun in normoxia. (a) Western blot of HDAC8 and GAPDH
(loading control) on lysates of rat SCs transduced with a lentivirus carrying a HDAC8-specific ShRNA,
showing highly efficient HDAC8 knockdown. This was verified multiple times (more than 3 times) in
independent experiments and representative images are shown. (b, ¢) Western blot of c-Jun and
phospho-c-Jun (p-c-Jun) on lysates of rat SCs cultured under conditions mimicking the conversion into
the repair phenotype in normoxia and transduced with lentiviruses carrying either a HDAC8-specific
shRNA (H8sh) or a control shRNA (Csh), and quantification normalized to GAPDH showing increased
c-Jun and p-c-Jun levels in cells were HDACS is downregulated. Paired one-tailed (grey asterisk) or
two-tailed (black asterisk) Student's t-tests, p value : *<0.05, values=mean, error bars=s.e.m., n=6
independent experiments per group. Dashed lines indicate that samples were run on the same gel but
not on consecutive lanes. (c) Quantification of c-Jun mRNA levels by gRT-PCR in primary rat SCs
cultured as above (b), showing no significant difference in c-Jun expression in cells where HDAC8 was
downregulated compared to control. Unpaired one-tailed Student's t-tests, n.s.=non-significant,
values=mean, error bars=s.e.m., n=4 (H8sh) or 5 (Csh) independent experiments per group. (d)
Quantification of c-Jun promoter activity by luciferase gene reporter assay in cells cultured as above
(b), showing similar activity in cells where HDAC8 was downregulated compared to control cells.
Paired one-tailed Student's t-tests, n.s.=non-significant, values=mean, error bars=s.e.m., n=6
independent experiments per group.

Ctrl KO Ctrl KO
Co Cr Co Cr Co Cr Co Cr
HIF1a  — = c-Jun — e
GAPDH e s s s~ CGAPDH s —
125 o e 125,
§ 14 % 14 %
2 0.751 3 0.75- .
< 05 o 5 05
T 0.25- S 0.254
0- 0 -
Citrl KO Ctrl KO

Figure S7. Ablation of HIF1a in SCs leads to decreased c-Jun upregulation after lesion. HIF1a or c-Jun
Western blot and quantification normalized to GAPDH at 3 dpl, showing decreased c-Jun levels in
crushed sciatic nerves of HIF1la KO mice (KO) compared to Control mice (Ctrl). Unpaired one-tailed
(grey asterisk) or two-tailed (black asterisk) Student's t-tests, p value: *<0.05, values=mean, error
bars=s.e.m., n=5 (Ctrl) and 3 (KO) animals per group.
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Figure S8. HIFla upregulation and translocation to nuclear compartment under hypoxia. HIFla
Western blot after subcellular fractionation of cytoplasmic (C) and nuclear (N) fractions of primary rat
SCs cultured under normoxia (Norm.) or hypoxia (Hypo., CoCl, for 16 h) in conditions mimicking the
conversion into the repair phenotype. GAPDH and Lamin A/C are used as markers of the cytoplasmic
and nuclear fractions, respectively. The graphs represent the quantification of HIFla levels in
normoxia compared to hypoxia in the cytoplasmic and the nuclear fractions and show a decrease of
HIF1la in the cytoplasm and a strong increase in the nucleus under hypoxia. Paired (Cytoplasmic) or
unpaired (Nuclear) one-tailed (Cytoplasmic) or two-tailed (Nuclear) Student's t-tests, p values: *<0.05,
values=mean, error bars=s.e.m., n=3 independent experiments per group.
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Figure S9. Efficient downregulation of HIF1a by shRNA. HIF1a Western blot on lysates of primary rat
SCs transduced with lentiviruses carrying a HIFla-specific sShRNA (HFsh) or a control shRNA (Csh)
cultured under hypoxia (CoCl, for 16 h) in conditions mimicking the conversion into the repair
phenotype, showing high efficiency of HIF1a downregulation. This was verified multiple times (more
than 3 times) in independent experiments and representative images are shown. The dashed lines
indicate that samples were run on the same gel but not on consecutive lanes.
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Figure S10. HDAC8 knockdown does not induce VHL downregulation. Western blot of VHL on lysates
of rat SCs cultured under conditions mimicking the conversion into the repair phenotype in normoxia
or hypoxia (CoCl,, 16 h) and transduced with lentiviruses carrying either a HDAC8-specific ShRNA
(H8sh) or a control shRNA (Csh), and quantification normalized to GAPDH showing increased VHL
levels in normoxia and no difference in hypoxia in cells were HDAC8 is downregulated compared to
control cells. Paired one-tailed Student's t-tests, p value: *¥<0.05, n.s.=non-significant, values=mean,
error bars=s.e.m., n=6 independent experiments per group.
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Figure S11. HIF1a levels after lesion are initially increased in the cytoplasmic fraction of HDAC8 KO
nerves. HIFla Western blot after subcellular fractionation of cytoplasmic and nuclear fractions of
crushed (Cr) and contralateral (Co) sciatic nerves of HDAC8 KO (H8KO) and control littermate (Ctrl)
mice at 1 day post lesion. GAPDH and Lamin A/C are used as markers of the cytoplasmic and nuclear
fractions, respectively. The graphs show that HIFla levels normalized to GAPDH (Cytoplasmic) or
Lamin A/C (Nuclear) are increased in the cytoplasmic fraction of crushed HDAC8 KO compared to
control nerves, but that levels are similar in the nuclear fraction. The cytoplasmic and nuclear fractions
were run on the same gel on consecutive lanes, but the HIF1a images of the cytoplasmic and nuclear
fractions are taken from different exposures. Unpaired one-tailed Student's t-tests, p value: *<0.05,
n.s.=non-significant, values=mean, error bars=s.e.m., n=3 (H8KO) or 4 (Ctrl) animals per group.
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Figure S12. HDACS inhibitors do not increase the levels of HIF1a, c-Jun or phospho-c-Jun. Western
blots of HIF1a (a), c-Jun (b) and phospho-c-Jun (p-c-Jun, c) in lysates of primary rat SCs cultured under
normoxia (N) or hypoxia (H) in conditions mimicking the conversion into the repair phenotype, and
incubated for 24 h with two different HDACS inhibitors, PCI-34051 and 1-Naphthohydroxamic acid, at
different concentrations, or with the vehicle (V). The graphs show the quantification of HIF1a (a), c-
Jun (b) and p-c-Jun (c) levels normalized to GAPDH. Dashed lines indicate that samples were run on
the same gel but not on consecutive lanes. Paired one-tailed (grey asterisks) or two-tailed (black
asterisk) Student's t-tests, p values: *<0.05, **<0.01, n.s.=non-significant, values=mean, error
bars=s.e.m., n=3 independent experiments per group.
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Figure S13. Efficient immunoprecipitation of HIF1a. Immunoprecipitation (IP) of HIF1a or control IP
(Ctrl, GFP) and Western blot of HIF1a in lysates of rat SCs cultured under the normoxia in conditions
mimicking the conversion into the repair phenotype and incubated with the proteasome inhibitor MG-
132 for 8 h. The GAPDH input shows equal amount of lysates used for IP HIF1a and control IP. Three
independent experiments have been carried out and representative images are shown.
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Figure S14. TRAF7 knockdown affects JNK and c-Jun phosphorylation in normoxia. Western blots of
phospho-c-Jun (p-c-Jun, a), HIF1a (b) and phospho-JNK (p-JNK, c) in primary rat SCs cultured under
normoxia (Norm.) or hypoxia (Hypox.) in conditions mimicking the conversion into the repair
phenotype. The graphs show that TRAF7 knockdown leads to decreased levels of p-c-Jun and p-JNK
(normalized to GAPDH) in normoxia but does not affect protein levels in hypoxia. Paired two-tailed
(black asterisks) or one-tailed Student's t-tests, p values: *<0.05, ***<0.001, n.s.=non significant,
values=mean, error bars=s.e.m., n=7 (a), 9 (b) or 3 (c) independent experiments per group.
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5 DISCUSSION

