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Summary

The locomotion is a complex behavior coordinated by Central Pattern Generators
located in the ventral region of the spinal cord. These circuits are composed of
motor neurons, and of dorsal or ventral interneurons. The ventral interneurons
initially constitute 4 distinct cardinal populations, called VO, V1, V2 and V3. Each
interneuron population diversifies and migrates to a precise location within the
spinal parenchyma in order to properly integrate into the spinal neuronal circuits.
Recent studies demonstrated that interneuron diversification and position are key
determinants for circuit formation. However, the molecular mechanisms that
control those processes remain poorly characterized. Recent data obtained in our
laboratory have shown that the Onecut (OC) transcription factors, namely
hepatocyte nuclear factor-6 (HNF-6), OC-2 and OC-3 are present in several subsets
of ventral interneuron populations. This suggests that they could contribute to the
regulation of the ventral interneuron diversification and migration. The aim of my
thesis project is to study the roles of the OC factors during these processes and to
elucidate the underlying molecular mechanisms.

In this work, we provide evidence that the ventral interneuron populations
diversify in multiple subpopulations regionally distributed along the antero-
posterior axis of the spinal cord. We show that the OC transcription factors are
necessary for proper diversification and migration of the spinal V2 interneurons.
Moreover, we highlight that the OC factors control the expression of spinal
PouZ2f2 isoforms and of Nkx6.2. By gain- or loss-of-function experiments, we show
that Pou2f2 and Nkx6.2 contribute to the regulation of the V2 distribution.

Thus, we uncover genetic cascades regulate V2 interneuron migration

during embryonic development.






Abbreviation list

BDNF Brain derived neurotrophic factor
BMP Bone Morphogen protein

CBP CREB-binding protein

CNS Central nervous system

CPG Central pattern generator

Disp1 Dispatched1

Dll4 Delta-like4

DRG dorsal root ganglia

e Embryonic stage

Enl Engrailed-1

FGF Fibroblast Growth Factor

GDNF Glial-derived neurotrophic factor
H3K4me3 Histone H3-lysine4 trimethylation
HD Homeodomain

HMC Hypaxial motor column

HNF-6 Hepatocyte nuclear factor-6
HNF-3(3 Hepatocyte nuclear factor-3f3
HxRE Hexamer response element

IN Interneuron

LC Locus Coeruleus

LMC Lateral motor column

Lmcl Lateral division of the Lateral motor column
LMCm Medial division of the Lateral motor column
mdDA Meso-diencephalic dopaminergic
miR Micro-RNA

MMC Medial motor column

MN Motoneuron

MTN Mesencephalic trigeminal nucleus
Nicd Notch intracellular domain

NMJ Neuromuscular junction

NRG Neuregulin

ocC Onecut

Oct-2 Octamer protein-2



p/CAF
pMN
PGC
Ptcl
RA
RC
Sema
Shh
Smo
Ssdp
TeRE
TTR
VLF

Progenitors
p300/CBP-associated factor
Motoneuron progenitor
Preganglionic column
Patchedl

Retinoic acid

Renshaw cell

Semphorin

Sonic Hedgehog
Smoothened
Single-stranded DNA-binding proteins
Tetramer response element
Transthyretin

Ventrolateral funiculus
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Foreword

The locomotion is a complex behavior, which requires tight control and fine
coordination of the limb movements. Although the regulation is initiated in the
brain, the limb rhythmic activity is generated, coordinated and finely regulated by
neuronal circuits located all along the antero-posterior axis of the ventral region
of the spinal cord. These neuronal circuits, named central pattern generators
(CPGs), are able to generate autonomously a stereotyped activity characterized by
a certain rhythm and speed, a left-right alternation, a flexor-extensor alternation
and a fore and hindlimb alternation. They are composed of motor neurons (MNs)
and of interneuron (IN) populations. Ventral IN populations are generated during
the embryonic stage and derive from 4 distinct cardinal populations, named VO,
V1, V2 and V3. Each ventral population migrates to a very precise position within
the spinal cord to adequately integrate the locomotor circuits. It has been shown
that each ventral population diversifies into multiple subpopulations, which play
complementary functions during locomotion allowing the flexibility and the
versatility of the locomotor CPGs (Gosgnach et al., 2017). Indeed, the VO INs are
divided in 2 major populations, namely the inhibitory VOp and the excitatory VO,
which control the left-right alternation during locomotion at low and high speed,
respectively (Talpalar et al., 2013). Satb2 dorsal inhibitory INs are divided into 2
subpopulations depending on their differential expression of Ctip2 (Hilde et al.,
2016). The V1 INs diversify into ~50 subpopulations based on the combined
expression of transcription factors but also on their electrophysiological
properties (Bikoff et al., 2016; Gabitto et al., 2016). The V2 are composed of 2
major populations, V2a and V2b, and 2 minor populations, V2c and V2d. The
excitatory V2a are fractionated into 2 major types: type | V2a INs that connect

directly to local MNs and type Il V2a INs that display local and supraspinal
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bifurcating connections. Moreover, the V2a population can be divided into
additional subpopulations after birth (Bikoff et al., 2016; Hayashi et al., 2018).
Finally, V3 INs are segregated into spatially and functionally distinct clusters along
the dorso-ventral axis of the spinal cord, each showing distinctive maturation
processes and likely playing different roles in motor activity (Borowska et al.,
2015; Borowska et al.,, 2013). However, the mechanisms controlling the
diversification of ventral populations into subpopulations and how each
subpopulation is involved in the locomotor coordination are poorly understood.

In addition to the diversification, the distribution of each ventral population
and subpopulation has been demonstrated as a key determinant of microcircuit
organization. Satb2 regulates the Satb2+ neuron localization on the mediolateral
axis of the spinal cord, which leads to a proper integration in motor circuits (Hilde
et al.,, 2016). V1 subsets occupy highly structured spatial distributions that
constrain patterns of input from sensory and motor neurons (Bikoff et al., 2016).
In addition, their distinct distribution along the rostro-caudal axis differentiates
limb-specific and thoracic-specific V1 INs suggesting differential motor output at
thoracic or at lumbar level of the spinal cord (Sweeney et al., 2018). Similarly, V2a
type | and Il INs are distributed according to a counter-gradient along the antero-
posterior axis of the spinal cord that drives unique patterns of motor activity at
brachial and lumbar levels (Hayashi et al., 2018). Finally, dorsal and ventral V3 INs
are functionally distinct: both dorsal and ventral V3 are recruited at running but
only ventral V3 are recruited at swimming (Borowska et al., 2015; Borowska et al.,
2013).

My thesis project sought to identify the molecular mechanisms that regulate

proper distribution of spinal INs in order to adequately integrate neuronal circuits.
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Introduction

1. Introduction

1.1. Spinal cord regionalization

The central nervous system (CNS) derives from the neural plate that arises
from the dorsal ectoderm. The neural plate gives rise to the forebrain, midbrain,
hindbrain, and the neural tube. The spinal cord is composed of distinct neuronal
populations. The neuronal populations located in the dorsal region of the dorso-
ventral axis of the spinal cord relay sensory information from the periphery to the
brain, while the ventral populations coordinate the motor outputs to the muscles.
During neurogenesis, the production of neuronal populations in the developing
spinal cord depends on signals, such as: Sonic Hedgehog (Shh), Bone Morphogen
Proteins (BMPs), Wnt ligands, retinoic acid (RA) and Fibroblast Growth Factors
(FGFs), that control the genetic networks leading to the dorso-ventral and antero-

posterior patterning.

1.1.1. Antero-posterior patterning of the developing spinal cord

Several signals establish the antero-posterior regionalization of the neural
plate. The most anterior part of the neural plate forms the forebrain, and the
posterior parts progressively give rise to the midbrain, the hindbrain and the
spinal cord. Therefore, the formation of the spinal cord needs posterioring signals,
such as: FGF, RA, and some Wnt factors. Gradients of FGF, RA and Wnt induce the
expression of Hox4 to Hox11 group genes, and determine their spatial expression
in MN and IN progenitors along the antero-posterior axis of the neural tube. The
cross-repression between Hox proteins in newborn neurons regionalizes the

neural tube and defines 3 distinct parts: brachial, thoracic and lumbar regions.
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Introduction

Hence, Hox6 defines neuronal populations in the brachial region, Hox9 is essential
for the generation of thoracic populations, and finally Hox10 is required for the
lumbar populations (see the explanation below in the chapter dedicated to MNs)
(Ciani and Salinas, 2005; Elkouby and Frank, 2010; Gaspard and Vanderhaeghen,
2010; Jung et al., 2010; Maden, 2002; Philippidou and Dasen, 2013; Sweeney et
al., 2018).

1.1.2. Dorsal-ventral patterning of the spinal cord

Distinct neuronal populations are produced along the dorso-ventral axis
under the action of morphogens. BMPs, belonging to the TGFf} superfamily, and
Wnt factors are produced and secreted first by the ectoderm then by the roof
plate. They form a signaling gradient in the dorsal part of the spinal cord required
for the production of 6 dorsal progenitor domains that give rise to 8 dorsal IN
populations (see below). In contrast, Shh is a crucial morphogen produced and
secreted first by the notochord then by the floor plate that establish the ventral
patterning in the neural tube. BMP and Shh signalings have antagonist activities
and BMP acts by limiting the ventral neural tube development (Briscoe and
Novitch, 2008; Dessaud et al., 2008; Gammill and Bronner-Fraser, 2003; Goulding

and Lamar, 2000).

1.1.3. Ventral patterning mediated by Shh

Shh is produced and secreted first by the notochord then by the floor plate.
After its translation Shh undergoes auto-cleavage and lipid modifications. Active
Shh (ShhNp) has a cholesterol and a palmitate group attached at the carboxy-
terminal and the amino-terminal ends, respectively. Afterwards, ShhNp is

released from the producing cell by a multi-pass transmembrane protein, named
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dispatched 1 (Disp1), and multidimerizes. How Shh spreads in the neural tube
remains elusive. Nevertheless, recent studies highlighted that several extracellular
and transmembrane proteins, like Heparin sulphate proteoglycans, Ptchl, Hhip1,
Gasl, Cdo and Bog, interact with Shh to decrease its diffusion through the ventral
neural tube and either reduce or increase its signaling. By spreading within the
neural tube, Shh form a ventro-dorsal signaling gradient that controls the
production of distinct progenitor domains (Briscoe and Ericson, 1999; Dessaud et
al., 2008; Jessell, 2000; Marti and Bovolenta, 2002). Shh binds to its receptor
Patchedl (Ptcl) and allows the recruitment of a co-receptor Smoothened (Smo)
to the membrane of the primary cilium to transduce the signal. In absence of Shh,
Ptcl, located in the primary cilia, inhibits the Smo recruitement (Briscoe and
Small, 2015; Dessaud et al., 2008). Smo activates the zing-finger transcription
factor of the Gli family, key regulators of the Shh signaling (Figure 1). Gli family
contains 3 members, Glil, 2 and 3, which are characterized by five tandem C2H2
zinc-fingers that comprise the DNA-binding domain. All the 3 members contain a
C-terminal activation domain, while only Gli2 and Gli3 contain a N-terminal
repressor domain. Glil and Gli2 act as activators whereas Gli3 acts as a repressor.
Activated Smo prevents the degradation of Gli activator to Gli repressor and
promotes the activated Gli transport from the primary cilia to the nucleus to
induce the expression of target genes (Figurel). The concentration gradient of
Shh establishes a gradient of Gli activity by inhibiting Gli repressor activity and
stimulating Gli activator activity. The duration as well as the concentration of Shh
signaling influences the pattern of ventral progenitors (Briscoe and Ericson, 1999;
Chamberlain et al., 2008; Dessaud et al., 2010; Jacob and Briscoe, 2003; Lee and
Pfaff, 2001).
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Figure 1: Shh signaling transduction (http://cshperspectives.cshlp.org/content/1/2/a002014/F3.expansion.html).
(A) In the absence of Shh, Ptch1l, located in the primary cilium, prevents the recruitment of Smo into
the primary cilium. The Gli activator (GliA) is degraded to Gli repressor (GliR), which inhibits the
target gene transcription. (B) When Shh binds to its receptor Ptchl, this last one move from the
primary cilium allowing the Smo recruitment to the primary cilium. Smo prevent the GIliA
degradation in GliR allowing to GliA to stimulate the target gene transcription.

Shh signaling induces the expression of class II homeodomain (HD) transcription
factors: Nkx6.1, Nkx6.2, Nkx2.2, Olig2, and represses the expression of class | HD
transcription factors: Pax7, Dbx2, Dbx1, Pax6 and Irx3. A unique combination of
transcription factors is determined by the Shh concentration gradient. Longer
exposure to high Shh concentration is necessary to generate the most ventral
progenitor domains whereas a shorter exposure to low Shh concentration is
sufficient for dorsal progenitor domains. Furthermore, the mutual cross-
repression between class | and Il HD transcription factors delineates distinct
ventral progenitor domain boundaries (Dessaud et al., 2008). Hence, five
progenitor domains (p) are generated in the ventral neural tube: p0, p1, p2, pMN
and p3 constituted by proliferative progenitors. These progenitor domains give
rise to 1 class of MNs and to 4 classes of ventral INs: VO, V1, V2 and V3 that
contribute to the locomotor control (Figure 2). In addition to the ventral IN

populations, some dorsal INs, the dI3 and the dI6 INs, also participate in the

control of locomotor coordination.
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Figure 2: Shh and BMP/Wnt signaling gradients induce the production of ventral and dorsal
progenitor domains (adapted from (Dessaud et al., 2008; Ulloa and Briscoe, 2007)). (A) Shh
produced by the notochord (N) then by the floor plate (FP), induces the production of 5 ventral
progenitor domains (p0-p3). In contrast, BMP and Wnt produced by the ectoderm then by the roof
plate (RF), induce the production of 6 dorsal progenitor domains (dI1-dl6). These progenitor
domains give rise to different neuronal populations. CC = center canal, VZ = ventricular zone, MZ =
mantle zone. (B) Shh induces the expression of class Il HD transcription factors: Nkx6.1, Nkx6.2,
Nkx2.2, Olig2, and represses the expression of classe | HD transcription factors: Pax7, Dbx2, Dbx1,
Pax6 and Irx3. Shh concentration gradient determines a unique combination of transcription factors
expressed by each progenitor domain. The mutual cross-repression between these class | and Il HD
transcription factors establishes well defined boundaries between progenitor domains.

1.2. Ventral neuronal circuits

As mentioned above, 5 neuronal populations are generated in the ventral
region of the spinal cord. The MNs directly contact the muscles and the
sympathetic chain in the periphery, while the ventral INs modulate MN activity by
either directly innervating them or by contacting intermediate IN populations. The
ventral INs follow different migratory routes, settle in distinct locations in the
ventral spinal cord, project their axons differently and control distinct aspects of
locomotion. Furthermore, the ventral INs can be subdivided into 2 types:

commissural or non-commissural. Therefore, the VO and the V3 populations
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comprise commissural INs that innervate their targets by projecting their axons to
the contralateral side of the spinal cord. In contrast, the V1 and the V2 INs, being
not commissural, project their axon ipsilaterally to innervate their targets on the
same side as their cell body. These ventral populations form with MNs complex
neuronal circuits that control locomotion outputs (Figure3). The specification and
the role of each ventral IN population in the control of the locomotor
coordination have been extensively investigated and will be detailed below after a

brief introduction to MNs.

%

Vo, O
la di6 \ Vo,
VO,

dié

x~

Vo,

Figure 3: Schematic representation of neuronal circuits located in the ventral region of the spinal
cord (Gosgnach et al., 2017; Ramirez-Jarquin and Tapia, 2018). The CPGs are composed of MNs,
ventral or dorsal IN populations. MNs directly innervate individual muscles, while INs modulate MN
activity either by directly contacting them, or by innervating intermediate IN populations. The IN
populations stimulate or inhibit their targets by projecting their axons ipsilaterally or contralaterally
to their cell body.

1.2.1. Motor neurons

MNs derive from the pMN domain, which expresses a combination of class |
and Il HD and bHLH transcription factors: Olig2, Nkx6.1 and Pax6 that define the

identity of MN progenitors (Figure 2). In addition to Shh, RA defines and
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consolidates the pMN domain by regulating the expression of Olig2, Irx3 and
Pax6, independently from Shh. Then, different proteins, including Neurog2, Lhx3,
Lhx4, Foxp2 and Foxp4 allowing cell cycle exit, promote MN differentiation. Once
postmitotic, MN identity is consolidated by the expression of multiple
transcription factors, including Isl1 and Hb9, which mutually stimulate their
expression in a positive feedback loop. Although distinct, MN and V2a populations
are produced from neighboring progenitor domains and share the expression of
Lhx3 and NLI, forming a hexamer complex with Isl1 in MNs and a tetramer
complex in V2a INs. The hexamer complex in MNs stimulates the expression of
Hb9 that, in turn, on the one hand promotes MN differentiation and on the other
hand inhibits the V2a consolidation program. It has been demonstrated that the
inactivation of Is/1 or Hb9 promotes the V2a cell fate at the expense of MN
production. The molecular mechanism is described below in the V2 interneurons

chapter (see below) (Dasen and Jessell, 2009a; Francius and Clotman, 2014).

MNs are all cholinergic neurons. They display distinct molecular identities,
localization, axonal trajectories and target connectivity. Indeed, they undertake
different waves of diversification. First of all, MNs are segregated into visceral or
somatic MNs. The visceral MNs are present only in the thoracic region, while the
somatic MNs are located all along the antero-posterior axis of the spinal cord.
Indeed, MNs are anatomically organized in columns and settle in a very defined
position along antero-posterior and dorso-ventral axes of the spinal cord,
regulated by Foxpl and the Hox gene family. A single motor column located at
thoracic level, the preganglionic column (PGC), gathers the visceral MNs that
innervate the sympathetic ganglia. Three motor columns contain the somatic
MNs. At thoracic level, the hypaxial motor column (HMC) innervates intercostal

and abdominal wall musculature. At limb level, the lateral motor column (LMC)
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innervates limb muscles. This column is further subdivided into 2 subsets: the
medial division of the LMC (LMCm) with axons projecting ventrally through the
limb mesenchyme and the lateral division of the LMC (LMCI) that innervates the
dorsally located limb muscles. Finally, the median motor column (MMC) present
all along the antero-posterior axis projects axons towards the dorsal axial
musculature (Figure 4) (Dasen and Jessell, 2009a; Francius and Clotman, 2014).