While the functions of the class | HDACs HDAC1, HDAC2 and HDAC3 have been
extensively studied in different areas of biology and medicine, the functions of
HDACS8, the fourth and last member of the class | HDACs, have been
comparatively less explored. It is however well established that HDAC8
mutations in humans affecting deacetylase activity can cause subtypes of
Cornelia de Lange syndrome, a genetic developmental disorder affecting
multiple functions (Kaiser et al., 2014; Sarogni et al., 2020). This syndrome is due
to a loss of function of the cohesin complex and HDAC8 has been shown to
deacetylate SMC3, a subunit of the cohesin complex, which is required for
recycling the complex for subsequent cell divisions (Deardorff et al., 2012).
HDACS has also been involved in other pathological conditions including cancer,
parasitic and viral infections, where it has mainly been shown to contribute to
the pathology through its deacetylase activity (Kim et al., 2022; Marek et al.,
2015; Yamauchi et al., 2011). Unexpectedly, we found that the deacetylase
activity of HDACS is not required for its interaction with TRAF7 and subsequent
effects on c-Jun phosphorylation and expression levels. Indeed, rat SCs treated
with different HDACS8 inhibitors under both normoxic and hypoxic conditions did
not upregulate c-Jun phosphorylation and expression levels and no effect on
HIF1la stabilization was observed compared to vehicle-treated cells. However,
deacetylase-independent functions of HDACs have also been reported. Gupta et
al. (2009) were the first to report a deacetylase-independent function of HDAC3,
which serves as a specific carrier molecule to bring the phosphorylated from of
TR2 (an orphan nuclear receptor) to nuclear bodies (Gupta et al., 2009).
Additionally, it has been shown that the interaction between the nuclear

receptor corepressor NCOR and HDAC3 is essential to repress the transcription

161



of lipogenic genes in hepatocytes and that the interaction between NCOR and
HDAC3 as well as the transcriptional function of this complex do not require the
deacetylase activity of HDAC3. Indeed, deacetylase-dead HDAC3 mutants could
repress lipogenic gene expression in HDAC3-depleted mouse liver (Sun et al.,
2013). Recently, another deacetylase-independent function of HDAC3 has been
discovered in cardiovascular research, where HDAC3 has been shown to
maintain cardiac contractility (Ren et al., 2023). Non-deacetylase functions of
HDACS8 have also been reported. Indeed, the phosphorylated form of HDAC8
interacts with the telomere protein hEST1B and recruits the chaperon protein
Hsp70 to a complex that inhibits the E3-ligase-mediated degradation of hEST1B,
thereby stabilizing hEST1B and enhancing telomerase activity (Lee et al., 2006).
This study echoes our observations that HDACS8 is involved in the stabilization of
a protein, namely HIF1a, and this also in an indirect manner via the stabilization
of TRAF7 small isoform. However, in our case HDACS8 acts negatively on HIFla
stabilization, whereas in the study by Lee et al., HDAC8 promotes hEST1B
stabilization. However, in our study, HDACS8 acts positively and directly on the
stabilization of TRAF7 small isoform. It would be interesting to assess the
phosphorylation or other post-translational modifications of HDAC8 in SCs after
peripheral nerve injury and investigate if the phosphorylated form of HDAC8
interacts with and stabilizes TRAF7. It is worth pointing out that the discovery of
deacetylase-independent functions of HDACs may lead to reconsider the use of
HDAC inhibitors in some specific pathological contexts.

In peripheral nerves, the functions of HDAC8 remained however unknown. We
found that HDACS is upregulated after a sciatic nerve crush lesion in mice,
suggesting a potential function in the degeneration and/or regeneration process
after lesion. In this study, we thus set out to elucidate the functions of HDACS8 in

SCs after a peripheral nerve injury. Ablating HDACS8 specifically in adult SCs
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before a sciatic nerve crush lesion surprisingly did not impair regeneration, but
instead accelerated it, indicating a negative effect of HDAC8 on the regeneration
process and demonstrating that this process is not optimal and can be improved.
The negative effect of HDAC8 on SC conversion into repair SCs and, thus on
axonal regrowth is similar to our observations regarding the functions of
HDAC1/2 in SCs after peripheral nerve injury. Indeed, the ablation of HDAC1/2
promotes the regrowth of axons by upregulating c-Jun expression early after
lesion, indicating that HDAC1/2 also have a negative effect on axonal
regeneration. However, HDAC1/2 act positively during the remyelination phase
after lesion (Briigger et al., 2017; Duman et al., 2020), whereas HDACS8 has no

effect on the remyelination process.

Mechanistically, we show here that HDAC8 counteracts hypoxia-induced c-Jun
phosphorylation and upregulation in SCs by promoting the degradation of HIF1a
and preventing the activation of JNK. Indeed, HIFla and JNK are known to
induce c-Jun phosphorylation and upregulation (Herdegen et al., 1997;
Laderoute et al., 2002, 2004; Minet et al., 2001; Tam et al., 2021), and we show
here that HIFla downregulation in primary SCs cultured under hypoxic
conditions leads to reduced JNK activation and that JNK inhibition prevents the
increase of c-Jun phosphorylation and expression mediated by HDACS8
downregulation. HIF1a degradation in normoxic conditions can be mediated by
VHL, which recruits a protein complex with E3 ubiquitin ligase activity that
catalyzes HIF1a ubiquitination and thereby targets HIF1a to the proteasome for
degradation (Kaelin et al.,, 2022). VHL-independent regulation of HIFla
degradation has also been reported (Zhang et al., 2020) and we show here that
HDAC8-mediated HIF1a degradation in adult SCs is independent of VHL. By mass

spectrometry analysis, we identified TRAF7 as a putative binding partner of
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HDACS8. We also showed that HDAC8 and TRAF7 are both exclusively or in large
majority localized in the cytoplasmic compartment of SCs present in adult
mouse sciatic nerves and in primary rat SCs in culture. By co-
immunoprecipitation, we found that a short TRAF7 isoform, that had not been
studied so far but is described as a predicted isoform in the human NCBI
database, interacts with HDAC8 in SCs in vivo and in culture and mediates
HDAC8-dependent degradation of HIF1a. TRAF7 possesses a RING finger domain
with E3 ubiquitin ligase activity that is capable of catalyzing protein
ubiquitination and thereby targeting proteins to the proteasome for
degradation. The short 50-kDa TRAF7 isoform misses the C-terminal WD40
repeat domains found in the long TRAF7 isoforms. This structural difference
confers to the short isoform different functions compared to the long TRAF7
isoforms regarding the activation of JNK. Indeed, TRAF7 is known to promote
JNK phosphorylation and subsequent c-Jun phosphorylation by binding to
MEKK3 through its WD40 repeat domains (Boowmeester et al., 2004). The short
TRAF7 isoform, which misses these domains, does not have this function.
Instead, this isoform is stabilized, most likely through its interaction with HDACS,
and induces HIFla ubiquitination and subsequent HIF1a degradation. Ablation
of HDACS8 prevents this mechanism by leading to the downregulation of the
short TRAF7 isoform and instead results in increased HIFla levels and HIFla -
mediated c-Jun phosphorylation and upregulation. In addition, we show that
ablation of HDACS leads to the upregulation of the long TRAF7 isoform, which
potentiates JNK phosphorylation and thereby c-Jun phosphorylation and
upregulation. However, it remains unclear whether HIFla control c-Jun
expression directly or indirectly. A consensus points towards an indirect
mechanism as no HRE binding sites have been identified on the c-Jun promoter.

This of course, does not rule out a potential HRE binding site on some, still
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undiscovered, c-Jun enhancers (Benita et al., 2009; Laderoute et al., 2002;
Schodel et al., 2013).

In summary, our study identifies a pathway controlled by HDAC8 that modulates
HIF1la stabilization and JNK activation, and subsequent c-Jun phosphorylation

and expression specifically in sensory SCs.

This function of HDACS is not linked to its deacetylase activity, therefore HDACS8
inhibitors cannot be used to promote the regrowth of sensory axons and sensory
function recovery. Instead, HDAC8 should be downregulated, either by using
RNA interference or by repressing Hdac8 gene activation. More work is needed
to test whether such treatment strategies can be appropriately timed to
promote regeneration. Alternatively, TRAF7 inhibitors or HIF prolyl hydroxylase
(PHD) inhibitors that enhance HIF1a stabilization (Ogawa et al., 2023) could also
be tested to promote regeneration. Interestingly, the discovery of new models
for mammalian regeneration, namely the Murphy Roths Large (MRL) mouse
strain, identified cellular oxygen-sensing pathways as possible targets to
promote regeneration. Indeed, oxygen-sensing pathways have been conserved
from lower organisms and the burst of reactive oxygen species occurring after
injury contributes to local tissue hypoxia and acts as signaling molecules for the
development of a blastema (Hameed et al., 2015). The MRL mouse strain was
originally developed to study lupus erythematosus but its unexpected capability
of regenerating large pieces of ear tissues turned out to be of great interest for
the regenerative field (Andrews et al.; 1978). The regenerative response of the
MRL mouse is not limited to the ear but concerns amputated digits, cartilage,
bone, heart, cornea, and peripheral nerve damage (reviewed in DeFrates et al.,
2021). Later, HIF1la has been identified as the central mediator of the MRL

regenerative response. In the MRL mouse, the basal expression of HIFla is
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abnormally high compared to other mouse strains, both under normoxic
condition and after injury (McBreatry et al., 1998). This may confer the retention
of a fetal-like metabolism and a progenitor cell population in MRL mouse cells
(Naviaux et al., 2009; Zhang et al., 2015). Indeed, compared to the C57B/6 strain,
MRL mice rely more on glycolysis for ATP synthesis and HIF1a is known to govern
glucose transporters and glycolytic enzyme expression (Heber-Katz, 2017;
Naviaux et al., 2009). However, MRL-derived cells do not excessively produce
ROS. Additionally, stem cell markers have been identified in cardiomyocytes of
MRL mice both before and after injury. These characteristics are independent of
the genes associated with lupus erythematosus or any other genes associated
with autoimmunity (McBreatry et al., 1998; Naviaux et al., 2009). Compared to
non-regenerative mouse strains, several factors implicated in HIFla
ubiquitination and degradation are downregulated in MRL mice, resulting in
higher basal expression of HIF1la and HIFla-target genes. Furthermore, HIF1la
inhibition completely abrogated the regenerative properties of MRL mice
(Zhang et al., 2015). Therefore, oxygen-sensing pathways have emerged as
potential targets to promote regeneration in higher mammals (DeFrates et al.,
2021). Indeed, intermittent hypoxia treatment improved respiratory and motor
recovery after spinal cord injury as well as axonal regeneration after sensory
nerve damage (Cho et al.,, 2015; Lovett-Barr et al., 2012; Trumbower et al.,
2012). Furthermore, the use of the PHD inhibitor DPCA coupled to an injectable
hydrogel in non-healing mouse strains resulted in HIF1la upregulation,
upregulation of stem cell markers, and complete closure of large size ear hole
as well as enhanced bone regeneration compared to vehicle-treated mice (Nagai
et al., 2020; Strehin et al., 2013). In the context of spinal cord injury, another
PHD inhibitor, FG-4592, improved neuron survival and functional recovery (Wu

et al., 2016). These encouraging data thus motivate the use of PHD inhibitors in
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mammalian tissue regeneration. Since HIF1la stabilization requires a precise
timing, PHD inhibitors should be applied directly on the injury site. This would
be best achieved using biomaterials like hydrogels to deliver the molecules on
time and locally, avoid unwanted secondary systemic side effects of the drug,

and to reduce the therapeutic dose (DeFrates et al., 2021).