As mentioned above, Hox genes establish the regionalization of motor
columns along the antero-posterior axis of the spinal cord. Early in MN
progenitors, the Hox gene expression is regulated by multiple mesodermal
signaling gradient of morphogens, namely: FGF, RA and Gdfl1 (Figure 4). FGF
signaling gradient establishes the initial induction of Hox gene expression at each
level of the spinal cord, so that the more caudal regions receive the higher FGF
concentration and express 5' Hox clusters. RA signaling present at more rostral
regions regulates Hox expression at brachial region of the spinal cord. Finally,
Gdf11, a member of the TGFf superfamily, expressed at more caudal regions of
the spinal cord controls Hox gene expression at thoracic and lumbar regions. It is
the cross-repression of specific Hox proteins that defines distinct MN identities
and regionalizes the motor columns along the antero-posterior axis of the spinal
cord. Hence, Hox6 is expressed by brachial MNs, Hox9 by thoracic MNs and Hox10
by lumbar MNs (Figure 4). Several studies have shown that modulating the
expression of those 3 groups of paralog Hox genes results in a modification of the
motor column organization. For instance, absence of Hoxc9, normally expressed
by thoracic MNs, in a mouse model makes the thoracic motor columns acquire a
brachial LMC identity (Dasen and Jessell, 2009a; Francius and Clotman, 2014; Jung
et al., 2010; Philippidou and Dasen, 2013).
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Figure 4: Topographic

organization of  motor
columns along the antero-
posterior axis of the spinal
cord (Francius and Clotman,
2014). FGFs, RA and GDF11
gradients establish

expression of Hox genes

spatial

along the antero-posterior
axis of the spinal cord. In
turn, Hox genes induce the
regionalization of the spinal
cord and define 3 regions:
brachial, thoracic and lumbar
levels. Hox6 group defines
the brachial level, Hox9 the
thoracic level and Hox10 the
lumbar level. At limb level,

MNs are organized in 2 motor columns: the LMCl and LMCm, which innervate the dorsal and the

ventral limb parenchyma, respectively. At thoracic level, HMC neurons innervate the intercostal

muscle, while the PGC neurons innervate the sympathetic chain ganglia. Finally, MMC neurons

present all along the spinal cord, innervate the dorsal axial musculature.

In addition to their division in 2 columns, the LMC neurons further subdivide

in more than 50 motor pools in order to innervate individual muscles. As for the

motor columns, the combinatorial expression of Hox genes along the anterio-

posterior axis of the LMCs is also required for the motor pool diversification and

regionalization. Many other proteins, downstream of Hox factors or activated by

the GDNF signaling, are involved in the specification of motor pools, as Nkx6.1 and

PEA3 (Dasen and Jessell, 2009a; Francius and Clotman, 2014).

1.2.2. Commissural interneurons

VO and V3 INs are gathered in this chapter based on their predominantly

axonal projection to the contralateral side of the spinal cord. The commissural INs

ensure the left-right coordination of MN activity.
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VO interneurons

The VO INs emerge in the intermediate area from the p0 domain, which is
located in the most dorsal part of the ventral half of the neural tube. This domain,
which expresses the HD transcription factors Dbx1, Dbx2, Irx3 and Pax6, requires
the weakest Shh signal to promote its identity. Shh signaling appears to be
sufficient but not necessary for the VO differentiation. Indeed, RA can induce, like
Shh but through an independent pathway, the generation of pO progenitors.
However, in vitro studies demonstrated that RA is not required for the generation
of the p0 progenitors but for the VO IN production once the progenitors are
established (Pierani et al., 1999).

The VO cardinal population consists of 4 populations: dorsal VO (V0p), ventral
VO (VOy) characterized by the expression of Evx1, and 2 more discrete populations
derived from the VOy INs, cholinergic VO (VO¢) and glutamatergic VO (VOg) both
characterized by Pitx2 expression (Griener et al., 2015; Moran-Rivard et al., 2001;
Zagoraiou et al., 2009). These populations are distinct from each other by their
molecular identity, migratory route, final localization, axonal trajectory and
neurotransmitter. The VOp and VOy INs are commissural neurons and project their
axons towards the contralateral side of the spinal cord. The VO, INs, which
represent two-thirds of the entire VO population, are GABA- and glycinergic and
control the left-right alternation at low speed during locomotion by inhibiting MN
activity. The VOy INs are glutamatergic and stimulate the contralateral MNs
activity. With the V2a population that innervates them, the VOy are necessary for
the hindlimb left-right alternation at high speed. Studies have shown that the
specific deletion of VOp or VOy in mouse models leads to a synchronization of left
and right limbs depending on the speed locomotion. These populations also
receive inputs from sensory afferents or other interneuron populations, capable

to modulate their activity. Hence, studies have shown that both VO, and VO, INs
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receive serotonergic inputs, while only the VO, INs are contacted by primary
sensory afferent inputs (Crone et al., 2008; Crone et al., 2009; Griener et al., 2015;
Lanuza et al., 2004). Finally, the VOc and VOg INs are ipsilaterally projecting
neurons. Although the role of the VOg INs is yet unknown, the cholinergic VO¢ INs
are able to modulate the task-dependent locomotor behavior (switch from
walking to swimming for instance) by being the sole source of C bouton inputs to
MNs (Lanuza et al., 2004; Talpalar et al., 2013; Zagoraiou et al.,, 2009). This
population also innervates the V1-derived la INs (Siembab et al., 2010).

Dbx1l is a key transcription factor sufficient and necessary for the
differentiation of all the VO populations. Indeed, Dbx1 regulates the expression of
Evx1 that in turn is required for VOy differentiation and migration. In Dbx1 mutant
mice, cells exhibiting characteristics of dl6 or V1 INs are produced at the expense
of all VO INs. In the Evx1 mutant mice, only the VOy are affected and replaced by
V1 INs (Figure 5). Finally, Dbx1 expression is dorsally repressed by Pax3 and Pax7
present in dorsal progenitors and ventrally repressed by Prdm12 present in the pl
progenitor domain (Gard et al., 2017; Moran-Rivard et al., 2001; Pierani et al.,

2001; Thelie et al., 2015).

Wt Dbx1-/- Evx1-/-
Dbx2 Dbx1 Dbx2 Dbx1 Dbx2 Dbx1
—> 000 Lox dié - 00 v ds —> 0009 Lvx1 db
Q0 -cwxi- Vop o0 00 ~£vxi- Vop
e R oo o0
Ent Vi
— Ent V1 — 1 V1 -
o0 00 - o0
VZ progenitors Postmitotic neurons VZ progenitors Postmitotic neurons VZ progenitors Postmitotic neurons

Figure 5: VO IN production in Dbx1 and Evx1 mutant mice (Vallstedt et al., 2001). In wild-type (Wt)
mice, Dbx1+ progenitors give rise to Evx1- VOp and Evx1+ VOy INs. In Dbx1”" mutant mice, dI6 and V1
INs are produced at the expense of all VO INs. Finally, in Evx1”" mutant mice, V1 INs are produced at
the expense of VOy INs, while VOp INs are unaffected.
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V3 interneurons

The V3 INs are produced from the most ventral progenitor domain, p3. The p3
domain is characterized by the combinatorial expression of Nkx6.1, Nkx2.2, and
Nkx2.9. Several studies demonstrated that Nkx2.2 and Nkx2.9 play redundant role
in establishing the p3 progenitor domain and ensure together its identity.
However, Nkx2.2 alone is capable to regulate the production of V3 INs. Indeed,
MMC neurons are produced at the expense of V3 INs in Nkx2.2”7" mutant mice,
while the p3 progenitor domain remains intact. In contrast, both p3 domain and
V3 INs are affected and replaced by Olig2+ MN progenitors and MMC neurons in
ka2.2'/';ka2.9'/' compound mutant mice (Briscoe et al., 1999; Holz et al., 2010;
Jarrar et al., 2015).

The V3 cardinal population characterized by Sim1 expression consists of 2
distinct populations based on their distribution: the dorsal V3 (V3p) and the
ventral V3 (V3y) INs. The vast majority of V3 INs are commissural neurons and
projects their axons toward the other half of the spinal cord, while a subset of V3
(15%) are ipsilateral projecting neurons. The V3 INs project their axons onto the
MNs and V1 INs and hence ensure a proper walking gait by promoting a robust,
organized and balanced locomotor activation on both sides of the spinal cord.
Indeed, they coordinate rhythmic motor outputs from each half of the spinal cord.
The involvement of each V3 population in the control of locomotor activity is
currently unknown. However, it has been demonstrated using a mouse model
that both V3p and V3y INs are actively recruited during running, while only V3y INs
are preferentially activated during swimming. Also, although all glutamatergic,
these 2 populations display distinct electrophysiological, morphological and
structural properties. The V3, INs are also molecularly distinct from the V3, INs by
the expression of Olig3 induced by Nkx2.2 (Borowska et al., 2013; Liu et al., 2014;
Zhang et al., 2008).
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The V3 INs migrate dorsally and laterally from their production site and settle
along the dorso-ventral axis of the spinal cord within 3 clusters at e14.5 in mice:
dorsal, intermediate and ventral clusters. The intermediate cluster is a
combination of both V3, and V3y INs. Sim1, a PAS-bHLH transcription factor, plays
an essential role in the regulation of their migration and their commissural axon
guidance. Indeed, despite the fact that the number of V3 INs is normal in Sim1
mutant mice, they are abnormally distributed with a decrease of the dorsal
cluster and an increase of the intermediate cluster. Furthermore, one observes a
decrease of the contralateral projecting V3 INs without affecting the ipsilateral
projections, suggesting that the loss of Sim1 does not prevent the axons to cross
the midline but affects the longitudinal growth of axons once they have crossed

the floor plate (Blacklaws et al., 2015; Zhang et al., 2008).

1.2.3. Non commissural interneurons

V1 and V2 INs are gathered in this chapter based on their axonal projection in

the ipsilateral side of the spinal cord.

V1 interneurons

V1 INs characterized by the expression of Engrailed 1 (En1), arise from the p1
progenitor domain expressing Pax6, Dbx2 and Nkx6.2, which define the pl
identity (Figure 2). The p1l domain, located just ventral to the pO domain, also
requires a weak Shh concentration for its production. Therefore, Shh and RA act in
parallel for p1 progenitor and V1 IN production, as they do for p0 and VO INs.
Many transcription factors contribute to the consolidation of the V1 cell fate. Pax6
is required for the V1 IN production by controlling the expression of Dbx2 and En1

in the progenitors and in the differentiated V1 INs, respectively. Prdm12
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consolidates the V1 cell fate by repressing dorsally Dbx1 and ventrally Nkx6.2
(Burrill et al., 1997; Ericson et al., 1997; Gosgnach et al., 2006; Matise and Joyner,
1997; Pierani et al., 1999; Sapir et al., 2004; Saueressig et al., 1999; Thelie et al.,
2015; Vallstedt et al., 2001; Zannino et al., 2014).

After their differentiation, the V1 populations extend their axons ipsilaterally
and rostrally via the ventrolateral funiculus (VLF) to specifically innervate somatic
MNs. Pax6 regulates the early cell fate acquisition of V1 INs while Enl controls
their axon pathfinding. Indeed, in En1 mutant mice, the V1 axons fasciculate in
the VLF and fail to progress properly towards MNs (Betley et al., 2009; Sapir et al.,
2004; Saueressig et al., 1999).

The V1 INs are subdivided in several GABA- and glycinergic populations: la INs,
Renshaw cells (RCs), and other unknown V1, and display distinct localization,
functional properties and synaptic inputs. The la inhibitory INs settle dorsally to
the MN area, receive inputs from la muscle afferents and provide reciprocal
inhibition to antagonistic motor pools (Figure 6) (Eccles et al., 1956). The RCs
settle in a characteristic position between MNs and the ventral white matter
border, receive excitatory inputs from MN axon collaterals and in turn mediate
recurrent inhibition of MNs. They also modulate the activity of la INs (Figure 6).
Finally, other V1 INs are part of the V1 cardinal population but have not yet been
characterized (Alvarez et al., 2005; Eccles et al., 1954; Hultborn et al., 1971;

Renshaw, 1946; Sapir et al., 2004; Siembab et al., 2010).

Primary afferent DRG Figure 6: Connectivity of la INs and Renshaw
) cells in adult mouse (Siembab et al., 2010). The
la INs are located dorsally to the MNs and project
onto the flexor MN. They receive primary

Hind-limb

faifl I ‘ i l\ afferents from la sensory neurons located in the

a > 4 '

V1, PV-R ErispronhiN; o7 \/ | dorsal root ganglia (DRG). In contrast, RCs are

A . .
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The contribution of each V1 population to the control of the locomotion has
not yet been investigated. However, the V1 INs control the locomotor rhythm
speed. Indeed, mutant mice for Enl fail to perform quick stepping movement,
resulting in a slowed locomotor rhythm as compared to the control littermates
(Gosgnach et al., 2006). In addition, the V1 control together with the V2b INs the

flexor-extensor alternation of antagonistic muscles (Zhang et al., 2014)

V2 interneurons

The p2 progenitor domain gives rise to 2 main populations, the V2a and V2b
INs and 2 minor populations, the V2c and V2d INs, which derived from the V2b
and V2a INs. These progenitors express HD transcription factors Pax6, Irx3, and
Nkx6.1, that define the p2 identity. Other transcription factors and signaling
pathways are responsible for the specification of V2a and V2b from a common p2

progenitor domain.

Cell fate specification and diversification

Foxn4, Ascll, Lhx3 and Gata2 constitute the early transcription factor code in
the p2 progenitors in combination with the above-mentioned HD factors (Del
Barrio et al.,, 2007; Peng et al.,, 2007). Foxn4, a winged/forkhead transcription
factor, expressed in all the progenitors, is a key determinant of V2b cell
specification by setting and maintaining the mosaic expression of Asc/ll1 and
Neurogeninl/2 proneural genes in the p2 progenitors. Indeed, Foxn4 induces the
expression of Acsl/1 in some precursors, which in turn forms a heterodimer with
E12 to induce the expression of Delta-like4 (DIl4), a Notch signaling ligand. Both
Foxn4 and Ascll synergistically stimulate DI/l4 expression by binding to the CR1

enhancer. Although Neurogenin factors also form heterodimers with E12 and bind
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to the CR1 enhancer, they are unable to activate DI//4 expression. This results in an
asymmetric DIl4 expression in V2 precursors (Misra et al., 2014). DIl4 expressed by
some V2 precursors triggers the Notch signaling in neighboring cells by binding to
its receptor Notch1, whose expression oscillates in the V2 precursors. The Notch
signaling activation leads to the cleavage of Notch intracellular domain (Nicd) of
Notch receptor. Once transferred to the nucleus, Nicd through association with
MAML1, activates Gata2 and Sc/ expression. Hence, Nicd activates the Scl-
dependent V2b IN fate program. It has been shown that in ovo electroporation of
a Slc expression vector in chicken embryos is sufficient to compensate for the loss
of the Notch signaling to induce the V2b IN specification (Peng et al., 2007). Thus,
the DIll4-Notch signaling promotes the generation of distinct V2 precursor subsets,
the V2a and V2b precursors (p2-V2a and p2-V2b). Therefore, the precursor cells
wherein Notch signaling is activated are V2b precursors, while the precursors
expressing DIl4, in which Notch signaling remains unactive, are V2a precursors
(Figure 7A). The Notch/delta signaling also controls the specification of V2a and
V2b IN fates in zebrafish (Batista et al., 2008; Kimura et al., 2008).

Furthermore, the BMP-TGFB signaling pathway is involved, downstream of
the Notch signaling, in promoting the V2b cell fate. Indeed, in Smad3 and Smad4
(2 BMP/TGFB signal transducers) compound mutant mice, the number of V2b INs
is reduced while the number of V2a INs is unaffected (Misra et al., 2014). Finally,
Bhlhb5 appears to play 2 important roles in the V2 specification. On the one hand,
Bhlhb5 promotes in a cell autonomous way the formation of V2a INs in which it is
expressed. On the other hand, Bhlhb5 promotes non-cell autonomously the V2b
cell fate by directing the DI/l4 expression in p2-V2a allowing to trigger the Notch
signaling in p2-V2b (Figure 7B) (Skaggs et al., 2011).
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Figure 7: V2 cell fate specification and diversification (Peng et al., 2007; Skaggs et al., 2011). (A-B)
Under the action of specific transcription factor networks, V2a and V2b populations are produced
from a unique p2 progenitor domain. See details in the text. N = Notch1

V2c and V2d INs derive from the V2b and V2a populations, respectively.

However, their specification mechanism has been less investigated.

Cell fate consolidation

The V2 INs are produced from the p2 progenitor domain that is directly dorsal
to the pMN progenitor domain and shares the expression of Lhx3 and NLI. Studies
have shown that these 2 proteins are part of distinct complexes in postmitotic
cells, involved in the consolidation of V2a and MN identities. In V2a INs, NLI and
Lhx3 form a tetramer complex, in which the N-terminus of NLI self-dimerizes and
its C-terminus interacts with the LIM domain of Lhx3. This V2-tretramer
(2NLI:2Lhx3) binds to a DNA sequence named tretramer response element (TeRE)
and regulates the V2a specific gene expression, including Chx10 (Figure 8) (Lee et
al., 2008; Thaler et al., 2002). In MNs, Lhx3 and NLI are part of another complex,
the MN-hexamer complex, composed of NLI, Lhx3 and Isl1 in early-born MNs. In
this complex, Isl1 binds simultaneously NLI by its LIM domain at its N-terminus
and the LIM domain of Lhx3 by its C-terminus. The MN-hexamer
(2NLI:2Lhx3:2Isl1) is responsible for the MN identity by binding a hexamer

response element (HxRE) allowing the specific expression of MN genes, including
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Hb9 (Figure 8) (Lee et al., 2008; Thaler et al., 2002). The segregation of these 2
populations is ensured by the reciprocal feedforward control in the V2 INs and the
MNs. Indeed, the V2a INs specifically express Chx10, a paired HD transcription
factor with a CVC domain, which is critical for their development. Chx10 exerts a
dual regulatory role to consolidate the V2a cell identity. On the one hand, Chx10
promotes V2a fate specification by transcriptional activation of specific V2a genes.
On the other hand, it represses MN gene expression by binding the HxRE, hence,
preventing uncharacterized complexes to bind the HxRE and to stimulate the MN
gene expression (Figure 8) (Clovis et al.,, 2016). Moreover, we did show in our
laboratory that Vsx1, a Chx10 paralog, ensures the V2 identity consolidation at
earlier stages of differentiation. Indeed, in V2 precursors, Vsx1 is able to bind to
the HxRE to repress MN gene expression in order to consolidate the V2 identity.
In simple mutant mouse embryos for Chx10 or Vsx1, no upregulation of Hb9
expression is observed. However, double mutant for Chx10 and Vsx1 display an
upregulation of Hb9 expression, demonstrating partial redundancy of Chx10 and
Vsx1. These findings also confirm that other complexes than MN-hexamer are
able to bind the HeRE to induce the MN gene expression in the absence of the V2
identity consolidation program (Debrulle et al., in preparation). Oppositely, Hb9, a
MN-specific HD transcription factor, binds to the TeRE and inhibits V2a gene
expression to consolidate the MN identity (Figure 8) (Clovis et al., 2016; Lee et al.,
2008). In the Hb9 mutant mice, MNs are reduced by 58%, while Chx10 is
upregulated in the MN area and is present in MN/V2 hybrid cells. In contrast,
Hb9/Chx10 compound mutant mice display 28% reduction of MNs and no change
in the number of V2a INs, indicating that the MN deficit in Hb9 mutant mice is in

part caused by Chx10 upregulation in the MN area (Clovis et al., 2016).
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Figure 8: Consolidation of the V2 and MN identities in precursors and differentiating cells
(Stephanie Debrulle, submitted). V2 INs and MNs are produced from adjacent progenitor domains
that share NLI and Lhx3 expression. Proteic complexes, V2-tetramer and MN-hexamer, consolidate
the V2 and MN identities. The V2-tretramer (2NLI:2Lhx3) binds to the TeRE and regulates the V2a
specific gene expression, including Chx10. In early V2 precursors, Vsx1 ensure the consolidation of
the V2 identity, while in differentiating V2a neurons, Chx10 ensure their identity. The MM-hexamer
(2NLI:2Lhx3:2lls1) binds to the HxRE and stimulates MN gene expression, including Hb9. The
segregation of V2 and MN populations is ensured by the reciprocal feedforward control from Chx10
and Vsx1in V2 INs and Hb9 in MNs.