Although our study did not identify a beneficial function of HDAC8-TRAF7
binding in SCs for PNS regeneration, we can speculate that by controlling HIF1a
stabilization, the interaction of HDAC8 with TRAF7 may have beneficial effects
in preventing neoangiogenesis and thereby the growth of tumors (Wicks et al.,
2022) such as schwannomas that are more susceptible to develop after a
peripheral nerve injury (Helbing et al., 2020). Schwannomas are benign tumors
of peripheral nerves that are either sporadic or characteristic of patients
suffering from neurofibromatosis type 2. In both cases, they result from
inactivating mutations of the NF2 (merlin) tumor suppressor gene (Rouleau et
al., 1993). Most schwannomas arise within ganglia of sensory vestibular, facial,
and lower cranial nerves and are very rarely observed in pure motor nerve or
along myelinated segments of mixed peripheral nerves (Tryggvason et al., 2012).
Indeed, we found that HDACS8 ablation specifically promotes the regrowth of
sensory axons and sensory function recovery. We show that HDACS8 is
exclusively expressed or expressed at high levels in SCs associated with sensory
axons and that ablation of HDAC8 leads to increased levels of c-Jun and
phosphorylated c-Jun in SCs. These findings indicate that the conversion into
repair SCs is controlled by different mechanisms in sensory and motor SCs and
identify HDAC8 as a marker of adult sensory SCs. Furthermore, HDAC8 may
prevent the development of Schwannomas in sensory nerves. The role of HDACs

in the context of Schwannomas has not been investigated in detail so far. Yet

167



there are some ongoing clinical trials assessing the efficacy and safety of the
pan-HDAC inhibitor AR-42 and of a dual phosphoinositide-3 kinase/HDAC
inhibitor CUDC-907 in the context of human neurofibromatosis type 2 and
Schwannomas (Welling et al., 2021; Huegel et al., 2022). Notwithstanding of the
deacetylase-independent functions of HDACS8 in the context of peripheral nerve
injury, the use of HDACS8 inhibitors reduced cell growth and induced apoptosis
in human and murine-derived malignant peripheral nerve sheath tumors,
indicating that the deacetylase-dependent functions of HDACS8 are potentially
tumorigenic in malignant peripheral nerve sheath tumors (Lopez et al., 2015). In
addition, the tumorigenic role of HDACS8 activity has also been reported in T-cell-
derived leukemia and neuroblastoma cells (Balasubramanian et al., 2008;
Oehme et al.,, 2009). In the future, it would be interesting to study the
expression of HDAC8 as well as its potential role in the development of
Schwannomas and compare HDAC8 mechanism of action in the context of

Schwannomas to its function in repair SCs.
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6 OUTLOOK AND FUTURE PERSPECTIVES

A lot of interesting points and questions remain to be investigated regarding the
functions of HDACS in SCs. The first question concerns the time point at which
HDACS expression becomes restricted to sensory SCs. Does this occur already at
early embryonic stages or in adult SCs? To this end, we could collect sciatic
nerves of mouse pups at different time points after birth and perform an
immunostaining of HDAC8 together with sensory axon markers. In the same
vein, is HDACS8 expression differentially regulated in repair SCs? Indeed, repair
SCs do not wrap axons anymore and derive from both myelinating and Remak
SCs (Gomez-Sanchez et al., 2017). It would be interesting to investigate if HDAC8
expression remains restricted to sensory SCs-derived repair SCs and if sensory-
derived repair SCs specifically remyelinate or re-ensheath sensory axons or, in
contrary, if the sensory or motor phenotype of SCs reappear only after having
established a contact with an axon, independently of its sensory or motor
nature.

The second question concerns the mechanism by which HDACS is upregulated
in SCs after lesion. Does HDAC8 upregulation result from the loss of axonal
contact, is it a cell-intrinsic mechanism or does it occur through the release of a
certain factor in the extracellular environment which is sensed by SCs? The same
question also concerns the upregulation of HDAC1/2 observed in SCs after injury

(Brlgger et al., 2017).

Other relevant points and questions were raised by the reviewers. The first one

concerns c-Jun and phospho-c-Jun upregulation. Indeed, our study lacks direct

evidence of the restriction of c-Jun and phospho-c-Jun to sensory SCs. To this
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end, we are carrying out immunostainings on crushed nerves of control and
HDAC8 KO mice at 1dpl with c-Jun or phospho-c-Jun together with Stathmin-2,
a marker of sensory axons.

To strengthen the sensory function recovery in HDAC8 KO animals, we are also
carrying out two additional sensory recovery tests, namely the von Frey test and
the Thermal probe test before lesion and from 3dpl to 30dpl. The von Frey test
consists of thin calibrated plastic filaments applied to the plantar surface of the
hind paw to assess mechanical allodynia in mice and rats, whereas the Thermal
probe test quantifies the heat sensitivity threshold in mice (Bradman et al.,
2015; Deuis and Vetter, 2016). We also plan to quantify skin reinnervation of
mouse paws by staining hind paw skin sections with a pan-neuronal marker. The
time point of hind paw skin collection will depend on the results of the von Frey
and Thermal probe tests since the stimulus is applied to the hind paw in contrast
to the toe pinch test. We are also carrying out HDAC8 and Stathmin-2
immunostainings on cross sections of both the sural branch of the sciatic nerve,
which is purely sensory, and on the ventral root, which contains only motor
axons, to ensure Stathmin-2 and HDACS8 specificity to sensory axons. A last
interesting point to investigate is the eventual restriction of HDAC8 expression
to a particular type of sensory axon. Somatosensory neurons are classified in
four types: unmyelinated C fibers with a diameter ranging from 0.2 to 1.5 um,
A-delta myelinated sensory fibers with a diameter ranging from 1 to 5 um, A-
beta sensory fibers with a diameter ranging from 6 to 12 um, and A-alpha
sensory fibers with a diameter ranging from 13 to 20 um (De Hert et al., 2014).
Technically, this question will be difficult to answer given the lack of specific
markers for the different types of sensory axons. Indeed, some of the markers
are also expressed in motor axons or in several types of myelinated or non-

myelinated sensory axons (Le Pichon and Chesler, 2014). We can analyse the
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expression of HDAC8 in myelinating SCs and peptidergic C fibers by
immunostainings of HDACS8 together with Stathmin-2 and either PO or Isolectin
B4, which is a lectin specific to C-fibers. Otherwise, we could carry out
immunogold electron microscopy of HDAC8 and measure the calibre of axons
interacting with HDAC8-positive SCs. Unfortunately, there is currently no HDAC8
antibody which could be used for this purpose.

In conclusion, we found a potential new sensory SC marker whose effects on
HIF1la stabilization are relevant in regenerative biology and cancer biology,
knowing the recent evidence highlighting the importance of HIFla in
mammalian regeneration and oncogenesis (reviewed in DeFrates et al., 2021
and in Zhao et al., 2024). We are also the first to our knowledge who brought
evidence of the expression of the small isoform of TRAF7 and who identified its
function in SC regenerative biology. Lastly, we generated a plasmid coding the
small isoform of TRAF7 and we plan to overexpress the small isoform of TRAF7
in rat SCs in the absence of HDACS. This experiment will allow us to check if the
overexpression of the TRAF7 small isoform only is sufficient to revert the
increase of HIFla and c-Jun levels that are observed when HDACS8 is
downregulated in SCs in conditions mimicking the conversion into the repair

phenotype and under hypoxia.
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8 APPENDIX
8.1 List of Abbreviations

ABC

ac
ADAM17
ADAM19
ADP
AGO1
AGO2
Akt
AP-1
AP-2a
ApoD
APS

Arf

ATP
ATF-2
ATF-3
BACE-1
BAF
BDNF
BFABP
BRG1
Brn-2
BSA
bSC

C
cADPR
cADPRP
cAMP
CBP

Alpha
Beta
Gamma

Degree Celsius

infinity symbol

Microgram

Microliter

Micrometer

Micromolar

Active-beta-catenin

Acetyl group

Alpha-desintegrin and Metalloprotease 17
Alpha-desintegrin and Metalloprotease 19
Adenosine diphosphate

Argonaute protein 1

Argonaute protein 2

Murine thymoma viral oncogene homolog 1
Activator protein 1

Activator protein 2 alpha

Apolipoprotein D

Ammonium persulfate

ADP-ribosylation factor

Adenosine triphosphate

Activating transcription factor 2
Activating transcription factor 3
Beta-secretase 1
Barrier-to-autointegrated factor
Brain-derived neurotrophic factor

Brain fatty acid-binding protein
Brahma-related gene 1

POU domain, class3, transcription factor 2
Bovine serum albumine

Bridge Schwann cell

Cytoplasmic

Cyclic ADP-ribose

2'-phospho-cyclic ADP-ribose

Cyclic adenosine monophosphate

CREB binding protein
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CCL2
cDNA
c-Jun
cKO
CMT1A
CMT1B
CNS

Co

Cr

CREB
CreERT2
CSF-1
Ctrl
CUDC-907
Cx32
DAPI
(d)dH20
dbAMP
DDIT4
DER 736
Dhh
Dlgl
DLK

DM
DMEM
DMEM/F12
DMSO
DNA
dNTPs
DPCA
Dpl

dpT
DRG
dsc

DTT

E

Edrnb
EDTA

EC

ECM
eEF1A1
Erg2-AS
EGTA

C-C motif chemokine ligand 2
Complementary DNA

c-Jun proto-oncogene

Conditionnal knock-out
Charcot-Marie-Tooth disease type 1A
Charcot-Marie-Tooth disease type 1B
Central Nervous System

Contralateral nerve

Crushed nerve

cAMP-response element binding protein
Cre recombinase - estrogen receptor T2
Colony stimulating factor 1

Control

Fimepinostat

Connexin 32
4',6-diamidino-2-phenylindole

(double) distilled H20

dibutyryl cyclic adenosin monophosphate
DNA damage inducible transcript 4
Diglycidyl Ether of Poly (propylene glycol)
Desert hedgehog

Discs large 1

Dual leucin zipper kinase

Differentiation medium

Dubelcco's Modified Eagle Medium
Dubelcco’s Modified Eagle Medium/Ham’s F12 medium
Dimethylsulfoxide

Deoxyribonucleic acid

Deoxynucleotide triphosphates
1,4-dihydrophenonthrolin-4-one-3-carboxylic acid
Day post lesion

Day post Tamoxifen

Dorsal Root Ganglia

Distal stump Schwann cell

Dithiothreitol

Embyonic day

Endothelin receptor type B

Disodium Ethylene Diamine Tetra-Acetate
Endothelial cell

Extracellular matrix

Eukaryotic translation elongation factor 1 alpha 1
Non-coding RNA antisense to the promoter of Egr2

Ethylene-Glycol-Bis[B-Aminoether]N,N'N’,N-Tetra-Acetic Acid



EMT Epithelial to mesenchymal transition

EphB2 Ephrin B2 receptor

ErbB3 Neuregulin receptor

ERL 4221 3,4-Epoxycyclohexanemethyl 3,4-epoxycyclohexanecarboxylate
ERK1/2 Extracellular signal-regulated kinases 1/2
EZH2 Enhancer of zeste homolog 2

Fabp7 Fatty acid binding protein 7

FACS Fluorescence Activated Cell Sorting

FAK Focal adehsion kiase

FBS Foetal Bovine Serum

Fbxw7 F-box/WD repeat-containing protein 7
FG-4592 Roxadustat

FGF Fibroblast growth factor

g Gram

GAP43 Growth associated protein 43

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
GDNF Glial cell line-derived neurotrophic factor
GFAP Glial fibrillary acidic protein

GFP Green fluorescent protein

GNATs Genb-related acetyltransferases

Gprl26 G protein-coupled receptor 126

Gprd4 G protein-coupled receptor 44

GPRC G-protein-coupled receptor

h Hour

H3 Histone 3

H4 Histone 4

HAT Histone acetyltransferase

HDAC1 Histone deacetylase 1

HDAC2 Histone deacetylase 2

HDAC3 Histone deacetylase 3

HDAC4 Histone deacetylase 4

HDAC5 Histone deacetylase 5

HDAC6 Histone deacetylase 6

HDAC7?7 Histone deacetylase 7

HDACS8 Histone deacetylase 8

HDAC9 Histone deacetylase 9

HDAC10 Histone deacetlylase 10

HDAC11 Histone deacetylase 11

HDM Histone demethylase

HEK Human Embryonic Kidney

Hesl Transcriptional repressor Hairy Enhancer of Split 1
Hes5 Transcriptional repressor Hairy Enhancer of Split 5
hEST1B Human ever-shorter telomeres 1B
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HIF1la
HMG
Hsp70
Hsp90
Hypo.
Id2