In addition, the single-stranded DNA-binding proteins 1 and 2 (Ssdp),
functionally redundant, are transcriptional coactivators of V2-tretramer and MN-
hexamer by direct interaction between their N-terminal portion and the NLI
protein. Indeed, in the Ssdp1/Ssdp2 compound mutant mice, the number of
specified V2a INs and MNs is reduced during spinal cord development.
Furthermore, in these mutants, the H3-acetylation levels of V2a and MN genes
are significantly reduced, suggesting that Ssdpl and Ssdp2 mediate the
recruitment of histone modifying complexes to induce histone H3-acetylation and
histone H3-lysine4 trimethylation (H3K4me3) on V2-tretamer and MN-hexamer
targets (Lee et al, 2016).

On the other hand, the V2b specification is consolidated by a V2b-complex
composed of NLI, Gata2, LMO4 and Scl. This complex directs the V2b gene

expression by binding an enhancer composed of a pair of E-box and GATA

composite elements found in the regulatory regions of Gata2 and Gata3 genes
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(Figure 9). It appears that LMO4, a LIM-HD protein that lacks the functional DNA-
binding domain, is likely essential for the assembly and the stabilization of the
V2b-complex. Indeed, in LMO4 null mice, the V2b-complex recruitment on the
Gata2/3 enhancer is severely attenuated with an increase in the number of
Chx10+ V2a IN. Thus, LMO4 plays an important role in maintaining the balance

between V2a and V2b INs (Figure 9) (Joshi et al., 2009; Lee et al., 2008).

Figure 9: The V2a and V2b identity
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The V2 populations

The V2a INs are ipsilateral excitatory neurons. They are subdivided in 2 types
distributed in counter gradients along the antero-posterior axis of the spinal cord.
The type | V2a INs, which maintain Chx10 expression, are present all along the
antero-posterior axis of the spinal cord but are enriched in the lumbar region.
They are premotor INs and directly connect to ipsilateral MNs but also indirectly
to contralateral MNs via commissural VOy INs (figure 10). The type | V2a INs
control the left-right alternation during locomotion at high speeds. Studies of
locomotor activities on Chx10-DTA mice, in which the V2a population is ablated,
demonstrated that these mice progressively switch from an alternating gait to a
hopping gait as the locomotion speed increase. Furthermore, in this mutant, the

variability in burst amplitude and cycle period is more important indicating that
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the V2a population could also stabilize the locomotor rhythm (Crone et al., 2008;
Crone et al., 2009; Hayashi et al., 2018; Talpalar et al., 2013). In contrast, type Il
V2a INs progressively (from e12.5 in mouse) downregulate Chx10 expression and
are more numerous in the cervical spinal cord. In this region, they are
propriospinal INs with bifurcating projections towards supraspinal neurons, likely
the cerebellum via the lateral reticular nucleus, and local projections contacting
ipsilateral or contralateral forelimb MNs (Figure 10). The selective ablation of
these neurons perturbs the forelimb target reaching phase behaviour (Azim et al.,
2014; Hayashi et al., 2018). Hence, these type | and Il V2a subsets drive distinct
motor activity patterns at brachial and Ilumbar levels. Finally, the
rhombencephalic V2a neurons, within the CPGs located in the hindbrain, play an
important role to maintain regular breathing in newborn mammals (Crone et al.,
2012). At neonatal stage, V2a can be divided into 3 major subpopulations based
on their intrinsic firing properties. In response to depolarizing current step, V2 INs
fire tonically, phasically or with a delay. Tonic V2a INs display a tonic
depolarization throughout the current step. Phasic V2a INs fire at the beginning of
the depolarizing step then stop. Finally, the last V2a group fire tonically after a
delay at the beginning of the depolarizing current step (Zhong et al.,, 2010).
Moreover, type | and Il V2a subsets can be further subdivided in 11
subpopulations based on the combinatorial expression of transcription factors

(Hayashi et al., 2018).
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Figure 10: Topographic distribution of the type | and Il V2a interneurons (Hayashi et al., 2018).
The type | and Il are distributed in 2 groups on the medio-lateral axis of the spinal cord. The V2a
lateral group composed of type | and Il INS, are distributed in counter-gradients along the antero-
posterior axis of the spinal cord that drive unique patterns of motor activity at brachial and lumbar
levels. The type | V2a INs, enriched in the lumbar region, contact the local MNs. In contrast, type Il
V2a INs, more numerous in the cervical spinal cord, display local and supraspinal bifurcating
connections. The medial group of V2a mostly composed of type | V2a INs axial premotors.

V2b INs are ipsilaterally projecting inhibitory neurons. They directly innervate
MNs and VOc INs. In addition, like the V1 INs, a subpopulation of V2b INs has
characteristics of la INs and receive high-density convergent inputs from RC axons
and vGIuT1+ primary sensory afferents. Together with the V1 INs, the V2b
population controls the flexor-extensor alternation of antagonistic muscle
contraction (Al-Mosawie et al., 2007; Lundfald et al., 2007; Zhang et al., 2014).

The V2c are ipsilateral INs. Their differentiation depends on Sox1, a
transcription factor belonging to the Group B of the Sox gene family, but also on
Gata3 and Foxn4. Studies in loss of function and lineage tracing experiments
revealed that this population is closely related to the V2b INs. In the Sox1°FP/eFP
mutant mice, the number of V2c is reduced and the remaining ones are labeled by
Gata3, indicating that Sox1 is essential for the production of the V2c INs. In
addition, in embryos in which eGFP is driven by the Gata3 promotor at e12.5, the
Sox1+ V2c INs also express eGFP. Finally, the V2c INs are completely lost in the
absence of Foxn4 (Panayi et al., 2010). Their role in the locomotor control has not

yet been elucidated.
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The V2d INs are ipsilateral excitatory projecting neurons expressing Shox2.
Although the V2d INs constitute a small population, they contribute significantly
to the locomotor rhythm generation. The V2d INs are segregated in 2 subgroups,
a lateral premotor population and a medial non premotor population. Premotor
V2d INs directly connect to flexor MNs. The non-premotor V2d INs connect either
to ipsilateral or to contralateral INs in the ventral region of the spinal cord. Shox2
is also expressed by a V2a subpopulation that stabilize the locomotor rhythm

(Figure 11) (Dougherty et al., 2013).

Figure 11: Overview of the role of
Chx10+ V2a, Chx10+ Shox2+ V2a and
Shox2+ V2d INs during the locomotor
control (Dougherty et al., 2013).
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1.3. Diversification and migration of spinal IN populations

Although each IN population further subdivides into several subpopulations
that contribute to modulate the locomotor coordination, there are more than 100
spinal IN populations at the adult stage in the vertebrates (Goulding, 2009;
Grillner and Jessell, 2009). These populations seem to be derived from the 4
embryonic cardinal populations of INs described above (Arber, 2012; Lupo et al.,
2006). The diversification of the cardinal IN populations is, hence, much more

extensive than currently know. Recently, it has been demonstrated that the V1
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INs can be further subdivided into 50 subpopulations characterized by distinct
combinatorial expression of transcription factors and position in the developing
spinal cord. Most of these transcription factors also subdivide the V2a in multiple
subpopulations (Bikoff et al., 2016). However, the molecular and cellular
mechanisms leading to the extensive diversification of ventral IN populations has
not been elucidated.

In addition to their diversification, each ventral population migrates in the
ventral region of the spinal cord to a very precise position in order to adequately
integrate the neuronal circuitries. In the cortex, 2 different mechanisms of
migration have been characterized, namely: radial migration and tangential
migration. The excitatory cortical INs migrate from the ventricular zone to the
cortical plate in an inside-out manner by migrating radially to the pial surface
along the radial glial progenitors. This migratory mode is mostly regulated by the
Reelin signaling. In contrast, the inhibitory cortical INs arise from the ganglionic
eminences and migrate first tangentially to exit the ventricular zone and reach the
cortical plate, then migrate radially to properly integrate the cortex. The dorsal
migration of these INs are guided by attractive and repellant cues, such as
Semaphorin 3A (Sema3A), Sema3F, Neuregulin-1 (NRG1), chemokine Cxcl12 and
its receptor Cxcr4, Hepatocyte growth factor, brain derived neurotrophic factor
(BDNF), neurotrophin 4, glial-derived neurotrophic factor (GDNF) (Huang, 2009).
In the spinal cord, Reelin signaling is required for the proper position of the PGC
and LMC neurons at thoracic and limb levels, respectively (Palmesino et al., 2010;
Phelps et al., 2002; Yip et al., 2000). Cadherins also play an important role for
sorting neurons in motor pools. Cadherin 7, a type Il cadherin, and N-Cadherin, a
type | cadherin, are required for proper segregation of LMCm and LMCI neurons
(Chen, 2018). In addition, Reelin signaling also regulate the proper layering of the

lamina | in the dorsal horn of the spinal cord (Villeda et al., 2006). However,
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ventral IN migration does not seem to be regulated by Reelin signaling, and the
molecular and cellular mechanisms involved in the control of ventral IN migration
have been yet poorly investigated. Nevertheless, Laumonnerie et al., 2015
uncovered that the commissural axons serve as scaffold to delineate the
distribution of some ventral IN populations. Indeed, the VOycs, V2a, V2c and V3
populations are mislocated in the absence of commissural axons (Figure 12). The
mislocation of V2a and V2c INs is the consequence a non-cell autonomous
regulation, as these populations do not express specific marker of commissural
axons (Dcc, Netrin or Robo3). Indeed, both the physical position of commissural
axons and guidance cues produced by commissural neurons seem to influence the

settling position of non-commissural IN populations (Laumonnerie et al., 2015).

| Wild type, Het and Boc-~ “ Nitn-1lacZlLacZ

Figure 12: Schematic representation of the ventral IN distribution in different models of
commissural axon disruption (Laumonnerie et al., 2015). In Wild type embryos, the commissural
axons, organized in medial and lateral fascicles, serve as scaffold for proper distribution of ventral IN
population in the spinal parenchyma. In Boc mutant and heterozygous (Het) embryos with very mild
commissural axonal defects, the ventral IN population distribution is not affected. In contrast, in
mutant embryos displaying severe commissural axonal disruptions, namely Netrin-1 (Ntn-1), Dcc and
Robo3 mutants, the ventral IN populations are mislocated in the spinal parenchyma.

More importantly, it has been demonstrated that the distribution of the
ventral IN populations plays an important role on the one hand in microcircuit

organization and on the other hand on their function within the CPG. Indeed,
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Satb2 regulates the localization of Satb2+ dorsal sensory inhibitory INs on the
medio-lateral axis into the spinal cord, which is required for a proper integration
in motor circuits (Hilde et al., 2016). The V1 subpopulations are regionalized along
the antero-posterior axis of the spinal cord under the control of Hox genes.
Indeed, Sweeney et al., 2018 have shown that Hoxc9 and Hoxc6 are expressed in
thoracic and lumbar V1 subpopulations, respectively. Similar to MNs, the thoracic
V1 subpopulations acquire the limb V1 subpopulation transcriptional identity in
Hoxc9 mutant mice, demonstrating that Hox genes mediate the regionalization of
the V1 subpopulations along the antero-posterior axis. The differential
distribution of each V1 subpopulation along the dorso-ventral axis of the spinal
cord determines the nature of motor or sensory inputs they receive. This
regionalization suggests that the V1 subpopulations in the brachial region will be
involved in locomotor regulation distinct from those located at thoracic levels
(Bikoff et al., 2016; Sweeney et al., 2018). Similarly, the type | and Il V2a are
distributed in counter-gradients along the antero-posterior axis of the spinal cord
and drive unique patterns of motor activity at brachial and lumbar levels. The type
I V2a INs, enriched in the lumbar region, contact the local MNs. In contrast, type Il
V2a INs, more numerous in the cervical spinal cord, display local and supraspinal
bifurcating connections. In addition, these V2a subtypes are differentially
distributed along the medio-lateral axis of the spinal cord (Figure 10) (Hayashi et
al., 2018). Finally, dorsal and ventral V3 INs are functionally distinct depending on
their position within the spinal parenchyma: although both dorsal and ventral V3
are recruited during running, only ventral V3 are recruited during swimming
(Borowska et al., 2015; Borowska et al., 2013). Thus, the precise localization of
neuronal populations in the spinal parenchyma is critical for the formation of

neuronal circuits and for locomotor control.
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During development, the ventral IN populations diversify and settle in very
defined positions on both the dorso-ventral and the antero-posterior axis of the
spinal cord. As mentioned above, few studies highlighted that the settling position
of interneuron populations is critical for their input and output connectivity This
suggests that they integrate very specific local CPGs along the antero-posterior
axis of the spinal cord in order to ensure locomotor control flexibility. However,
the underlying molecular and cellular mechanisms involved in the regulation of

ventral IN diversification and migration remain until now elusive.

1.4. The Onecut transcription factors

Recent studies showed that the Onecut (OC) transcription factors are
expressed in the developing central nervous system and regulate different aspects
of the development of specific neuronal populations, such asthe production,
maintenance, diversification or migration. In mammals, the OC family is
composed of 3 members: Hepatocyte nuclear factor 6 (HNF-6 also called OC-1),
OC-2 and OC-3 (Jacquemin et al., 1999; Lemaigre et al., 1996; Samadani and
Costa, 1996; Vanhorenbeeck et al., 2002). Other species like C. elegans (Lemaigre
et al., 1996), ascidian (Sasakura and Makabe, 2001), zebrafish (Hong et al., 2002;
Matthews et al., 2008), Xenopus (Haworth and Latinkic, 2009), drosophila
(Nguyen et al., 2000), sea urchin (Otim et al., 2004; Poustka et al., 2004) possess
one or several homolog genes coding for OC factors.

HNF-6 has been discovered during a study of the 6 phosphofructo-2-kinase
(pfk2) regulation in rat liver, in which they showed that HNF-6 stimulates pfk2
expression (Lemaigre et al.,, 1996). Oc2 and Oc3 have been discovered by
bioinformatic analyses based on their sequence homology with Hnf6. Oc2 has

been found from a fetal human retina cDNA library (Jacquemin et al., 1999), while
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Oc3 has been found by screening the human genome data banks (Vanhorenbeeck

et al., 2002).

1.4.1. Onecut factor structure

The sequence of the OC transcription factors comprises several regions highly
conserved between the 3 OC proteins. Indeed, the OC factors are characterized by
a bipartite DNA-binding domain: a cut domain and a divergent homeodomain
separated by a short flexible linker of 27 amino acids. The 3D structure of the
unique cut domain is organized in 5 a-helices (helices 1-3 and 5-6) and a small 34
helix (helix 4), which is defined by 3 residues per turn and 10 atoms in the rings
forming by the hydrogen bounds. A 3,4 helix is characterized by the presence of a
hydrogen bound between the amino terminal of a residue and the carboxy
terminal of the first of 3 residues, the repetition of these bounds defines the 34
helix. The third helix, called the « recognition helix », binds to the target DNA. This
domain also contains a LXXLL motif in the recognition helix capable to interact
with co-factors. The homeodomain is organized in 3 a-helices (helices 7-9) and
binds to the DNA with the helix 9, the recognition helix (lyaguchi et al., 2007). The
homeodomain differs from other homeodomains by the presence in the
recognition helix of a phenylalanine and a methionine at positions 48 and 50
respectively, called the F48M50 dyad, which is never seen in classical
homeodomains. Other highly conserved regions compose the sequence of the OC
factors. A sequence rich in serine, threonine and proline of 24 amino acids, the TP
box, is found in HNF-6 and OC-2 protein. Although present in OC-3, this box does
not contain serine residues. A polyhistidine tract upstream of the cut domain, and
a serine-rich carboxy-terminal region of 19 amino acids are also present in HNF-6

and OC-2. These tracts are not present in OC-3, however OC-3 contains 5
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threonine residues in the carboxy-terminal, 2 polyproline and 3 polyglycine tracts.
Finally, OC-2 also contains a polyglycine tract upstream of the TP box, as OC-3

(Figure 13) (Jacquemin et al., 1999; Vanhorenbeeck et al., 2002).

Figure 13: Schematic
HNF-6 representation of OC
(0oc-1) 1l :! a6 factor conserved
polyHis polySer

'T‘ U sequences.
In green are represented
USRS the residues or the
0c2 1] [ | cut Il homeo | 486 regions that stimulate
1« 5% 6 6 the transcriptional
o activity of OC factors, in
‘1' polyGly red those that inhibit it,
oc3 1] 490 finally |.n orange tho.se
or for which the activity
has not been

investigated. The percentage of identity between the conserved regions (compared to OC-1) and
between the 3 OC proteins is also annotated.

HNF-6 exists as 2 isoforms, HNF-6a and HNF-6f3, generated by alternative splicing.
HNF-60 differs from HNF-6a only by the presence of an additional sequence of 26
amino acids in the linker between the cut domain and the homeodomain. These 2
isoforms recognize the same target genes, however, their affinity and their DNA-
binding kinetic differ according to the target genes. Hnf6 o seems to constitute the

predominant isoform (Lannoy et al., 1998).