Id4
IGF
IGFBP2
IgG
IL-1a
IP

iSC
JIP3
Jmj
JMJD2C
JMJD3
JNK
JunD

K

KAT
kDa
KDM
KDM3A
kg
KMT
KO
Krox20/Erg2
L

L1

LB
Let-7
LIF
Lin28B
IncRNA
M
MAG
MAPK
MBP
MCP-1
me
mel, me2, me3

Hairy/enhancer-of-split related with YRPW motif protein 2
Hypoxia-inducible factor 1 alpha

High mobility group

Heat shock protein 70

Heat shock protein 90

Hypoxia

DNA binding protein inhibitor 2

DNA binding protein inhibitor 4
Insulin-like growth factor

Insulin-like growth factor binding protein 2
Immunoglobulin G

Interleukin-1 alpha
Immunoprecipitation

Immature Schwann cell

JNK-interacting protein 3

Jumonji C domain-containing protein
Jumoniji C domain-containing protein D2C
Jumonji C domain-containing protein D3
C-Jun N-terminal kinase

JunD proto-oncogene

Lysine

Histone lysine acetyltransferase
Kilodalton

Histone lysine demethylase

Histone demethylase 3A

Kilogram

Lysin-specific histone methyltransferase
Knock-out

Early Growth Response 2

Liter

L1 adhesion molecule

Luria-Bertani Broth

Lethal-7

Leukemia inhibitory factor

Lin-28 homolog B

Long-noncoding RNA

Molar

Myelin-associated glycoprotein
Mitogen-activated protein kinase
Myelin basic protein

Monocyte chemotactic protein 1
Methyl group

Mono, di and trimethylation
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MED12
MEK
MEKK
mg

mm
mM
min
miRNA
mL

Mpl
mpT
Mpz (PO)
MRL
mRNA
MS
mSC
MSE
mTOR
mV
MYST

N
NAADP
NAB1/2
NAD
N-cad
NCAM1
NCOA1
NcoR1
NF2
NFAT
NFATC3/4
NFkB
ng

NGF
NLS

nM
NMJ
NMN
NMNAT2
nmSC
Norm.
Notch
NP-40

Mediator complex subunit 12
Mitogen-activated protein kinase
MEK Kinase

Milligram

Millimeter

Millimolar

Minute

Micro RNA

Milliliter

Month post lesion

Month post Tamoxifen

Myelin Protin zero

Murphy Roths large

Messanger RNA

Mass spectrometry

Myelinating Schwann cell
Myelinating Schwann cell element
Mammalian Target of rapamycin
Millivolt

MO?Z, Ybf2/Sas3, Sas2 and Tip-60)-related histone methylases
Nuclear

Nicotinic acid adenine dinucleotide phosphate

NGF1-A (Nerve growth factor-induced protein A) binding factor 1/2

Nicotinamide adenine dinucleotide

N-cadherin

Neural cell adhesion molecule 1

Nuclear receptor coactivator 1

Nuclear receptor corepressor 1

Neurofribromatosis type 2

Nuclear factor of activared T cells

Nuclear factor of activated T-cells, cytoplasmic 3/4
Nuclear factor kappa-light-chain-enhancer of activated B cells
Nanogram

Nerve growth factor

Nuclear localization signal

Nanomolar

Neuromuscular junction

Nicotinamide mononucleotide

Nicotinamide mononucleotide adenylyltransferase 2
Nonmyelinating SC

Normoxia

Neurogenic locus notch homolog protein

Nonidet P-40
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ns
NSA
NRG1
NuRD
04
Oct6/POU3F1
OE
O-GlcNAc
OH-

oL

Oligl
OPC
opti-MEM
P

PO
p15Iinkdb
pl6ink4a
p19Arf
p75NTR
p75kip2
Pax3
Pakl
PBS

PCR
PDGF
p-c-Jun
pERK
PFA
PGD2
PGP9.5
PHD
PI3K
PIGF
PKCu
PLP
PMP22
PMSF
PNS
ppm
PRC2
ProMy
PrPc
PRC2

Non significant

Nonenyl succinic anhydride
Neuregulin 1

Nucleosome remodeling and deacetylase
Lipid antigen

Octamer-binding transcription factor 6
Overexpression

O-linked N-acetylglucosaminylation
Hydroxy group

Oligodendrocyte

Oligodendrocyte transcription factor 1
Oligodendrocyte progenitor cell
optimal minimal essential medium
Post natal day

Protein zero
Cyclin-dependent kinase 4 inhibitor B
Cyclin-dependent kinase inhibitor 2 A
Tumor suppressor ARF

p75 neurotrophin receptor
Cyclin-dependent kinase inhibitor p75
Paired box gene 3
Cdc42/Rac-activated kinase 1
Phosphate buffer saline

Polymerase chain reaction
Platelet-derived growth factor
Phosphorylated c-Jun
Phosphorylated ERK
Paraformaldehyde

Prostaglandin D2

Protein gene product 9.5

Prolyl hydroxylase
Phosphatidyinositol 3-kinase
Placenta growth factor

Protein kinase Cu

Proteolipid protein

Peripheral myelin protein 22-kDa
Phenylmethylsulfonyl fluoride
Peripheral nervous system

Parts per million

Polycomb repressive complex 2
Pro-myelinating
Cellular prion protein

Polycomb repressive complex 2
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ProMy
PrPc
PTEN
gRT-PCR
R
RAGs
rcf
RIPA
RNA
RNase H
Rnasin
rpm
RPMI
rSC
RSC

RT
RunX2
RXRy
SARM1
SC

SC1
SCE
SCG10
SCP
SDS
SDS-PAGE
sec
sem
Shh
shRNA
Sin3a
SiRNA
SIRT
SMAD1
SMC3
SMOC2
Sox1
Sox2
Sox10
SPARC
SRC
Srebp
STAT3

Pro-myelinating

Cellular prion protein

Phosphatase and tensin homolog
Quantitative real-time polymerase chain reaction
Arginine

Regeneration associated genes

Relative centrifugal force
Radioimmunoprecipitation assay buffer
Ribonucleic acid

Ribonuclease H

Ribonuclease inhibitor

Rotation per minute

Roswell Park Memorial Insititute medium
Remak Schwann cell

Rat Schwann cell

Room Temperature

Runt-related transcription factor 2
Retinoid X receptor gamma

Sterile alpha and toll/interleukin receptor (TIR) motif—containing protein 1

Schwann cell

Schwann cell factor 1

Schwann cell specific enhancer

Superior cervical ganglion-10 protein (Stathmin 2)
Schwann cell precursor

Sodium dodecyl sulfate

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
Second

Standard error of the mean

Sonic hedgehog

Short hairpin RNA

Suppressor interacting 3a

Small interfering RNA

Sirtuin

Small worm phenotyp mother against decapentaplegic 1
Structural maintenance of chromosomes protein 3
SPARC-related modular calcium-binding protein 2
SRY (sex determining region Y) box 1