1.4.2. Transcriptional activity

The OC transcription factors have been characterized as transcriptional
activators. The cut domain and the homeodomain constitute their DNA-binding
regions. Studies have tested by EMSA (Electrophoretic mobility shift assay) the
ability of deletion mutants of Hnf6 to bind to 2 different target genes, namely:

Hepatocyte nuclear factor-3 (Hnf3f) and Transthyretin (ttr). It has been
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demonstrated that HNF-6 binds to the DNA according 2 distinct mechanisms.
Indeed, only the cut domain is necessary for binding to Hnf3f gene, while both
DNA-binding domain are required for binding to ttr gene. Thus, the cut domain is
essential for the DNA binding of OC proteins. In contrast, the homeodomain is
unable to bind alone to the DNA. However, it increases the DNA-binding
specificity and selectivity of the OC factors to their target genes when its binding
is not required (Lannoy et al., 1998). Other target genes were identified based on
the consensus sequence 5’ (A/T/G)-(A/T)-(A/G)-T-C-(A/C)-A-T-N-(A/T/G) 3’ derived
from the characterization of the Hnf3f and the ttr regulatory sequences. Among 6
target sequences, 5 of them contain the TCAAT core conserved in the majority of
the recognition sequence of OC factors. The affinity of OC factors for these targets
was tested by EMSA (Table 1) (Jacquemin et al., 2001; Lannoy et al., 1998;
Samadani and Costa, 1996; Vanhorenbeeck et al., 2002).

Target genes Recognition sequences HNF-6 0C-2 0OC-3
Hnf3f GAAAAAAAAATCAATATCGGGCCT +++ ++ +++
TTR GTCTGCTAAGTCAATAATCAGAAT +++ + +
Hnf4 AGGATAGAAGTCAATGATCTGGGA + - ++
Glucokinase GGAAAGTGATCAATCGTGTCAAG +++ ++ +
Mitf AAAAATAAAATCAACATTTAA +++ ++ +
Pdx1 AGGCATGTAATCAATAAATAACAT ++ ++ +
Mutated Pdx1 AGGCATGTAACAAATAAATAACAT - - -

Table 1: OC factor recognition sequences on different target genes (adapted from (Vanhorenbeeck
et al., 2002). The recognition sequences on 6 target genes (Hnf3, TTR, Hnf4, Glucokinase, Mitf,
Pdx1 and mutated Pdx1) are represented in bold in the second column. In the third column, the +
and — represent the affinity of each OC factor for each recognition sequence.

The transcriptional role of some conserved regions of the OC proteins have

been characterized by directed mutagenesis. The transcriptional activity of OC
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factors was assessed by co-transfections of expression vector for Hnf6 mutants
(point mutations) and reporter constructs containing a luciferase reporter gene
under the control of regulatory regions bound by HNF-6. It has been shown that
the TP box, the F48M50 dyad and the LXXLL motif stimulate the transcriptional
activity of OC factors. In contrast, the polyhistidine and the polyserine tracts
inhibit this activity (Lannoy et al., 2000).

Furthermore, cofactors able to interact with OC proteins have been identified.
Indeed, when both cut domain and homeodomain are required for binding to the
DNA, the coactivator CREB-binding protein (CBP) is recruited and interacts with
the LXXLL motif of the cut domain and the F48M50 dyad of the homeodomain to
stimulate the transcriptional activity of OC factors. In contrast, when only the cut
domain is required for DNA-binding, the coactivator p300/CBP-associated factor
(p/CAF) interacts with the OC factors in an LXXLL-independent manner (Figure 14)
(Lannoy et al., 2000). CBP and p300/CAF are histone acetyltransferase proteins
that stimulate gene transcription by acetylating lysine residues on histones.
Histone actelylation causes their partial dissociation from the DNA, making DNA
regulatory sequences more accessible for transcription factors. CBP acetylates
also HNF-6 to increase its transcriptional activity (Rausa et al., 2004; Tanaka et al.,

2000).

Figure 14: Control of Hnf3f-like and ttr-
like expression according to 2 distinct
mechanisms.

For the stimulation of Hnf3fB-like gene
@ _ expression, only the cut domain is
I_> Hnf36-like gene

necessary for binding to the DNA, while the
homeodomain interact with the p/CAF
cofactor. For the stimulation of ttr-like gene
expression both domains are required for

@ [>  trkegene binding to the ttr gene and for interacting

with the CBP cofactor.
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OC factors bind the DNA as a monomer. When the cut domain and the
homeodomain are required for DNA-binding, both domains wrap and bind the
target DNA by inserting their recognition helices into the major groove of the
DNA. Instead, only the recognition helix of the cut domain contacts the major
groove of the DNA when the homeodomain is not required for binding (lyaguchi

et al., 2007; Lannoy et al., 1998).

1.4.3. Pattern of expression and roles of OC factors

The OC factors display a partially overlapping expression pattern
characterized by a spatial HNF-6>0C-2>0C-3 hierarchy. During the development,
they are dynamically expressed over time and diminished in adulthood. The OC
factors are not expressed in entire cell populations but in subsets of cells. They
are either transiently expressed, or continuously, without any apparent
correlation between the expressing populations. The overlapping pattern of
expression and the high sequence homology between the 3 OC proteins suggest
that they could exert similar and even redundant functions during the
development. Indeed, the simple mutant mice for each OC factor exhibit a milder
phenotype than the double mutants for OC (an6'/'; 0c2”, an6'/'; 0c3”, 0c2”
;Oc3'/'), which die at birth. However, among the OC mutants, the Hnf6 mutant
mice is more affected than Oc2 mutants that is in turn more affected than Oc3
mutants, which appear normal.

The OC factors are expressed in the endoderm, in endoderm derivatives and

in the nervous system (Figure 15).
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Figure 15: Expression
pattern of OC-2 in a mouse
Spinal cord, embryo.

Encephalon,
Labeling of the B-

galactosidase activity on an
0c2*“*  mouse embryo
(picture: Jacquemin P.). This

Liver labeling recapitulates the
Pancreas i
Heart randreas, expression pattern of 3 OC
factors.
Hindlimbs Forelimbs

In the liver and the pancreas, OC are present in progenitors and in
differentiated cells and play critical roles during their development or
specification by controlling the expression of genes, such as: Pdx1, Ngn3, Hnf3f,
PFK2, PEPCK, glucokinase, Hnflp, or by controlling the TGFf/activin signaling
(Clotman et al., 2005; Clotman et al., 2002; Gannon et al., 2000; Jacquemin et al.,
2000; Jacquemin et al.,, 1999; Jacquemin et al.,, 2003a; Landry et al.,, 1997;
Margagliotti et al., 2007; Pierreux et al., 2006; Pierreux et al., 2004;
Vanhorenbeeck et al., 2002; Vanhorenbeeck et al., 2007; Zhang et al., 2009). In
the liver, HNF-6 and OC-2 control the hepatoblast migration. The liver is initially
formed by a hepatic bud derived from the ventral foregut endoderm. The
hepatoblasts then proliferate and migrate towards the septum transversum
mesenchyme where they differentiate into hepatocytes or biliary cells.
Margagliotti et al., 2007 have shown that HNF-6 and OC-2, expressed at the onset
of the liver development, are not required for hepatoblast proliferation but
control redundantly their migration towards the mesenchyme by stimulating the
degradation of the basal lamina surrounding the liver bud. The characterization of
the an6'/';062'/' double mutant phenotype highlighted that the OC factors control

the expression of E-cadherin, Thrombospondin and Osteopontin involved in the
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control of hepatopblast adhesion and migration (Margagliotti et al., 2007). Oc2
and Oc3 are also expressed in the stomach and the intestine (Jacquemin et al.,
1999; Maier et al., 2006; Vanhorenbeeck et al., 2002). Finally, Oc2 is also present
in the melanocytes (Jacquemin et al.,, 2001; Jacquemin et al., 1999). The
expression of Hnf6 and Oc2 is regulated by some micro-RNA (miR). In the liver and
the pancreas, miR-495 and miR-218 repress Hnf6 and Oc2 expression, respectively
(Simion et al.,, 2010). In liver, HNF-6 and miR-122 mutually stimulate their

expression in a positive feedback loop (Laudadio et al., 2012).

In the CNS, the OC factors are expressed by differentiating neuronal
populations. Their role during the differentiation and migration of hepatic and
pancreatic cells led to investigate their role during the CNS development. Several
recent studies demonstrated that OC factors are also key determinants during

these processes in specific neuronal populations.

OC factors control the production of a specific part of meso-diencephalic
dopaminergic (mdDA) neurons, in which they are expressed at early stages of
their development. The mdDA neurons are critical for essential brain function,
namely associative motor learning, emotion and reinforcement, as well as motor
control (Chakrabarty et al., 2012). OC factors are also required for the production
of the rhombencephalic part of the mesencephalic trigeminal nucleus (MTN), in
which they are continuously expressed during their development. The MTN is a
sensory nucleus in the encephalon implicated in the integration of the reflex
control of oral and facial movements. In the absence of OC factors, the MTN is
completely lost in the hindbrain, while the mesencephalic part of the MTN is
preserved (Espana and Clotman, 2012a). Finally, OC factors are required for the

production of horizontal cells in the retina. Different cell types arise from the
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retinal precursor cells, including horizontal cells. During the development, Hnf6
and Oc2 are expressed in both retinal precursor cells and horizontal cells. The
absence of OC factors results in a complete loss of horizontal cells (Sapkota et al.,
2014; Wu et al., 2012). Taken together, this data showed that the OC factors are
necessary for the production of 3 specific neuronal populations in the

encephalon.

In the spinal cord, studies led by Roy et al., 2012 have demonstrated that OC
factors are required for proper diversification of MNs, in which they are
differentially and dynamically expressed in different subsets during their
development (Francius and Clotman, 2010). Indeed, the OC proteins directly
control the Is/1 expression by binding to their recognition site within the CREST2
enhancer, part of the Is/1 regulatory sequences (Kim et al., 2015; Uemura et al.,
2005). Hence, they control at thoracic level of the spinal cord, the differentiation
ratio between the somatic and visceral MNs. In the absence of OC factors, the
visceral MNs are produced in excess at the expense of somatic MNs (Figure 16).
At limb levels, the OC factors control the LMCm/LMCI ratio. Indeed, although the
total number of the LMC neurons is not affected in the absence of OC factors, the
LMCm neurons are depleted and converted into LMCI neurons. This identity
switch is accompanied by a redirection of the corresponding axons towards the
dorsal mesenchyme of the limbs (Figure 16). Indeed, the loss of Is/1 expression
results in a loss of Ephb1 expression that is essential to guide the LMCm axons

towards the ventral limb mesenchyme (Roy et al., 2012).
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Figure 16: The OC factors control the diversification of MNs (figure from Roy et al., 2012). (I-T) At
thoracic level, OC factors control the differentiation balance between the somatic (HMC and MMC)
and visceral (PGC) MNs. In the absence of OC factors, the visceral MNs are produced in excess at the
expense of somatic MNs. (A-L) At limb levels, OC factors promote the diversification of the LMCm
neurons and control the LMCm/LMCI ratio. In the absence of OC factors, the LMCm neurons are

depleted and converted into LMCI neurons, while the total number of the LMC neurons is not

affected. (X-Y) This molecular identity switch is accompanied by a redirection of the LMC axons
towards the dorsal mesenchyme of the limbs.

Besides MNs, the OC factors are also differentially and dynamically expressed
in postmitotic dorsal INs. They are expressed in subsets of each dorsal population,
except the dI1 INs. During their development, the OC factors regulate the
diversification of the dI5 subpopulation containing Phox2a. In OC-deficient mutant
mouse embryos, the number of Phox2a+ dI5 INs significantly decrease at thoracic
level of the spinal cord (Kabayiza et al., 2017).

The OC factors also appears to be necessary not for the production, but for
the maintenance of neuronal populations. In the encephalon, OC factors control

the proper migration and the maintenance of the noradrenergic phenotype of the
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Locus Coeruleus (LC), or A6 nucleus, although being only transiently expressed at
the onset of its development. Located in the dorsal part of the pons in close
vicinity of the MTN, the LC is the main noradrenergic nucleus of the CNS and is
involved in the regulation of sleep-awakeness cycle, arousal, attention, anxiety
and adaptative behaviors. In the absence of OC proteins, the LC neurons are
produced in normal numbers, however this nucleus is not maintained later in the
development (Figure 17). The OC factors being only transiently expressed in these
neurons, this suggests that OC regulate in a non-cell autonomous manner the
maintenance of the LC during the development, possibly via the rhombencephalic
portion of the MTN, which is located in close vicinity of the LC in control

individuals and is absent in Oc mutants (Espana and Clotman, 2012a).

|
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Figure 17: The OC factors control the maintenance of the noradrenergic phenotype of the Locus
Coeruleus (figure from Espana and Clotman, 2012a). (A-D) The LC neurons, characterized by
Phox2a expression, migrate radially to the pial surface after their production. Then, they migrate
ventrally and caudally to form a compact population adjacent to the fourth ventricle (V). (E-H) In
the absence of OC factors, although well produced, the LC neurons are mislocated to progressively
loose their molecular identity over time.

In addition, in the spinal cord, the OC proteins are necessary for
maintaining the differentiation program of RCs, in which they are continuously
present during development. Indeed, the development of RCs, characterized by

successive expression of MafB and Calbindin, is well initiated in the an6'/';0c2'/'
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compound mutant mouse embryos but the RCs are rapidly depleted over time.
This depletion is accompanied by the lack of RC axons normally present in the VLF
(Figure 18) (Stam et al., 2012). Taken together, these studies show that the OC
factors control the maintenance of these neuronal populations in 2 distinct ways:

cell-autonomous or non-cell autonomous manner.
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Figure 18: The OC factors maintain the differentiation program of Renshaw cells (figure from Stam
et al., 2012). (A-F, Q) At e10.5, the RC differentiation program, comprising Calbindin (Cb), MafB and
0C2, is well initiated in the absence of OC factors, although a small reduction of the cell number is
observed. (G-I, Q) At e12.5, the RC are almost completely lost with some ectopic cells within the MN
area in the an6'/';0c2'/' compound mutant embryos. The depletion is accompanied by the lack of
the RC axons in the VLF. (K-Q) At e16.5, the loss of RCs is confirmed in OC mutant embryos.

The OC factors also control connectivity of some neuronal populations.
Indeed, OC-2, regulated by BMP4 signaling, controls the central projection of the
trigeminal ganglion neurons towards the brainstem. These central projections are

necessary for transmitting the spatial information of the face into spatial maps
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within the brain (Hodge et al., 2007). Similarly, HNF-6 controls the formation of
the neuromuscular junctions (NMJ). The NMJ are specialized synapses whereby
MNs of the spinal cord control the contraction of skeletal muscles. Audouard et
al., 2012 have showed that the Hnf6 mutant mice exhibit hindlimb locomotor
defects that result from muscle weakness and wrong position of the hindlimbs. It
appeared that HNF-6 regulates the formation and the maturation of the NMJs by
controlling the expression of Agrin, Neuregulin-2 and TSRIl in MNs, all involved in
NMJ formation. In addition, HNF-6 regulates the distribution of synaptophysin,
the MN presynaptic vesicular marker (Figure 19). Hence, HNF-6 regulates a
genetic program involved in NMJ formation (Audouard et al., 2012). Taken
together, these studies demonstrate that the OC factors are required for proper

neuronal connectivity of specific neuronal populations.

Figure 19: HNF-6 controls the
formation and the maturation of
neuromuscular junctions (figure
from Audouard et al., 2012). (A-
A”) In control embryos, NMJ
display a pretzel-like shape. They
1y : - . are  characterized by the
superposition of a-Bungarotoxin
(BTX), a marker of the motor
endplate, synaptophysin (SYN)
and  neurofilament  (PanNF),
markers of the MN terminals and
axons, respectively. (B-D”) In the
absence of OC factors, the
majority of the NMlJs fails to
organize in a pretzel-like shape.
In addition, synaptophysin is
either fragmented and not superposed to BTX, or absent. However, the NMJs are well innervated, as
evidenced by the neurofilament labeling.

[ Control | Hnf6-/- |
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Finally, as it is the case for the hepatoblasts in the developping liver
(Margagliotti et al., 2007), OC factors control the distribution and the migration of
several neuronal populations. In the cerebellum, Hnf6 is transiently expressed in

the Purkinje cells after birth. These cells contribute to the cerebellum function,
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namely the fine control of a balanced and coordinated locomotion. HNF-6 is
required for proper reorganization of Purkinje cells from a multilayered
organization into a mature monolayer. The absence of Hnf6 results in abnormal
reorganization with superpositions or absence of Purkinje cells at the interface
between the molecular and the granular layer (Figure 20). This phenotype is likely
responsible for the balance and coordination defects observed in the Hnf6 mutant

mice (Audouard et al., 2013).

_l Fié | Figure 20: The OC factors are

required for the proper organization
of Purkinjes cells into a monolayer
(figure from Audouard et al., 2013).
(A, C-F) In control mice, the Purkinje
cells are organized in a regular and
aligned monolayer. (B) In the
absence of OC factors, the
cerebellum is smaller than in control
mice. (G-J) The Purkinje cells are
properly organized in monolayer at
some locations, however, they are
either superposed, not aligned, or
absent at some other locations.

Il Control
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The OC factors control migration of the A13 neurons during the second phase
of their development. Located in the ventral thalamus, the A13 nucleus is the
largest diencephalic dopaminergic population. These neurons exert an
autonomous role by integrating sensory input to autonomic, neuroendocrine and
motor outputs. The development of the A13 nucleus occurs in 2 phases: first, the
A13 precursors differentiate into dopaminergic neurons during their radial

migration towards the pial surface, then the A13 neurons migrate and gather in
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the vicinity of the third ventricle. The OC factors are dynamically and differentially
expressed during the development of the A13 nucleus. Studies in the an6'/';0c2'
” double mutant showed that A13 neurons are more scattered in the absence of
OC factors and that they are located farther from the third ventricle. This suggest
that OC factors control the A13 neuron adherence to keep them organized as a

nucleus (Figure 21) (Espana and Clotman, 2012b).

Figure 21: The OC factors control
the distribution of A13 neurons
(figure from Espana and Clotman,
2012b). In control (A) and an6'/'
(C) embryos, the A13 neurons,
characterized by the expression of
TH and Is/l1, form a compact
nucleus in the vicinity of the third
ventricle (left to the dotted lines).
3 (B) In the an6'/';0c2'/' double

i i m |}y * b ' LW mutant embryos, the A13 neurons
are more scattered and fail to reach the vicinity of the third ventricle.

In the spinal cord, Kabayiza et al., 2017 have shown that the OC factors
control the distribution of the dI3 and dI5 INs. Indeed, in the absence of OC
factors, these populations are produced in comparable number of cells to the
control embryos, however, their distribution is altered within the spinal

parenchyma (Figure 22) (Kabayiza et al., 2017).
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Figure 22: The OC factors control the distribution of dI3 (figure from Kabayiza et al., 2017). (H-J, N-
0) In control embryos at e12.5, the dI3 INs migrate in dorso-lateral to ventro-medial direction with
the density peak in the center of the population. (K-M, P-Q) In the absence of OC factors, the dI3 INs
migrate in a dorso-medial to ventro-medial direction with the density peak moved close to the
migration front of the population.

Hence, all these studies demonstrated that the OC factors are key
determinants during the development of multiple neuronal populations (table 2),
as they do during the development of the liver and the pancreas. By controlling
the production, diversification, maintenance, connectivity and settling position of
specific neuronal populations, the OC factors likely contribute to their proper
integration in neuronal circuits, essential to their proper functioning. Although
their mechanisms of action are poorly understood, they seem different from
those highlighted in the developing liver and pancreas. Indeed, some OC targets,
namely Neurogenin-3, Pdx1, Hnflp, Ptfla and Hnf-4, which are also present in the
CNS, do not seem to be downstream of OC factors during neural development.
Furthermore, the regulation of OC factors has been poorly investigated in the

CNS. Nevertheless, studies in chicken embryos have demonstrated that miR-9,
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strongly expressed in the LMCI, represses Hnf6 expression in this motor column
resulting in a weak Hnf6 expression, while it is strongly expressed in LMCm
neurons where miR-9 is not present (Luxenhofer et al., 2014; Radhakrishnan and

Alwin Prem Anand, 2016).

. Neuronal .
Function (o] . Target Mechanism Reference
population
Al mdDA ) ) (Chakrabarty
neurons et al, 2012)
Production (Espana and
All MTN ? ? Clotman,
2012a)
All MNs Isl1 Direct binding (Roy etal.,
S 2012)
Diversification (Kabayiza et
? ?
All Phox2a+ dI5 ; ? al,, 2017)
(Stam et al.,
? ?
All RC ? ? 2012)
Maintenance Non-cell (Espana and
All LC neurons ? autonomous? Clotman,
! 2012a)
(Hodge et al.,
_ ? ?
0C-2 TG neurons ? ? 2007)
Neuronal .
connectivity Agrin, TGFbRII Direct, (Audouard et
HNF-6 NMJ I\%eut:e ulin-2 indirect al., 2012)
& binding ? v
Purkinje (Audouard et
- ? ?
HNF-6 cells ’ ’ al., 2013)
Migration Al Al13 ? ? (Chakrabarty
neurons et al, 2012)
Al diI3, Pox2a+ ) ) (Kabayiza et
dis al., 2017)

Table 2: Overview of the different roles of OC factors during the central nervous system
development.

The OC factors being also expressed in subsets of each ventral IN population,
suggest that they might contribute to diversification and/or migration of these
neurons in order to ensure their proper integration in CPG in the ventral region of

the spinal cord.
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2. Objectives and strategies

In the ventral spinal cord, the OC factors are expressed in subsets of each V2
population (Francius and Clotman, 2010). This suggests that OC could contribute
to the control of the V2 population diversification and/or migration as in MNs and
in dorsal IN populations.

The 2 main questions of my thesis were: what are the OC factors roles during
the V2 IN development? By which mechanism do they control the V2 IN
development? Therefore, the aims were first to identify subpopulations within
each ventral IN population. Second, to identify V2 subpopulations in which the OC
factors are present. Third, to characterize the OC factor roles during the
diversification and the migration of each population and subpopulation of V2 INs
wherein OC factors are present. Fourth, to elucidate the molecular and cellular
mechanisms involved in the regulation of the V2 IN diversification and migration.
Finally, to characterize the roles of selected candidates downstream of OC factors

during the V2 population development.

To do this, we first identified subpopulations in each ventral IN population by
characterizing the expression of transcription factors previously described in the
ventral region of the embryonic spinal cord in combination with the specific
markers of each IN population. Based on that, we established the expression
profile of OC factors in each identified subpopulation. To study the roles of OC
factors in the V2 population diversification and migration, we used transgenic
mice deficient for Hnf6 and Oc2 (Clotman et al., 2005; Jacquemin et al., 2000). In
this model, Oc3 expression is also lost in the spinal cord (Roy et al., 2012),
enabling us to characterize the loss of OC factors without any compensation from

Oc3. The Oc mutants allowed us to study different aspects of the V2 IN
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development and therefore to establish the roles of OC factors in this population.
On the one hand, to study the diversification of V2 populations into
subpopulations, we compared the number of cells composing each population
and subpopulation in control or an6'/'; 0c2”" mutant embryos. On the other
hand, we adapted a quantitative evaluation method of MNs distribution into the
spinal cord to compare the distribution of V2a and V2b populations and
subpopulations in the presence or absence of OC factors (Palmesino et al., 2010).

To elucidate the molecular and cellular mechanisms involved in the control of V2
differentiation and migration by the OC factors, we compared the transcriptome
of control or Oc mutant neural tubes. Detailed analysis of microarray results
allowed identifying candidate genes downstream of OC factors, including Pou2f2
and Nkx6.2, which are differentially expressed in the mutants. Based on that, we
studied the expression profile and the distribution of these 2 candidate genes in
the ventral region of the spinal cord in control or in OC-deficient mutant embryos.
Finally, we determined the possible implication of Pou2f2 and Nkx6.2 in these
processes by using loss- or gain-of-function experiments. On the one hand, we
studied the consequences of the loss of Pou2f2 or Nkx6.2 on V2 diversification
and distribution by using Pou2f2 or Nkx6.2 mutant mouse embryos (Corcoran et
al., 1993; Southwood et al., 2004). On the other hand, complementary to the loss-
of-function experiments, we characterized the overexpression of Pou2f2 by in ovo
electroporation of an expression vector for Pou2f2 in embryonic chick spinal cord.

The role of Pou2f2 after overexpression was assessed as for the mouse model.
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3. Results

3.1. Identification of subsets of ventral interneurons and
distribution along the rostrocaudal axis of the developing
spinal cord

3.1.1. Foreword

The ventral neuronal populations are organized in circuits that finely
regulate different motor tasks all along the antero-posterior axis of the spinal
cord. This suggests that these populations diversify and are regionally organized
as it has been extensively studied for the MNs. However, although hundreds of
distinct cell types have been identified in the adult spinal cord, the diversification
of ventral IN populations in embryonic spinal cord has been yet poorly
investigated.

In this study, we identified several subpopulations in each ventral IN
population based on the expression of different transcription factors previously
identified in the ventral region of the developing spinal cord. In addition, we
characterized the distribution of each ventral population and subpopulation along
the antero-posterior axis in order to assess whether they are regionally organized
as MNs are.

We provide evidence that the ventral IN populations are regionally
distributed along the antero-posterior axis of the spinal cord and that they further
subdivide into several subpopulations.

This work was published in PLOS ONE the 15" of August 2013. | personally
contribute to the characterization of the VO and V3 IN diversification (Figures 24

and 28)
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Abstract

The spinal cord contains neuronal circuits termed Central Pattern Generators
(CPGs) that coordinate rhythmic motor activities. CPG circuits consist of motor
neurons and multiple interneuron cell types, many of which are derived from four
distinct cardinal classes of ventral interneurons, called VO, V1, V2 and V3. While
significant progress has been made on elucidating the molecular and genetic
mechanisms that control ventral interneuron differentiation, little is known about
their distribution along the antero-posterior axis of the spinal cord and their
diversification. Here, we report that VO, V1 and V2 interneurons exhibit distinct
organizational patterns at brachial, thoracic and lumbar levels of the developing
spinal cord. In addition, we demonstrate that each cardinal class of ventral
interneurons can be subdivided into several subsets according to the
combinatorial expression of different sets of transcription factors, and that these
subsets are differentially distributed along the rostrocaudal axis of the spinal cord.
This comprehensive molecular profiling of ventral interneurons provides an
important resource for investigating neuronal diversification in the developing
spinal cord and for understanding the contribution of specific interneuron subsets

on CPG circuits and motor control.
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3.1.2. Introduction

Over the past two decades, an outline of molecular mechanisms that
generate neuronal diversity in the developing spinal cord, coupled with a greater
understanding of how these neurons are assembled into functional circuits, has
begun to emerge. Repetitive motor activities, including swimming or walking, are
controlled by complex central pattern generator (CPG) networks (Berkowitz,
2001; Cazalets, 2000; Cazalets et al., 1995; Kjaerulff and Kiehn, 1996). Spinal CPG
networks generate and coordinate the rhythmic and stereotyped patterns of
motor activity independently of sensory or motor inputs (Armstrong, 1986;
Grillner, 2003; Kiehn, 2006). These CPGs are broadly composed of motor neurons
(MNs), the effectors of motor actions that are organized into functional motor
pools, and several types of interneurons (INs) that serve to coordinate MN activity
within and between CPG modules (Cazalets, 2000; Garcia-Campmany et al., 2010;
Jankowska, 2001a, 2008; Jordan et al., 2008; Kiehn, 2006; Kyriakatos et al., 2011).
However, the topographic distribution of these different IN types along the
rostrocaudal axis of the spinal cord remains poorly characterized, and the
diversification of IN subsets that constitute the CPG has been only partially
studied.

Among the neuronal populations that make up the spinal CPG circuitry, MNs are
the component most well characterized (for review (Dalla Torre di Sanguinetto et
al., 2008)). MN diversification along the rostrocaudal axis is regulated by extrinsic
signals that include retinoic acid (RA), fibroblast growth factors (FGFs), Wnt
proteins and GDF11 (Liu, 2006; Liu et al., 2001; Nordstrom et al., 2006). Combined
activity of Hox transcription factors shapes the spinal cord along the rostrocaudal
axis into a brachial, thoracic and lumbar regions (Carpenter, 2002; Chanut, 2006;
Diez del Corral and Storey, 2004; Krumlauf et al., 1993). In each of these regions,

MN diversify into distinct subclasses which form several columns according to a
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Hox code (Dasen et al., 2008; Dasen et al., 2003; Liu et al., 2001; Rousso et al.,
2008). At brachial levels, combined activities of Hoxc6 and Hoxc8 specify MNs into
lateral motor column (LMC) (Dasen and Jessell, 2009b; Dasen et al., 2003; Dasen
et al., 2005) and medial motor column (MMC) neurons (Agalliu et al., 2009; Jung
et al., 2010). By contrast, upon Hoxc9 activity at thoracic level, MN diversify into
three columns called MMC, hypaxial motor column (HMC) and visceral
preganglionic column (PGC) (Agalliu et al., 2009; Dasen et al., 2008; Dasen and
Jessell, 2009b; Dasen et al., 2003; Jung et al., 2010). Similar to brachial level,
Hoxd10 and Hoxc10 contribute to the specification of lumbar MNs into LMC and
MMC neurons (Dasen and Jessell, 2009b; Dasen et al., 2003; Dasen et al., 2005).
Interestingly, Hox cofactors such as Meis, Pbx or Foxp1 refine and constrain Hox
activity within distinct MN subclasses. Foxpl, whose expression is selectively
induced by Hox6/10 and Hoxc9 in LMC and PGC neurons, respectively, acts jointly
with Hox transcription factors to specify LMC or PGC fate (Dasen et al., 2008; Jung
et al, 2010; Rousso et al., 2008). In addition, Foxpl and Hox proteins
synergistically control motor axon projections and axon targeting of LMC and of
PGC neurons (Dasen et al., 2008; Rousso et al., 2008). Finally, Hox genes regulate
the organization into specific motor pools (Dalla Torre di Sanguinetto et al., 2008;
Dasen and Jessell, 2009b; Dasen et al., 2005).

Multiple distinct IN cell types are present in the adult spinal cord (Jankowska,
2001b, 2008; Johnson and Sears, 1988; McDonagh et al., 1998, 1999) (for review
(Goulding, 2009; Grillner and Jessell, 2009)). Many of which are thought to arise
from the VO, V1, V2 and V3 cardinal classes, although dorsal embryonic INs are
also likely to contribute to the motor circuits (for review (Arber, 2012; Garcia-
Campmany et al.,, 2010; Lupo et al., 2006)). These ventral IN populations have
been primarily characterized at brachial or at lumbar levels of the developing

spinal cord (Litingtung and Chiang, 2000; Parras et al., 2002), and it is now
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apparent that these populations diversify into several subpopulations. Indeed, VO
INs subdivide into a dorsal (VOp), a ventral (VOy), a cholinergic (VOc) and a
glutamatergic (VOg) complement (Zagoraiou et al.,, 2009). VO, are inhibitory
commissural INs that control left/right alternation (Lanuza et al., 2004). V1 INs
sequentially differentiate into several inhibitory cell types including Renshaw cells
(RCs), la INs and other unidentified subpopulations (Alvarez et al., 2005; Benito-
Gonzalez and Alvarez, 2012; Gosgnach et al., 2006; Siembab et al., 2010; Stam et
al., 2012). In contrast, V2 INs divide equally into V2a excitatory and V2b inhibitory
INs (Karunaratne et al., 2002; Kimura et al., 2008; Lee et al., 2008; Lundfald et al.,
2007; Peng et al., 2007), and in a small subpopulation of V2c INs (Panayi et al.,
2010). While V2a INs regulate burst robustness and left/right coordination during
walking, the physiological functions of V2b and V2c cells remain to be identified.
Finally, a majority of V3 neurons are excitatory INs that segregate into a ventral
(V3y) and a dorsal (V3p) subpopulation, which additionally differ in their
electrophysiological properties (Grossmann et al., 2010a; Zhang et al., 2008). V3
neurons constitute a population of commissural INs that ensure a regular and
balanced motor rhythm during walking by distributing excitatory drive towards
both halves of the spinal cord (Zhang et al., 2008).

Despite an increased understanding of the developmental programs that specify
these cardinal ventral IN classes, very little is known about their topographic
distribution and organization along the rostrocaudal axis of the spinal cord. The
diversification of these cardinal classes of ventral INs into distinct subsets and the
relationship between these subsets and adult IN populations also deserves further
investigation. A major factor preventing progress is the incomplete
characterization of molecular or genetic markers that define VOp, non-RCs V1 or
V3,/V3p subpopulations. While recent studies have described the expression of

several transcriptional regulators in the developing spinal cord, including BhlhB5
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(Skaggs et al.,, 2011) or Prdm8 (Komai et al.,, 2009), the Cut homeobox
transcription factors of Onecut family such as HNF-6, OC-2 and OC-3 (Francius and
Clotman, 2010) and the bZIP transcription factors MafA, MafB (Stam et al., 2012)
and cMaf, the relationship of these molecular markers to ventral IN subdivisions
and known cell types has not been analyzed comprehensively.

Here, we characterized the topographic distribution of ventral INs along the
rostrocaudal axis of the spinal cord using immunofluorescence labeling in
combination with 3D imaging on whole mounted spinal cords. Our findings
revealed pronounced differences in the distribution of ventral INs at brachial,
thoracic and lumbar levels. We found that a majority of VOp neurons contain
BhlhB5 whereas Olig3 appears to define a majority of V3, neurons. We also
observed that each cardinal class of ventral INs can be subdivided into several
subsets according to combinatorial expression of multiple transcription factors.
Taken together, these findings provide evidence that the cardinal classes of
ventral INs are differentially distributed along the rostrocaudal axis of the spinal
cord and subdivide into different subsets characterized by distinct combinations

of molecular markers.
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Figure 23: Ventral spinal interneurons are differentially distributed along the rostrocaudal axis of
the spinal cord. Whole mount immunofluorescence labeling of Foxpl or ventral interneuron
markers on whole mount spinal cord of mouse embryo at e12.5. (A-A") Foxpl (white) shown as
reference to delineate the brachial, thoracic and lumbar regions of the developing spinal cord. (B-B")
Differential distribution of ventral spinal interneurons including VO (yellow), V1 (blue), V2a (green),
V2b (red) and V3 (cyan) at brachial (B), thoracic (B') or lumbar (B") levels of the spinal cord. (C-C") VO
interneurons including VOy (red or yellow) and VO, (green) display distinct distribution pattern at
brachial (C), thoracic (C') or lumbar (C") levels in Dbx1"#* embryos. (D-D") V1 interneurons
including Renshaw cells (red or magenta) and V1 non-Renshaw cells that contain Foxp2 (green) or >
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3.1.3. Results

Ventral spinal INs are differentially distributed along the rostrocaudal

axis of the spinal cord.

Different classes of cardinal INs have been described in the developing ventral
spinal cord (Jovanovic and Burke, 2004; Litingtung and Chiang, 2000; Morikawa et
al., 2009b; Parras et al., 2002; Schotland and Tresch, 1997). However, most of
these populations have been characterized at a single rostrocaudal level, and the
respective distribution of these embryonic neuronal populations along the
rostrocaudal axis of the spinal cord has not been extensively described. To
address this question, we first examined the topographic distribution of the
ventral INs at el12.5 by immunofluorescence on whole mount spinal cord
combined with 3D imaging. At this developmental stage, the ventral spinal INs
have been generated and a majority of them have reached their final position.
Furthermore, the ventral spinal cord is still devoid of glial cells (Agius et al., 2004;
Hochstim et al., 2008; Muroyama et al.,, 2005) and ventral INs have not yet
undergone developmental cell death (Prasad et al., 2008), which, at a later stage,
would complicate the analyses. Multiple labeling of each cardinal interneuron
population revealed that these cells are not identically distributed along the
rostrocaudal axis of the spinal cord (Figure 23B-B"). Indeed, at thoracic levels, a

ventral to dorsal (Figure 23A) series of columns corresponding to V3, sparse V1,

Foxd3 (blue) are differentially distributed at brachial (D), thoracic (D') or lumbar (D") along the
rostrocaudal axis. (E-E") V2 interneurons including V2a (blue), V2b (red) and V2c (green) exhibit
distinct distribution pattern at brachial (E), thoracic (E') or lumbar (E") levels. (F-F") By contrast,
V3 interneurons (white) display relative homogenous distribution, along the rostrocaudal axis of
the spinal cord. The white brackets indicate distinct columnar organization within VO, V1 and V2
neurons while white arrowheads show few cells distributed outside V3 neuron column. The
white arrow indicates the ventral (v) to dorsal (d) axis. Scale bar = 100um.
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intermingled V2a, V2b and V3 and finally VOy INs were observed (Figure 23B'). At
variance, the organization, the size and the relative position of these columns
seemed different at brachial compared to lumbar levels (Figure 23B-B"). To gain
further insights into these possible differential distributions, each cardinal class of
ventral INs was analyzed separately.