SRY (sex determining region Y) box 2

SRY (sex determining region Y) box 10

Secreted protein acidic and rich in cysteine

Steroid receptor coactivator

Sterol regulatory element-binding protein

Signal transducer and activator of transcription 3
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STMN2
T3
TAE
TAZ
TBS
TBST
TEAD1
TEMED
TGFB
Thyl.1
TNFa
TR2
TRAF7
Tris
UTR
VEGF
VEGFA
VEGFR1
VHL
WD
wpT
YAP
YY1l
Zeb2

Stathmin-2

Triiodothyronine

Tris-acetate-EDTA buffer

Transcriptional co-activator with PDZ binding motif
Tris-buffered saline

Tris-buffered saline with 0.1% Tween® 20 detergent
TEA domain transcription factor 1

N,N,N’,N’ -Tetramethylethylenediamine
Transforming growth factor beta
Thymus cell antigen 1.1

Tumor necrosis alpha

Testicular receptor 2

Tumor necrosis factor TNF receptor associated factor 7
Tris(hydroxymethyl)aminomethane

Untranslated region

Vascular endothelial growth factor

Vascular endothelial growth factor A

Vascular endothelial growth factor receptor 1

Von Hippel-Lindau tumor suppressor
Trp-Asp (W-D) dipeptide

Week post Tamoxifen

Yes-associated protein

Ying and yang 1

Zinc finger E-box-binding homoebox 2

207



8.2 List of Figures

FIGURE 1. OVERVIEW OF THE NERVOUS SYSTEM. ..evuitunernerunernereneesnesnersnerseesneesnsennesnessnnes 10
FIGURE 2. EMBYRONIC DEVELOPMENT OF SCHWANN CELLS.. ceuutvuirrneenerrneererneesneeneennesannes 11
FIGURE 3. COMPARISON BETWEEN CENTRAL AND PERIPHERAL MYELINATION. ....vvuvernennnnnnnes 13
FIGURE 4. HISTONE ACETYLTRANSFERASES AND HISTONE DEACETYLASES. c.uvvneenerniennennennnes 15
FIGURE 6. STRUCTURE AND DEVELOPMENT OF PERIPHERAL NERVES ...ccuuvvnirrneeneernrennenneeannns 23
FIGURE 7. SCHEMATIC REPRESENTATION OF THE RADIAL SORTING.. cvuvvunerniernerneerneenenneeennns 28
FIGURE 8. HISTONE MODIFICATIONS AND HISTONE MODIFIERS IN SCHWANN CELL DEVELOPMENT
AND MAINTENANCE .. 1. ttuttuetneetnetneetneeseeenerseeneesneesesseesnessessessneesnesneesnsessesneennns 41

FIGURE 9. OVERVIEW OF THE STAGES OF PERIPHERAL NERVE REGENERATION AFTER LESION. ... 56
FIGURE 10. HISTONE MODIFICATIONS AND HISTONE MODIFIERS IN SCHWANN CELL AFTER LESION.

................................................................................................................... 62
FIGURE 11. GENERATION OF HDACS8 KO MICE INDUCIBLE BY TAMOXIFEN «..uvereenenenenennne. 81
FIGURE 12. EXPERIMENTAL SET-UP TO STUDY THE REGENERATION PROCESS AFTER SCIATIC NERVE

(o]0 = PO 90

FIGURE 13. PRIMER A-D USED FOR CLONING OF TRAF7 SMALL ISOFORM AND ALIGNMENT WITH
CODING SEQUENCE FROM HUMAN TRAF7 oF THE PCXN2-TRAF7-FLAG PLASMID...... 92

FIGURE 14. [LLUSTRATION OF PRIMER EXTENSION FOR DELETION ...ceuvvunernirrneeneenneennenneennnns 94
FIGURE 15. HDACS8 ABLATION IN SCS PROMOTES THE REGENERATION OF SENSORY AXONS AND
SENSORY FUNCTION RECOVERY. ..euituieuienrenreneeneenesnesnsensensenesnesssnssnssnssnesnssnssnennns 137
FIGURE 16. ABLATION OF HDACS8 IN SCS LEADS TO INCREASED LEVELS OF C-JUN AND PHOSPHO-
(o 18 RPN 140
FIGURE 17. HDACS ABLATION ACTIVATES A HIFLA/JNK/C-JUN AXIS. ...evvnnnnnnnnnnnnnnnnnnnnns 143
FIGURE 18. HDACS8 INTERACTS WITH AND REGULATES TRAF7 TO CONTROL HIF1A LEVELS AND
1N 1 Yon 1 1Y7 o ] N 150
FIGURE 19. MECHANISM OF ACTION OF HDACS IN SCS AFTER INJURY .. cvuvvnnrenenneennennnens 151
FIGURE S1. ONSET OF HDACS8 LOSS AFTER TAMOXIFEN INJECTIONS...ccuvevneenerrnernneenennnnn. 152
FIGURE S2. ABLATION OF HDACS DOES NOT AFFECT REMYELINATION AFTER INJURY .......... 153
FIGURE S3. OVERALL AXONAL REGROWTH IS NOT AFFECTED BY HDACS8 ABLATION............. 154
FIGURE S4. HDACS IS EXPRESSED IN SENSORY SCS ..cvuiiuiiiiirieieiieeteeieeeneeeeennerneennnens 154
FIGURE S5. OCT6 LEVELS ARE NOT AFFECTED BY HDACS8 ABLATION......cevnevneeeneenneennennnen. 155
FIGURE S6. HDAC8-MEDIATED REGULATION OF C-JUN IN NORMOXIA....ccevuerrnrrrneennennnnn. 156
FIGURE S7. ABLATION OF ..ttuttuiuueetneeteetneesneeneesneeseeneesnessnsssessneesnssseesneesnesseesneesnsees 156
]2 < TN 157
FIGURE S9. EFFICIENT DOWNREGULATION OF ...euutuuirniennernersneenesneesneeneesneesneesnesneesneens 157
FIGURE S10. HDAC8 KNOCKDOWN DOES NOT INDUCE VHL DOWNREGULATION............... 158
FIGURE S11. HIF1A LEVELS AFTER LESION ARE INITIALLY INCREASED IN THE CYTOPLASMIC
FRACTION OF HDAGCS KO NERVES ...vuiivniitneineeteeteeeneetneeteesneesneeneesnessneeneesneesneens 158

208



FIGURE S12. HDACS INHIBITORS DO NOT INCREASE THE LEVELS OF HIF1A, C-JUN OR PHOSPHO-
(o 18 RPN 159

FIGURE S13. EFFICIENT IMMUNOPRECIPITATION OF HIF1A

FIGURE S14. TRAF7 KNOCKDOWN AFFECTS JNK AND C-JUN PHOSPHORYLATION IN NORMOXIA.