The VO INs were visualized in Dbx1“*“* mouse embryos, in which b-galactosidase
is detected in VO progenitors and in a majority of differentiating VO cells (Pierani
et al., 2001), but not in V1 or in dorsal d16 INs (Fig.S5A-F"). Evx1 was detected as a
specific marker of VOv INs (Moran-Rivard et al., 2001; Pierani et al., 2001). At
brachial levels, the VO neurons were organized into 3 columns (brackets in Figure
23C, Fig.S1A, and Movie 1A). The dorsal column corresponded to the VO
progenitors and newly-born VOy (Evx1®) or VOp neurons. The intermediate column
contained a large group of VOp intermingled with some VOy cells. The ventral
column was composed of a large group of VOy intermingled with fewer VOp INs. By
contrast, at thoracic levels, the intermediate column included a large portion of
VO0y and fewer VOp, while the ventral column was composed almost exclusively of
VO cells (brackets in Figure 23C', Fig.S1B, Movie 1B). At lumbar levels, we
observed two major columns distributed between a dorsal complement of tightly
packed VO progenitors and newly-born VO, or VOy cells, and a ventral complement
with intermingled VOp and VOy neurons (brackets in Figure 23C", Fig.51C, Movie
1C). Note that a small fraction of VO INs displayed low levels of b-galactosidase at
brachial levels, probably due to b-galactosidase degradation in the earliest-born
cells. Furthermore, the distribution of VO INs (and of the other cardinal
populations, see below) at brachial or lumbar levels varied according to the
differential distribution of the MNs in these regions, as previously reported

(Alvarez et al., 2005). Thus, VO INs exhibited a differential distribution of the VOp

68



Results

and VOy subpopulations, including changes in their relative dorso-ventral position,
along the rostrocaudal axis of the spinal cord.

V1 INs divide into RCs (Foxd3*/Calbindin®) and V1 non-RC INs (Foxp2*/Foxd3" or
Foxd3®) that include inhibitory la INs and other uncharacterized populations
(Gosgnach et al., 2006; Morikawa et al., 2009a; Siembab et al., 2010; Stam et al.,
2012). At brachial levels, V1 neurons were distributed in a ventral column that
contained only RCs and a large dorsal column composed of numerous Foxp2* V1
neurons and rare Foxd3" V1 cells (brackets in Figure 23D, Fig.S2A, and Movie 2A).
At thoracic levels, the V1 gathered in a less-extended dorso-ventral portion of the
spinal cord (brackets in Figure 23D') with a progressive reduction in RCs from
rostral to caudal, and Foxp2*/Foxd3" cells grouped in a central column (brackets in
Figure 23D', Fig.S2B, Movie 2B). At lumbar levels, V1 INs were slightly more
numerous than at thoracic levels. However, fewer RCs were observed and were
spread more dorsally while Foxd3 levels decreased along the cranial to caudal axis
(Figure 23D", Fig.S2C, Movie 2C). Thus, the amount and the divisions of V1
neurons varied between limb and thoracic levels.

V2 INs segregate into V2a (Chx10"), V2b (Gata3") and V2c (Sox1") subpopulations
(Panayi et al., 2010; Peng et al., 2007; Zhou et al., 2000). At brachial levels, V2b
neurons were widely distributed from very ventral to medial regions, whereas V2a
intermingled with V2b neurons in a central column and V2c gathered close to the
ventral most V2b cells (brackets in Figure 23E, Fig.S3A, and Movie 3A). At thoracic
levels, V2b INs were more dorsally restricted, being almost absent from ventral
regions, whereas V2a gathered in a narrower central column directly ventral to
the V2b cells (brackets in Figure 23E', Fig.S3B, Movie 3B). At lumbar levels, V2a INs
were more numerous and expanded along the dorso-ventral axis. V2b cells were
less numerous in the rostral portion but more numerous and more extended

along the dorso-ventral axis in the caudal portion of the lumbar region. V2c were
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less numerous with respect to V2a and V2b (brackets in Figure 23E", Fig.S3C,
Movie 3C). Thus, the V2 INs presented a differential distribution along the
rostrocaudal axis of the spinal cord.

Finally, V3 INs labeled for their specific marker Nkx2.2 were organized in a single
ventral column homogenous along the rostrocaudal axis of the spinal cord,
although a few of them were distributed dorsally more frequently within the
brachial and thoracic levels, but less frequently in the lumbar region (arrowheads
in Figure 23F-F", arrowheads in Fig.S4A-C, Movie 4A-C).

Together, these observations provided evidence that the cardinal classes of
ventral INs are differentially distributed along the rostrocaudal axis of the spinal

cord except for V3, which exhibited a more homogenous distribution pattern.

Ventral spinal INs can be subdivided into subsets with distinct molecular
identity

The four cardinal classes of ventral INs give rise to dozens of distinct neuronal
populations in the adult, suggesting that they subdivide into numerous subsets.
Differential location of these subsets may contribute to the differential
distribution reported above. In an effort to address this question and to identify
molecular markers of subsets of embryonic ventral INs, we analyzed the
distribution of a set of transcription factors that have been described in the
ventral part of the developing spinal cord relative to established markers of
ventral IN populations. The transcription factor set included BhlhB5 (also known
as Bhlhe22)(Brunelli et al., 2003; Liu et al., 2007; Skaggs et al., 2011), Prdm8
(Komai et al., 2009; Ross et al., 2012), HNF-6, OC-2, OC-3 (Francius and Clotman,
2010), Nurrl (Li et al., 2011), Pax2 (Burrill et al., 1997), Pax6, MafA, MafB or cMaf
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(Hu et al., 2012), Pitx2 (Zagoraiou et al., 2009), Olig3 (Takebayashi et al., 2002),

Pou3F1 and Pou4F1 (Fedtsova and Turner, 1995).

Homogenous subsets of VO INs along the rostrocaudal axis of the spinal
cord

Previous studies established that VO INs diversify into distinct subpopulations
including VOp, VOy (Evx1®), VO¢ (Evx1*/Pitx2"/ACh") and VOg (Evx1'/Pitx2") neurons
(Lanuza et al., 2004; Pierani et al., 2001; Zagoraiou et al., 2009). Using Dbx15%/*
embryos, we determined whether additional candidate markers were present in
VO INs. Surprisingly, we found that BhlhB5, a transcriptional repressor expressed
in dorsal dI6 INs, V1 and V2a INs (Brunelli et al., 2003; Liu et al., 2007; Skaggs et
al.,, 2011) was additionally detected in 77% to 89% of Evx1 VO INs, namely VOp
(Figure 24A-C"; Fig.S5A-D"; Figure 29A-C). In contrast, BhlhB5 was not present in
Evx1" VOy INs (Figure 24A-C"), as described previously (Skaggs et al., 2011). Hence,
BhlhB5 is a marker for a majority of VOp neurons. This observation also highlights
further diversification of VOp INs into BhlhB5* or BhIhB5™ cells.

At brachial levels, the BhIhB5" VO, INs accounted for 50% of the VO INs (Figure
29A) and were located close to the central canal. About half of these cells
contained the PR Domain Zinc Finger Protein Prdm8, a cofactor of BhlhB5 (Figure
24D-D", Figure 29B) or Pax2 (Figure 24G-G", Figure 29C). Smaller subsets were
labeled for Onecut factors (arrowheads in Figure 24J-J", M-M"; Figure 29D), Pax6
or the orphan nuclear receptor Nurrl (Nr4a2), a protein previously detected in
glutamatergic cortical neurons and dopaminergic neurons (arrowheads in Figure
24P-P"; Figure 29A, E; data not shown) (Andjelic et al., 2009; Arimatsu et al.,
2003). VOy accounted for 40% of the VO INs (Figure 29A). They migrated ventro-

medially to become located lateral to BhlhB5" VOp INs (Figure 24A-A"). They
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divided into major subsets labeled for OC-2 or OC-3 (Fig.S6A-B) and Nurrl (Figure
24P-P", Figure 29E) and into minor subsets containing Prdm8"* (Figure 24D-D",
Figure 29B), HNF-6" (Figure 24J-J", Figure 29D) and Pax2" (Figure 24M-M", Figure
29C). Finally, VOc and VOg INs defined by Pitx2 formed a small subset of VOy (Figure
24G-G") and a majority of them contained HNF-6 (arrowheads in Figure 24J-)",
Figure 29D). At thoracic and lumbar levels, the proportion of VO, and VOy did not
significantly change compared to brachial levels (Figure 24B-B", Figure 29A).
Likewise, the proportions of VO subsets remained relatively stable, with the
exception of an increase in HNF-6" and in OC-3" VOy that correlated with a
decrease in HNF-6" and in OC-3" VO, INs at thoracic levels of the spinal cord
(Figure 29A-E, Fig.S6A-B).

Thus VOy and VO, proportion did not significantly change along the rostrocaudal
axis of the spinal cord, and each VO subpopulation can be divided into several
subsets according to a combinatorial code that includes Pax2, Prdm8, Pax6, Nurrl
or Onecut factors, which are differentially distributed between brachial, thoracic

and lumbar levels.
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Figure 24: Homogenous distribution of VO interneuron subsets along the rostrocaudal axis of the
spinal cord. (A-A") Immunofluorescence labeling on transverse section at brachial levels of the
spinal cord of Dbleacz/+embryo at e12.5. VO, interneurons contain BhlhB5 (cyan) are intermingled
with Evx1" VOy neurons (yellow or red). Most of VOy cells are located ventrally as indicated by left
arrowhead while VOp are homogenously distributed between the vicinity of the VO progenitor
domain and the ventro-medial region of the spinal cord as shown by right arrowhead. >
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V1 interneuron subsets are differentially distributed along the
rostrocaudal axis of the developing spinal cord

V1 INs characterized by Foxd3 and Enl expression arise from the pl progenitor
domain defined by combined expression of Dbx2, Nkx6.2 and Pax6 (Matise and
Joyner, 1997; Pierani et al., 1999; Pierani et al., 2001; Sapir et al., 2004). Neurons
of this class rapidly diversify into several inhibitory interneuron subpopulations
including RCs characterized by the presence of calbindin and Foxd3, and V1 non-

RCs containing la INs and other V1 subpopulations characterized by Foxp2, Foxd3,

(B-B") At thoracic levels, VOy (yellow or red) amounted less in the ventral territory of VO
interneurons compared to brachial levels (see arrowhead). Conversely, most of VOp in magenta
are gathered in this ventral territory as indicated by arrowhead. (C-C") At lumbar levels, VOy
(yellow or red) form a relatively homogenous group located in the ventral territory (left
arrowhead), while VOp (cyan) distribute among dorsal, ventro-medial and ventro-lateral
territories (right arrowhead). (D-D") At brachial levels, Prdm8 is detected VO progenitors and in
subsets of VOy (yellow) located close to the central canal (arrowheads). By contrast, Prdm8 is
present in a few number of VOp, cells (white) as shown by bottom arrowhead. (E-E") At thoracic
levels, Prdm8™ VO, interneurons (yellow) are located close to progenitor domain and in a dorso-
ventral direction, while the amount of Prdm8* VO, (white) is increased (see arrowheads). (F-F")
At lumbar levels, subsets of VOp that are Prdm8” (white) are located in a dorso-ventral direction
between the VO progenitor domain and VO, neurons (yellow or green) as indicated by
arrowheads. (G-G") At brachial levels, Pax2 is present in a large subset of VOp neurons (white)
and in a small subset of VOy neurons (yellow) distributed between the VO progenitor domain
and VOy ventral territory (see arrowheads). (H-I") The Pax2* VO subsets are similarly distributed
at thoracic and lumbar levels. (J-J") At brachial levels, Pitx2 is expressed in VOc interneurons
(yellow) which are located laterally to the VO interneuron migration flux as indicated by
arrowheads. A portion of VO. that co-expresses HNF-6 (magenta) is present ventrally (see
bottom arrowhead). (K-K") At thoracic levels, most of VO. express HNF-6 (magenta). VO¢ are
detected laterally to the VO progenitor domain and dorsally to VO, ventral territory as indicated
by arrowheads. (L-L") At lumbar levels, the amount of VO; (yellow) is reduced compared to
brachial or thoracic levels (see left arrowhead). (M-M") At brachial levels, HNF-6 is detected in a
small subset of Evx1"VOy interneurons (white or magenta) as indicated by left arrowhead and
in a subset of VOp (cyan) indicated by right arrowhead. (N-N") At thoracic levels, HNF-6 is
restricted to a few number of VOy (white) and of VOp (cyan) indicated by arrowhead. (O-0") At
lumbar levels, HNF-6 is present in very few Evx1® cells (white or magenta) or VO, (cyan) neurons
compared to brachial or thoracic regions. (P-P") At brachial levels, Nurrl expression is detected
in a small subset of VO including VOy (white or magenta) indicated by bottom arrowhead and
VOp (cyan) located ventrally, close to the floor plate (see arrowhead in insets). (Q-Q") At
thoracic levels, Nurrl® subsets of VO, (white or magenta) indicated by arrowheads or of VOp
(cyan) are expanded. (R-R") By contrast, at lumbar levels, Nurrl expression is only detected in
small subsets within VOy (white or magenta) indicated by arrowhead and VOp (cyan). Scale bar =
100pum.
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Figure 25: Differential distribution of V1 interneuron subdivisions along the rostrocaudal axis of
the spinal cord. (A-A") Immunofluorescence labeling on transverse section at brachial levels of
embryonic spinal cord at e12.5 shows that V1 interneurons are subdivided into 3 large subsets
(arrows) containing Foxp2 (cyan). Foxp4 is detected in a portion of these Foxp2® V1 neurons (white).
(B-B") At thoracic levels, Foxd3" V1 neurons form 2 groups (arrows) that contain Foxp2 (in
green/cyan) and Foxp4 (in red/white). (C-C") At lumbar levels, V1 interneurons distribute among 3
groups (arrows) and the ratio between Foxp2® neurons and Foxp4’/Foxd3" cells decreased
compared to brachial or >
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and Enl (Benito-Gonzalez and Alvarez, 2012; Gosgnach et al., 2006; Matise and
Joyner, 1997; Morikawa et al., 2009a; Stam et al., 2012). Noticeably, Foxd3 and
Foxpl are also present in dI2 INs, but these cells are not yet located in the ventral
spinal cord at e12.5 (Gross et al., 2002; Muller et al., 2005).

At brachial levels, non-RC V1 amounted for 70% of the V1 INs. A large non-RC
subset contained Foxp2, partly in combination with Foxp4 and/or Foxd3 (Figure
25A-A", Figure 29F). This large subset spatially divided into 3 groups, i.e. a medial,
a ventro-lateral and a lateral subdivision (arrows in Figure 25A-A"). In addition, we
detected a subset of non-RC V1 that contained Foxd3 but not Foxp2 nor Foxp4 in

the vicinity of the p1 progenitor domain (arrowhead in Figure 25A-A", Figure 29F).

thoracic levels. (D-D") At brachial levels, Nurrl is detected in subsets (arrowheads) within 2
large V1 groups containing Foxp2 (yellow). (E-E") At thoracic levels, Nurrl® subsets (white) are
intermingled with Foxp2® group (cyan and green) close to the central canal and/or (in/with
Foxp2" group close) to motor neurons as indicated by arrowheads. (F-F") At lumbar levels,
Nurrl® subsets are included in 2 groups of V1 that contain Foxp2 (yellow) indicated by
arrowheads or Foxd3 and Foxp2 (white). (G-G") At brachial levels, Arx is present in a few
number of Foxd3® V1 neurons (magenta) as indicated by arrowhead. (H-1") By contrast, at
thoracic and lumbar levels, Arx is observed in subsets of Foxd3" (magenta) and of Foxd3"/Nurr1’
(white) V1 neurons (arrowheads). (J-J") At brachial levels, Pax2 expression defines subsets in
Foxd3" (magenta) and in Foxp2'/Foxd3" (white) V1 interneurons (arrowheads). (K-K") At
thoracic levels, Pax2 is distributed in Foxd3® (magenta), Foxd3*/Foxp2® (white) and Foxp2®
subsets (yellow) as indicated by arrowheads. (L-L") At lumbar levels, Pax2" subsets (yellow or
white) are located within V1 containing Foxp2 located medially or close to motor neurons
(arrowheads). (M-M") At brachial levels, BhIhB5 is detected in subsets of Foxd3® V1 neurons
(cyan) located close to the central canal or to motor neurons. PrdmS8 is present in small subsets
of V1 neurons located close to V1 progenitor domain or more ventrally, close to motor neurons.
A small subset of V1 that co-express BhlhB5 and Prdm8 (white) is observed in the vicinity of the
motor neurons (arrowheads). (N-N") At thoracic levels, the amount of V1 neurons that contain
BhIhB5 (cyan), or BhlhB5 and Prdm8 (white) indicated by arrowheads, is increased while a few
number of Prdm8" V1 cells is detected. (O-0") At lumbar levels, the amount of cells
corresponding to Prdm8" (magenta) or BhlhB5" V1 neurons (cyan) decreases while
BhIhB5*/Prdm8* co-expressing V1 (white) indicated by arrowheads, increase compared to the
thoracic region. (P-P") At brachial levels, Pou4F1 is present in a few Foxp2® V1 neurons (cyan)
indicated by arrowheads. Renshaw cells (red) are distributed in 3 groups (arrows) with very few
containing Foxp2 (yellow) indicated by arrowhead. (Q-Q") At thoracic levels, the amount of
Renshaw cells (red) decreases (arrow) while Foxp2® V1 expressing PoudFl (cyan) slightly
increases (arrowheads). (R-R") At lumbar levels, similar to thoracic levels, the amount of
Renshaw cells (red) decreases (arrow) but PoudF1" subset (cyan) is detected dorsally, close to
motor neurons (arrowheads). Scale bar = 100um.
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The Foxp2® V1 subset could be further subdivided based on the distribution of
Nurrl. This protein was detected in a small subset of V1 that contained Foxp2 but
not Foxd3 located in the dorsal part of the lateral subdivision of V1 and in a large
subset that contained Foxp2 and Foxd3 located in the medial subdivision
(arrowheads in Figure 25D-D", Figure 29G). Similarly, Pax2 was detected in the
ventro-lateral subdivision that contained Foxp2 and Foxd3 (arrowheads in Figure
25J-)", Figure 29H). At variance, Foxpl was present in the medial subdivision of
non-RC V1 INs and in the lateral subdivision that contained Foxd3, close to MNs
(arrowheads in Fig.S5G-I", Figure 29J). Arx was detected in a small subset of the
lateral group of Foxp2’/Nurrl® V1 INs (arrowheads in Figure 25G-G", Fig.S6C),
BhlhB5 and Prdm8 were partly codetected in a subset of V1 INs located close to
the pl domain that corresponds to newly-born V1 INs and in the lateral
complement, close to the MNs (arrowheads in Figure 25M-M", Fig.S6D). Finally,
Pou3F1 (also known as Scip or Oct6) and Pou4F1 (also known as Brn3a) were
detected in a very limited number of V1 INs (arrowheads in Figure 25P-P", Figure
291-J, Fig.S5G-G"). On the other hand, RCs amounted for 30% of V1 cells (Figure
291). They divided into 3 distinct groups, i.e. a ventro-medial subdivision close to
the lumen of the spinal cord, a ventro-lateral subdivision that bordered the MNs
and a third group located dorsally to this ventro-lateral subdivision (arrows in
Figure 25P-P"). Foxp2 was detected in a few of these cells (arrowhead in Figure
25P", Figure 29I).

At thoracic and lumbar levels, Foxp2* non-RC V1 INs organized in a lateral and a
medial subdivision (arrows in Figure 25B-B", Figure 29F). Among these, the
respective amount of each subset was relatively stable (Figure 29F-J). However,
V1 neurons containing exclusively Foxd3 were more numerous at thoracic levels
whereas those containing exclusively Foxp2 decreased at lumbar levels, and V1

subsets characterized by the presence of Arx or Nurrl were more abundant at
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thoracic or at lumbar levels, respectively (arrowheads in Fig25D-1", Figure 29G,
Fig.S6C). In contrast, the Pax2’ subset was decreased at thoracic levels (Figure 25J-
L", Figure 29H), whereas the Bhlhb5" one was increased (Figure 25M-0", Fig.S6D).
RCs were progressively less numerous in more caudal regions, as reported
previously (Alvarez et al., 1999; Benito-Gonzalez and Alvarez, 2012; Ryall et al,,
1971; Stam et al., 2012). In addition, they gathered in a unique group located
laterally, close to the basal lamina and the MNs (Figure 25Q-Q", Figure 29I).

In summary, V1 INs were distributed into RCs and into 3 or 2 large subpopulations
of Foxp2" or Foxd3" cells. Each V1 subpopulation except for RCs can be subdivided
in several subsets distinguished by the single or the combinatorial expression of
Pax2, Nurrl, Pou4F1, BhIhB5 or PrdmS8, the distribution and the amount of which

differ according to the rostrocaudal level.

V2 interneuron subsets are homogeneous along the rostrocaudal axis of
the spinal cord

V2 INs are produced from the p2 domain defined by combined expression of
Foxn4, Mashl (rename Ascll), Lhx3 and Gata2 (Joshi et al., 2009; Peng et al.,
2007; Smith et al.,, 2002). They are distributed between the excitatory V2a
subpopulation defined by Chx10 expression and the V2b and V2c inhibitory
subpopulations characterized by the presence of Gata2/Gata3 and Soxi,
respectively (Panayi et al., 2010).

At brachial levels of the spinal cord, V2a INs segregated into a medial and a
ventral subdivision (arrows in Figure 26A-A"). The three members of the Onecut
family were present in a subset of the ventral subdivision in a partially overlapping
pattern (arrowheads in Figure 26A-A", D-D", Figure 29K-L). Conversely, Pou3F1

was detected in a large subset of V2a located laterally and ventrally (arrows in

78



Results

Figure 26G-G", Figure 29M). Prdm8, Bhlhb5, cMaf and MafA further defined
subsets of the lateral V2a neurons (Figure 26D-D", 26G-G", 26J-J", Figure 29L-N).

[ e12.5 |
| Brachial || Thoracic || Lumbar |

HNF-6 OC-2 |

MafA Pou3F1]| 0C-3 cMaf ||

BhIhB5 Prdmsg||

Figure 26: V2a interneurons subdivisions are differentially distributed along the rostrocaudal axis
of the spinal cord. (A-A") Immunofluorescence labeling on transverse section at brachial levels of
e12.5 embryonic spinal cord shows that V2a interneurons subdivide into medial and lateral groups
(arrows). Lateral group comprise small ventral subsets (arrowhead) that contain HNF-6 (cyan), OC-2
(yellow) or HNF-6 and OC-2 (white). (B-B") At thoracic levels, OC-2* subset (yellow) is absent, but
HNF-6/0C-2" subset (white) is detected dorsally to motor neurons (arrowhead) while the HNF-6"
subset (cyan) is expanded in lateral group (left arrow). (C-C") At lumbar levels, the amount of HNF-
6°/0C-2" (white) indicated by arrowhead or of HNF-6" V2a neurons (cyan) decreases at lateral group
(left arrow). (D-D") At brachial levels, a ventral subset of V2a contains cMaf and OC-3 (white), while
0OC-3 is present in subsets of V2a (cyan) located laterally to newly-born V2a interneurons
(arrowheads). (E-E") At thoracic levels, V2a that contain OC-3 (in cyan) are less numerous while
cMaf"/0C-3" subset (white) located ventrally is still present (arrowheads). (F-F") At lumbar levels,
the amount of V2a containing OC-3 (cyan) is increased (left arrowhead) and this subset is located
dorsally to the cMaf’/0C-3" division (white) as indicated by bottom arrowheads. (G-G") At brachial
levels, Pou3F1 defines a large subset of V2a (yellow) located laterally and another one close to the
newly-born V2a—>
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To characterize V2b subsets, we used Gata3“®*:Rosa26/ctortdTomate 4 se
embryos in which V2b and V2c are permanently labeled by the expression of
tdTomato. V2b migrated laterally from their progenitor domain toward the MNs
of the LMC, then turned toward a dorsal or a ventral direction to medially
surround the MNs (Figure 27A). Three V2b subsets were identified based on their
distribution, on the levels of Gata2 and Gata3, and on their location along the
dorso-ventral axis (Figure 27A-A"). Gata2 and Gata3 were codetected in a large
subpopulation of V2b, located medially to the MNs (white arrow in Figure 27A-A",
Figure 290). Gata2 alone was detected in a small subpopulation of newly-born
V2b close to the progenitor domain (blue arrow in Figure 27A-A") whereas a
dorso-lateral subset of V2b was defined by a high levels of Gata3 (Gata3high)
associated with low levels of Gata2 (Gata2'°w) (yellow arrow in Figure 27A-A" and
Figure 290). Surprisingly, we also identified a small fraction of V2b that did not co-
express neither Gata2 nor Gata3 (arrowheads in Figure 27A-A" and Figure 290). In
the ventral part of the Gata2"/Gata3’ population, part of the V2b subsets
contained Onecut transcription factors (arrowheads in Figure 27G-G", Figure 29P-
Q and data not shown). Although BhIhB5 was reported to not to be present in V2b

at e10.5 (Skaggs et al.,, 2011), a subset of V2b located at the centre of the

interneurons (arrows). MafA is detected in a few V2a cells that co-express Pou3F1 (white) as
indicated by arrowhead. (H-H") At thoracic levels, Pou3F1 is detected in majority of V2a
interneurons (arrows) whereas MafA remains restricted to a few cells. (I-1") At lumbar levels,
Pou3F1 is present in a subset of V2a (yellow) located ventrally and close to motor neurons
(arrow). MafA define a small subset of V2a that co-express Pou3F1 (white) and is located more
ventrally, close to the floor plate (arrow). (J-J") At brachial levels, BhlhB5 define a subset of
newly-born V2a interneurons (cyan) indicated by right arrowhead while Prdm8 is detected in
another subset (yellow) located in the dorso-ventral flux of V2a interneurons as shown by left
arrowhead. Prdm8 and BhlhB5 (white) are detected in a few V2a close to the central canal. (K-
K") At thoracic levels, this population is expanded (arrowheads). (L-L") At lumbar levels, BhlhB5
is detected in subsets of V2a interneurons including newly-born V2a (cyan) and V2a in the
dorso-ventral flux (arrowheads). Prdm8 is also detected in subsets within the dorso-ventral flux
and in newly-born V2a (yellow) and is present in some BhlhB5" V2a (white). Scale bar = 100um.
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Gata2'/Gata3” subpopulation and close to the MNs contained BhlhB5
(arrowheads in Figure 27J-J", Figure 29R). Prdm8 was present with Bhlhb5 in a
part of these cells and was also detected in a distinct V2b subset (arrowheads in
Figure 27J-)", Figure 29R). A last subset was characterized by the presence of
MafA* (Figure 27M-M", Figure 29S). Finally, V2c INs characterized by the presence
of Soxl were located ventrally to the Gata2'/Gata3” V2b population and
contained HNF-6, OC-2 and OC-3 (arrowheads in Figure 27G-G", Figure 29P-Q, and
data not shown).

The distribution of V2a subsets was relatively stable at thoracic and at lumbar
levels compared to brachial regions (Figure 26B-C", 4E-F", Figure 29K-N), with the
exception of the Pou3F1 subset that expanded at thoracic levels and of the
Prdm8* V2a neurons that were more numerous at thoracic and lumbar levels
(Figure 26H-I", 4K-L", Figure 29M-N). Similarly, V2b and V2c subsets were very
homogenous along the rostrocaudal axis of the spinal cord (Figure 27, Figure 290-
S and data not shown).

Taken together, these observations showed that V2 subpopulations can be
divided into multiple subsets characterized by the combinatorial presence of HNF-
6, OC-2, OC-3, MafA, cMaf, Pou3F1, Prdm8 or Bhlhb5. These subsets exhibited a

rather homogenous distribution along the rostrocaudal axis of the spinal cord.
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Figure 27: Differential distribution of V2b interneuron subdivisions along the rostrocaudal axis of
the spinal cord. Immunofluorescence labeling on transverse section at brachial levels of the spinal
cord of Gata3“*Rosa26"**P ™ arhryo at e12.5. (A-A") V2b interneurons subdivide into a
dorsal subset that contains high levels of Gata3 (yellow) indicated by yellow arrow, a ventral subset
that contains Gata2 (magenta) indicated by white arrow and a subset of newly-born V2b wherein
high Gata2 and low Gata3 levels are detected (blue arrow). (B-B") At thoracic levels, low content in
Gata2 (blue) is detected in a dorsal Gata3” subset (yellow) indicated by yellow arrow while low
content in Gata3 is detected in the Gata2” subset (white) located ventrally (white arrow). (C-C") At
lumbar levels, Gata2 and Gata3 are present in a dorsal and in a ventral subset of V2b interneurons
(white). (D-D") At brachial levels, HNF-6 or OC-2 are present (magenta or yellow) or co-detected
(white) in subsets of V2b interneurons (arrowheads). (E-E") Similarly, at thoracic levels, HNF-6 and
0OC-2 are co-detected in a ventral subset of V2b interneurons (white) as indicated by bottom
arrowhead. OC-2 is present in a few V2b (yellow) while HNF-6 defines a small lateral subset
(magenta) indicated by left and top 2>
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Differential distribution of V3 interneuron subsets along the rostrocaudal
axis of the spinal cord.

V3 INs characterized by Sim1 and Nkx2.2 expression arise from p3 progenitors
defined by Nkx2.2 (Briscoe et al., 1999; Todd et al., 2012). These excitatory
commissural neurons diversify into V3, and V3y according to their location and
their respective electrophysiological characteristics (Zhang et al., 2008). However,
markers for V3p or V3y cells have not been identified to date. To analyze the V3

c floxstop-tdTomat L )
re/*.Rosa26/1stoPtdomate o e line in which all V3

INs, we relied on a Siml
derivatives are permanently labeled by the expression of tdTomato. V3 INs
initially gathered close to the floor plate and the central canal, and migrated
according to a ventral to dorso-lateral stream and along a ventral to dorsal stream

close to the midline (arrows in Figure 28A-C).

arrowheads. (F-F") At lumbar levels, HNF-6 and OC-2 are also co-detected in a ventral subset of
V2b interneurons (white) indicated by bottom arrowheads while OC-2 (yellow) or HNF-6
(magenta) alone defines small subsets of V2b (left arrowhead). (G-G") At brachial levels, OC-3 is
present in all V2c interneurons (bottom arrowheads), which contain Sox1 (white), and in a
subset of V2b (magenta) located dorsally to V2c neurons. (H-I1") Similarly, at thoracic and lumbar
levels, all V2c are OC-3" (white) and OC-3 is also present in another subset of V2b cells
(arrowheads). (J-J") At brachial levels, BhIhB5 defines a subset of V2b (yellow) close to motor
neurons (left arrowhead). BhlhB5 and Prdm8 are co-detected in a few of these cells (white) as
indicated by top arrowheads. (K-K") At thoracic levels, BhlhB5 and Prdm8 are present in a
subset of V2b (white) located dorsally to the motor neurons (left arrowheads). In addition,
Prdm8 is detected in a small subset of V2b (magenta), which is located dorsally to
BhIhB5*/Prdm8" V2b subset (left and bottom arrowheads). (L-L") At lumbar levels, BhIhB5 and
Prdm8 are present in a subset of V2b (white) located dorsally to the motor neurons (top
arrowhead). Similarly to thoracic levels, Prdm8 is observed in subset of V2b (magenta) laterally
and close to BhIhB5'/Prdm8® subset of V2b interneurons (bottom arrowhead). (M-M") At
brachial levels, MafA is detected in a small subset of V2b (magenta) indicated by top arrowhead
whereas BhlhB5 defines another subset of V2b (yellow) indicated by arrowheads. (N-N") At
thoracic levels, the amount of V2b neurons that are MafA™ (magenta) is decreased (right
arrowhead) compared to brachial levels. V2b subset expressing BhlhB5 (yellow) is detected
dorsally to the motor neurons (left arrowheads). (0-0") At lumbar levels, fewer MafA" V2b cells
(magenta) are observed than at brachial or thoracic levels (right arrowhead) while BhlIhB5" V2b
subset (yellow) is located dorsally to the motor neurons and close to the basal lamina (left
arrowheads). Scale bar = 100um.
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First, we confirmed that Nkx2.2 was maintained in all V3 derivatives along the
rostrocaudal axis of the spinal cord at e12.5 (Figure 28A-C) (Briscoe and Ericson,
1999). Then, at brachial levels, we observed that Olig3, a transcription factor
which is present in p0, p2 and p3 progenitor domain (Takebayashi et al., 2002),
was also detected in a large subset of V3 INs located ventrally and close to the
central canal (arrow in Figure 28D-D" and Figure 29T), but not in more dorsal
and/or migrating V3 INs (arrow in Figure 28D', 28E', 28F'). These cells could
correspond to V3y INs. This population further subdivided into subsets
characterized by the presence of Prox1, BhlhB5 and Nurrl (arrowheads in Figure
28D-D", 28G-G", 28J-J", Figure 29V). By contrast, members of the Onecut
transcription factor family were detected in subsets of V3 INs located in a dorso-
lateral stream, likely corresponding to V3, cells (arrowheads in Figure 28J-)", 28M-
M", Figure 29V-W) and also in a few V3 neurons close to the floor plate that
correspond to V3y cells.

At thoracic and lumbar levels, the location of V3 INs did not change significantly
compared to brachial levels. Nonetheless, the amount of V3, INs gradually
increased at the expense of the V3, INs that contained Olig3 (Figure 28D-1", Figure
29T-U). In addition, subsets containing Nurrl or Bhlhb5 were expanded at
thoracic levels (arrowheads in Figure 28K-K", Figure 28H-H", Figure 29U-V).
Together, these data indicate that the topographic distribution of V3 INs did not
significantly differ at limbs or thoracic levels but that V3 subsets are differentially
distributed along the rostrocaudal axis of the developing spinal cord. Most of

these subsets are characterized by distinct combinations of transcription factors.
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Figure 28: V3 interneuron subsets are differentially distributed along the rostrocaudal axis of the
spinal cord. Immunofluorescence labeling on transverse section at brachial levels of the spinal cord
of Sim1“*;Rosa26 PO o v at e12.5. (A-A") All the V3 interneurons contain Nkx2.2
(yellow) and subdivide in 2 groups (arrows), while MafA (magenta) is present in a few V3 cells. (B-B")
At thoracic levels, a majority of V3 neurons are labeled for Nkx2.2 (yellow) and very few of them
contain MafA (white). (C-C") Similarly, at lumbar levels, almost all V3 neurons (in red) are labeled for
Nkx2.2 (yellow) and MafA define a very small subset of V3 neurons (white or magenta), located
close to the floor plate. (D-D") At brachial levels, a majority of V3 neurons located ventrally, possibly
corresponding to V3y, contain Olig3 (magenta) indicated by bottom arrow. In contrast, Prox1 is
detected in very few V3 neurons (yellow or white) indicated by arrowheads. (E-E") At thoracic levels,
a large subset of V3 neurons located ventrally is defined by Olig3 (magenta) indicated by bottom
arrow, a part of them containing Prox1 (white) indicated by right arrowhead. (F-F") At lumbar levels,

Olig3 is detected in more ventral V3 neurons (magenta) indicated by right arrow but not in V3 cells
9
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that migrate more dorsally indicated by left arrow, possibly corresponding to V3p. Prox1 is
present in some V3y neurons (yellow or white) as shown by arrowhead. (G-G") At brachial
levels, BhIhB5 is detected in some V3, Olig3" neurons (white) indicated by arrowheads. (H-H")
At thoracic levels, the amount of V3, neurons that contain BhIhB5 (white) is increased
(arrowheads). (I-I") At lumbar levels, BhlhB5 is detected neither in V3, nor V3. (J-J") At brachial
levels, HNF-6 is detected in migrating V3, neurons (magenta) indicated by arrowhead while
Nurrl is present in very few V3, neurons (yellow). (K-K") Similarly, at thoracic levels, HNF-6 is
observed in migrating V3p neurons (magenta) indicated by left arrowhead whereas Nurrl is
present in a small subset of V3, neurons (yellow) indicated by right arrowhead. (L-L") At lumbar
levels, HNF-6 is detected in migrating V3, neurons (magenta) indicated by left arrowheads while
Nurrl is absent from V3 neurons (see right arrow). (M-M") At brachial levels, OC-2 and OC-3 are
co-detected in all V3, neurons (white) indicated by top arrowhead while a few V3, are labeled
for OC-2 only (yellow) as indicated by bottom arrowhead. (N-N") Similarly, at thoracic levels,
0OC-2 and OC-3 are present in all V3p neurons (white) indicated by arrowhead while OC-2 alone
is detected in a small subset of V3 (yellow). (O-0") At lumbar levels, a large subset of V3j
contain OC-2 and OC-3 (white) indicated by top arrowheads, but OC-2 is also present in subsets
of V3p and V3, neurons (yellow) as shown by right arrowhead. Scale bar = 100um.
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Figure 29: Quantification of ventral interneuron subsets along the anterposterior axis of the spinal
cord. (A-X) Histograms of quantification of VO, V1, V2a, V2b and V3 interneuron subsets at brachial,
thoracic and lumbar levels of the spinal cord of mouse embryos at e12.5 show distinct distribution
and proportion of different subsets within each interneuron cardinal classes. Histograms are
normalized according to the total amount of cells in each ventral IN population, which corresponds
to 100% (n=3).
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Interneuron Classes Subpopulations Subset markers

Vo V0p BhlhB5 Pax2 > Prdm8 > Nurrl

Pax2>0C3>Nurrl>Prdm8>Pax6
VOy Evx1
HNF-6/0C-2 > MafA

VOcg Evx1, Pitx2 HNF-6

Renshaw  Calbindin, OC?, Foxd3,

Vi
cells Enl, MafB
Foxp4 > Pax2 > Arx > Nurrl
la INs Foxp2, Foxd3, Enl
BhIhB5,Prdm8> Prdm8 >Pou4F1
Foxpl > Pou3F1
Other V1  Foxd3, Enl
Nurrl > BhlhB5 > Prdm8
BhlhB5 > Pou3F1
V2 V2a Chx10
0C® > Prdm8 > MafA > cMaf
BhIhB5 > BhIhB5/Prdm8 >Prdm8
V2b Gata3, Gata2 .
OC® > MafA/MafB
V2c Sox1, OC*
V3 V3p oc?
Prox1 > BhlhB5
V3y Olig3

Nurrl

Table 5. Summary of ventral interneuron subsets at e12.5. Summary of the subdivisions of ventral
interneuron classes, according to the expression of the studied markers (from more numerous to
less numerous cells). * The three Onecut factors
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3.1.4. Discussion

Despite the identification of four cardinal classes of ventral spinal INs and
the discovery of some of the molecular and genetic mechanisms that control their
specification, little is known about their respective spatial distribution along the
rostrocaudal axis of the spinal cord and their diversification into multiple subsets.
Here, we provided evidence that each class of ventral INs displays distinct
columnar organization that varies at brachial, thoracic and lumbar levels of the
developing spinal cord. In addition, we showed that the VO, V1, V2 and V3 cardinal
classes of INs can be subdivided into several subpopulations or subsets, based on
the combined expression of multiple transcription factors (Table 5). Hence, these
findings provide a basis for a better characterization of the diversification of
embryonic ventral INs, and for investigating the physiology and function of ventral

INs subsets in the spinal motor circuits.