209



8.3 List of Tables

TABLE 1. TAMOXIFEN PREPARATION ...evuttneeneuneennernersnsenesneesnseseesnessnseneesnessnsssnesnessnses 82
TABLE 2. IMIOUSE STRAINS ..euttutttnetueetneetesnertnerseesnessnseseesnessnssseesnessnseneesnessnsssnesnessnses 82
TABLE 3. UTILIZED TRANSGENES ..vutvuuttutrtneenertneeseesnersnsesesneesnseseesnessnseneesnessnsesnesnessnses 84
TABLE 4. GENOTYPING PRIMERS ..uutvuttntetneeneetneeneesnersnseseesnessnseseesnessnssneesnessnsssnesneesnees 85
TABLE 5. HDAGCSE MASTER MIX «.euuevuetnietneeneeuneeneesnersseseesnessassseesnessassneesnessnssseesnessnses 85
TABLE 6. PLP-CREERT2, POCX-CREERT2, DHHCRE MASTER MIX..uevuvvniinneeneerneennenneennnns 85
TABLE 7. CRE UNSPECIFIC MASTER IMIIX 4uvtuevuruneennernersnseneesneesnseseesnessnsennesnessnsssnesnessnnes 86
TABLE 8. R26R-EYFP MASTER IMIIX 11 ttutetnieneetneiteeneeteeteesneesneeneesneesnseneesnesssesnesnessnnes 86
TABLE 9. HDAGCSE PCR CYCLE cuutuniiuiitniiteeieeteiteetieeteeteesneesnseneesnessnseneesnessnsssnesneesnnes 86
TABLE 10. POCX-CREERT2 PCR CYCLE . cuuituiitniiteiieetieiieeeeet e eeeeteeneeeneesnsenesneesnns 87
TABLE 11. PLP-CREERTZ2 PCR CYCLE ..utuniiuiiiniiteeeeeieiieeeeeteeteeeieetsenesnessnsenesnessnns 87
TABLE 12. DHHCRE PCR CYCLE .ovnivuiiiiiiiiieii e et e et et eee et eeneene et sennesnessnsennesnessnnes 87
TABLE 13. CRE AND R26R-EYFP PCR CYCLE ..euiitnieiieiiiieeeeeii et ee e eeneeaa s 87
TABLE 14. DNA LADDER PREPARATION .. cuuttutuntetnernersnreneesneesnseseesnessnseneesnessnssssesneesnnes 88
TABLE 15. PCR PRODUCTS FOR GENOTYPING ..evutvnerneerneennernersneeneernersnsennesneesnsesnesneesnnes 88
TABLE 16. LIST OF CONSTRUCTS 1evuttuiunietneenereneenesnersnseseesnessnseseesnessnseneesnessnsssnesneesnses 91
TABLE 17. PRIMERS FOR CLONING AND SEQUENCING OF PCXN2-FLAG-TRAF7-SMALL-ISOFORM
(000N 12UV o 94
TABLE 18. PCR CYCLE TO GENERATE PRODUCTS AB, CD, ANDAD ...cevriviiiiiieiieeicceeeens 95
TABLE 19. LIST OF ENZYMES USED FOR THE GENERATION OF PCXN2-FLAG-TRAF7-SMALL-
ISOFORM CONSTRUCT «tuttnttnetnetnetneanesneseanesesseesessessessessesseesssssssessnesssssesnesnsnnenns 96
TABLE 20. REAL-TIME QUANTITATIVE PCR PRIMERS ...uvvuiiiniiiieiieieeieeteeneeneesneenennesnnns 98
TABLE 21. GAPDH AND C-JUN MASTER IMIX tvuutvuiiunernerrnrenerneesneeneesnessnsennesnessnsesnesnessnnes 99
TABLE 22. REAL-TIME QUANTITATIVE PCR CYCLE FOR GAPDH AND C-JUN ..cvuvvvniiniennennnennnes 99
TABLE 23. WESTERN BLOT PRIMARY ANTIBODIES ..uuvvuieunerneeneennernersneeneernersnseneesnessneenns 103
TABLE 24. WESTERN BLOT SECONDARY ANTIBODIES ..uvvnirnernienneenersneenernerseeneesnessneenns 105
TABLE 25. LIST OF ANTIBODIES USED FOR IMMUNOPRECIPITATION ....cvuierneenereneennennennnnns 106
TABLE 26. IMMUNOFLUORESCENCE PRIMARY ANTIBODIES. .. cuutiuneeneerneeneenernneeneennersnnenns 108
TABLE 27. IMMUNOFLUORESCENCE SECONDARY ANTIBODIES ....vvuevurrneennernersneenernersneenns 108
TABLE 28. STOCK SOLUTIONS vuvvunernertnerneesneesneeneesneeneesnessnseneesnesssssneesnessnssneesnessneenns 111
TABLE 2. BUFFERS . cuuiititiiiiiiieeieiteeieet e et eeteeteetesnessnsenesnessnseneesnessnssneesnessnsenns 113
TABLE 30. STOCK SOLUTIONS FOR MEDIA AND CELL CULTURE c.uvvvnienerneenneenereneennenneennnenns 118
TABLE 31. CELL CULTURE IMEDIA uuituitneitetneenneeneesneenesnessnsenesnessnseneesnessnssneesnessnsenns 121
TABLE 32. STOCK SOLUTIONS AND MEDIA FOR BACTERIA.....utvuiiueenerreeneernereeeneernersnnenns 122
TABLE 33. LIST OF CHEMICALS, REAGENTS, AND KITS ..uvuueuuiernirunernerrneeneernersreneesnessneenns 123

210



9 EIDESSTATTLICHE ERKLARUNG

Hiermit erklare ich, Nadége Blandine Odile HERTZOG, geboren am 23.12.1994 in
Porrentry (Schweiz), dass ich meine Dissertation selbststandig und nuch unter
Verwendung der angegebenen Hilsmittel angefertig habe. Ich habe keinen
anderen Promotionsversuch unternommen.

Ort, Datum Nadege HERTZOG

211



10 ACKNOWLEDGMENTS

212



11 CURRICULUM VITAE

213



214



215



216



217