Topographic and columnar organization of ventral spinal INs.

The differential distribution of ventral IN populations and subsets along the
rostrocaudal axis of the spinal cord likely correlates with the various functions of
local spinal neuronal circuits that regulate body movements or locomotive
behaviors. Indeed, thoracic circuits ensure control of body wall musculature,
whereas brachial and lumbar neuronal populations additionally provide regulation
of limb movements. Consistently, the composition in ventral IN subsets varies
along the rostrocaudal axis of the spinal cord, suggesting that the local pre-motor
circuits at brachial, thoracic or lumbar levels are shaped to support these distinct
activities. The exact position and contribution of each IN subset within these pre-
motor circuits, including its direct or indirect relationship to MNs, remains to be

determined. Surprisingly, the differences in the composition of vIN subsets
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between brachial and lumbar levels were as important as between these limb
levels and thoracic levels. This suggests that the organization of the locomotor
circuits and the strategies to control limb movements are quite different between
the brachial and the lumbar region. This observation may be correlated with the
distinct composition in motor pools between these two regions (Dasen et al.,
2005; De Marco Garcia and Jessell, 2008; Lin et al., 1998).

Previous studies have established that spinal MNs also exhibit a differential
organization along the rostrocaudal axis of the spinal cord (Dasen et al., 2003;
Tsuchida et al., 1994). Studies of the developmental mechanisms that control the
topographic and columnar organization of MNs reveal roles for extrinsic factors
such as RA, FGFs and Wnts in regulating Hox gene expression (Dasen et al., 2008;
Dasen et al., 2003; Liu et al., 2001; Nordstrom et al., 2006; Rousso et al., 2008). As
per motor neurons, the topographic organization of ventral INs may be regulated
by RA, FGFs or Wnts, either directly or through combined activities of Hox genes.
Indeed, RA from the paraxial mesoderm appears to be sufficient to specify and
promote the generation of VO, V1 and V2 INs (England et al., 2011; Pierani et al.,
1999; Renoncourt et al., 1998; Wilson et al., 2004). In addition, LMC MNs
constitute another source of RA that could influence the differentiation and
distribution of VO, V1 and V2 INs at brachial and lumbar levels (Rousso et al.,
2008; Sockanathan and Jessell, 1998; Sockanathan et al., 2003; Vermot et al.,
2005). However, the potential role of RA in the distribution of VO, V1 and V2 INs
along the rostrocaudal axis has not been investigated yet. Previous studies have
also shown that the Hox genes involved in the rostrocaudal patterning of MNs and
in the specification of motor neuron pools, namely Hoxc6 and Hoxc8 at brachial
levels, Hoxc9 and Hoxd9 at thoracic levels and Hoxal0, Hoxc10 and Hoxd10 at
lumbar levels, are also expressed in ventral INs (Jung et al., 2010; Vermot et al.,

2005; Wu et al., 2008). Moreover, the Hox co-factor Foxp1 is expressed in V1 INs,
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while Pbx1 and Prep/Meis are more broadly expressed in ventral INs (Cooper et
al., 2003; Karlsson et al., 2010; Moens and Selleri, 2006; Roberts et al., 1995). This
raises the possibility that these co-factors partner with Hox proteins to
differentially regulate ventral IN diversification. The Hox genes may therefore
coordinately regulate rostrocaudal distribution and columnar organization of

ventral INs and of MNs in the developing spinal cord.

Control of the diversification of ventral INs

With the exception of studies that show Scl and Dll4/Notch signaling control the
generation of V2a and V2b cells from V2 progenitors (Del Barrio et al., 2007; Joshi
et al., 2009; Peng et al., 2007), we still know very little about the molecular
mechanisms and factors that regulate ventral INs diversification. Several studies
have unveiled that extrinsic factors including Sonic hedgehog, BMPs, FGFs, Wnts
or RA are involved in the specification and differentiation programs of several
neuronal populations within the spinal cord (Dessaud et al., 2008; Lee et al., 2009;
Novitch et al., 2003). Our study describes a number of developmental regulated
transcription factors that subdivide three cardinal classes of ventral INs into
several subsets. Interestingly, some of these factors might be downstream of FGF
or RA signaling (Dasen et al., 2005; De Marco Garcia and Jessell, 2008; Francius
and Clotman, 2010; Wu et al.,, 2008). Indeed, the expression of Nurrl, which
labels some subsets in VOy, V1 non-RC neurons or V3y INs, is regulated by FGFs in
the mesencephalon (Baron et al., 2012; Grothe et al., 2004; Lammi and Aarnisalo,
2008) and by RA signaling in the ventral spinal cord (Skaggs et al., 2011). Similarly,
BhIhB5, which defines several subsets within VO, V1, V2b and V3 INs, is modulated
by RA in the same tissue (Skaggs et al., 2011). Furthermore, Pou3F1, which defines

subsets within V1 and V2a INs, is regulated by Hoxc8 in the motor pool that
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innervates the flexor carpi ulnaris muscle (Dasen et al., 2005). The Onecut factors,
which are detected within Nkx6.1%, Pea3” or Pou3F1" motor pools (Francius and
Clotman, 2010) and may therefore be downstream of Hox genes, are also
expressed within several subsets of VO, V2 and V3 INs (at brachial or lumbar
levels). Thus, the mechanisms that ensure proper rostrocaudal patterning of the
motor neurons, including FGF or RA pathways and Hox genes, may additionally
contribute to the diversification of ventral spinal IN subsets, as previously
suggested for Hox4-8 genes (Jung et al., 2010).

In addition, the transcription factors identified in the present study as markers of
ventral IN subsets may participate in the control of their diversification. Onecut
factors have been recently shown to participate in the development of RCs (Stam
et al., 2012). Similarly, BhIhB5 plays a crucial role in the differentiation of early-
born V2 INs (Skaggs et al., 2011). Surprisingly, we identified BhlhB5 as a marker of
most of the VOp INs at e12.5, although previous studies have reported that BhlhB5
is not expressed in VO cells at e10.5 (Brunelli et al., 2003; Liu et al., 2007; Skaggs et
al., 2011). This suggests that Bhlhb5 expression may be activated in a majority of
VO, INs later than e10.5. Alternatively, as recently demonstrated for V1 INs
development that involves successive waves of neurogenesis (Benito-Gonzalez
and Alvarez, 2012; Stam et al., 2012), VO progenitors may give rise to VOy (devoid
of Bhlhb5) prior to VOp cells (that express BhlhB5). Given the importance of
Bhlhb5 for the development of other spinal populations (Ross et al., 2010; Ross et
al., 2012; Skaggs et al., 2011), it also indicates that Bhlhb5 could participate in
further diversification of VOp cells. In addition, we identified a large BhlhB5"
subset within the V2b subpopulation whereas it has been reported that BhIhB5 is
selectively expressed at e10.5 in V2a but not in V2b neurons (Skaggs et al., 2011).
Further analyses of BhlhB5 function using loss or gain-of-function experiments are

needed to clarify the role of BhlhB5 during VO, and V2 INs development. Finally,
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Nurrl is expressed in glutamatergic cortical neurons (Andjelic et al., 2009;
Arimatsu et al., 2003) and in glutamatergic spinal INs (unpublished data), which
suggests that Nurrl may participate in the differentiation of glutamatergic
(neurons including VOy and V3) INs (Li et al., 2011).

Furthermore, most of the identified markers of IN subsets are expressed in a
combinatorial manner and may interact to promote specific neuronal fate. For
example, BhlhB5 and Prdm8, which shares numerous target genes, cooperate
during differentiation of dI6, V1 and V2a INs (Liu et al., 2007; Skaggs et al., 2011;
Stam et al., 2012) and of dorsal INs (Ross et al., 2010; Ross et al., 2012). We have
shown that Prdm8 is co-expressed with BhlhB5 in some subsets of VOp, V1 and V2
INs. However, we also identify Prdm8" subsets that do not express BhIhB5 and
vice versa. Among the identified common target genes of BhlhB5 and Prdm8, the
type Il cadherin-11 (Cdh-11) (Ross et al., 2012) has been reported to regulate
different aspects of spinal motor neuron development including differentiation,
columnar organization (Marthiens et al., 2002), axonal growth, migration and
fasciculation (Boscher and Mege, 2008; Marthiens et al., 2005). At e12.5, Cdh-11
is transiently expressed in ventral INs (Marthiens et al., 2002). Hence, upon
BhlhB5 and Prdm8 regulation, Cdh-11 may participate in the diversification of
ventral INs subsets.

Finally, numerous studies have revealed that Foxp factors control different steps
of neuronal development. For example, Foxp2 regulates neuronal network
formation (Rousso et al., 2012; Vernes et al., 2011), radial and/or tangential
migration of cortical interneurons (Clovis et al., 2012), neurite outgrowth (Vernes
et al., 2011) as well as differentiation of several neuronal populations within the
ventral spinal cord including MNs, VOy and V2 INs (Rousso et al., 2012). Foxp2 is
also expressed from el1.5 within large subpopulations of non-RC V1 neurons

including la INs (Morikawa et al., 2009a) and may therefore control different
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aspects of their development. Likewise, Foxp4, which is present in Foxp2* V1 cells,
may participate in the regulation of differentiation, migration and axonal growth
by cooperating with Foxp2 as recently described (Li et al., 2004; Takahashi et al.,
2008; Tam et al., 2011). Foxpl is also detected in subsets of V1 INs (Morikawa et
al., 2009a; Tamura et al., 2003), suggesting that different combinations of Foxp
factors may regulate distinct aspects of V1 development including differentiation
and migration as recently suggested (Hisaoka et al., 2010; Morikawa et al., 20093;

Morikawa et al., 2009b).

3.1.5. Conclusion and perspectives.

In this study, we showed that ventral spinal IN populations are differentially
distributed along the rostrocaudal axis of the spinal cord, and can be subdivided
into multiple subsets according to a combinatorial code of transcriptional
regulators. This characterization constitutes a resource that will facilitate further
studies aimed at understanding the mechanisms that drive ventral spinal IN
diversity during embryonic development. It will also provide a foundation for
establishing the relationship between these embryonic subsets and the multiple
IN populations that populate the adult spinal cord.

Recent advances in the engineering of powerful genetically-modified biological
tools, such as genetic lineage tracing mouse lines, modified trans-synaptic tracing
viruses, conditional neuronal silencing and optogenetic systems (Grossmann et al.,
2010a; Osakada et al., 2011; Wall et al.,, 2010) have greatly contributed to the
improvement of our knowledge of neural circuitry and their physiological
functions. Hence, our data will contribute to design strategies to genetically
manipulate these neuronal subsets. Such experiments should allow to further

decipher the organization of the spinal neural circuits that regulate locomotive
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behaviors and to elucidate in more details the different functions of these cells in

the neonate and adult spinal cord.
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3.1.6. Materials and Methods

Animals

All experiments were strictly performed respecting the European Community
Council directive of 24 November 1986 (86-609/ECC) and the decree of 20
October 1987 (87-848/EEC). CD1 mice were raised in our animal facility and were
treated according to the principles of laboratory animal care of the Animal
Welfare Committee of the Université catholique de Louvain (Permit Number:
UCL/MD/2009/008). The day of vaginal plug was considered as embryonic day
(e)0.5 and embryos were collected at e12.5. Cohorts of a minimum of 3 embryos
per experiment were used.

The Dbx1%%*, En1®*:znG, Sim1°®*:Rosg26/!°Ptd™mate 1 tant mice were
previously described (Pierani et al., 2001; Sapir et al., 2004; Zhang et al., 2008).
The specificity controls of b-galactosidase, Cre recombinase or GFP expression for

. . . . c floxstop-
each mouse line were provided in the cited references. Gata3“®/*;Rosa26">*"°?

tdTomato Cre/+

mice were generated by breeding Gata3™™'" mice (Zhang et al., submitted)
with Rosg2e/stoptdTomato iee - Characterization of Gata3“®*;Rosq26"o*toptdTomato
mouse line was provided in the cited reference. In addition, our
immunofluorescent analyses in the developing spinal cord indicated that Cre
recombinase and tdTomato expression was restricted to the V2b and V2c
interneurons (data not shown).

Mouse embryos were collected at e12.5 and decapitated before fixation. Embryos
were fixed in PBS/4% PFA at 4°C for 25 minutes. They were washed thrice in cold
PBS before incubation in PBS/30% sucrose overnight at 4°C. They were embedded
in PBS/7.5% gelatin/15% sucrose before being frozen at -55°C. Embryos were cut
at 14um in a Leica CM3050 cryostat and cryosections were stored at -20°C. For

whole mount experiments, the whole spinal cord was removed, fixed in cold

PBS/4% PFA for 25 minutes and were processed immediately.
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Immunofluorescent labelings

Cryosections or whole spinal cord were saturated with PBS/0.1% Triton/10%
horse serum for 30 minutes and incubated with the primary antibodies diluted in
the same solution at 4°C overnight or for 4 days, respectively. After 3 washes in
PBS/0.1% Triton, the secondary antibodies, diluted in PBS/0.1% Triton/10% horse
serum, were added for 30 minutes at room temperature. Slides or whole spinal
cord were washed thrice in PBS/0.1% Triton before a final wash in PBS, and were
mounted with Fluorescent mounting medium (DAKO).

Details of the sources of the primary or secondary antibodies, and their
characterization by us or by others are indicated in Table 3 and Table 4,
respectively. All secondary antibodies gave signals in the spinal cord only in the
presence of corresponding primary antibodies, but not when applied on spinal

cord sections alone.

Imaging and quantitative analyses

Immunofluorescence images of cryosections were acquired on a Zeiss Axio Cell
Observer Z1 confocal microscope with the Zeiss AxioVision Rel. 4.8 software and
processed with Adobe Photoshop CS5 software.

Quantifications were performed on red or green or blue layer of acquired confocal
images and double or triple labeling cells were processed by subtractive method
(Francius and Clotman, 2010). For each el12.5 embryo (n=3), labeled cells were
guantified using the count analysis tool of Adobe Photoshop CS5 software.
Neurons that were positive for molecular markers described above were counted
unilaterally on three sections at three different levels of the brachial, thoracic and
lumbar regions. Depending on the rostrocaudal level, the amount of cells that was
counted for each IN population was: 91-219 cells for VO, 169-257 cells for V1, 50-
107 cells for V2a, 59-103 cells for V2b and 41-76 cells for V3. Raw data were
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exported from Adobe Photoshop CS5 software to SigmaPlot v12 software and
processed in order to generate histogram figures. Analyses of the Variance
performed for each experiment by One Way ANOVA test indicated a low and non-
significant variability from mouse to mouse (0.053<p<0.065). Each histogram
generated in this study was normalized to the total amount of cells in each ventral
interneuron population that was set at 100.

Z-stack images of whole mount labelings in open-book spinal cord preparations
were obtained using LSM510 and Zeiss Axio Cell Observer Z1 confocal microscope.
Three-dimensional (3D) image reconstructions were made and processed using
Zeiss ZEN 2011 black edition (release version 7.0.0.285) software. Optical sections
in Z-series collections were collected at 0.540um intervals (objective: LD LCI Plan-
Apochromat 25x0.8 Imm Korr DIC M27, camera: AxioCamMR3). Brightness and
contrast were modified using Zeiss ZEN 2011 software, then movies were

generated with Zeiss ZEN 2011 software.
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Primary antibody used Dilution Supplier Reference

Rabbit anti-Arx 1:1000 Dr. Jamel Chelly (Poirier et al., 2004)
Chicken anti-b-galactosidase 1:2000 Abcam ab9361

Goat anti-BhIhB5 1:1000 Santa Cruz sc-6045

Rabbit anti-BhlhB5 1:2000 Dr. Sarah E. Ross (Ross et al., 2012)
Rat anti-BhlhB5 1:2000 Dr. Sarah E. Ross (Ross et al., 2012)
Mouse anti-Brn3a 1:500 Santa Cruz sc-8429

Guinea pig anti-Brn3a 1:5000 Dr. Jane Johnson (Kim et al., 2008)
Rabbit anti-Chx10 1:5000 Dr. Kamal Sharma (Peng et al., 2007)
Sheep anti-Chx10 1:500 Exalpha Biologicals X1179P

Guinea pig anti-Chx10 1:3000 Dr. Sam Pfaff (Peng et al., 2007)
Mouse anti-Calbindin 1:10000 Swant CB300

Rabbit anti-Calbindin 1:10000 Swant CB38

Mouse anti-Evx1 1:2000 DSHB 99.1-3A2

Rabbit anti-Evx1 1:300 Dr. Martyn Goulding (Moran-Rivard et al., 2001)
Rabbit anti-Foxd3 1:5000 Dr. Thomas Miiller (Muller et al., 2005)
Guinea pig anti-Foxd3 1:5000 Dr. Thomas Miiller (Muller et al., 2005)
Goat anti-Foxp1l 1:1000 R&D Systems AF4534

Goat anti-Foxp2 1:2000 Abcam ab1307

Rabbit anti-Foxp4 1:400 Genway Biotech 18-003-43528
Guinea pig anti-Gata2 1:3000 Dr. Kamal Sharma (Peng et al., 2007)
Mouse anti-Gata3 1:400 Santa Cruz sc-268

Rat anti-Gata3 1:20 Dr. Frank Grosveld (Panayi et al., 2010)
Chicken anti-GFP 1:2000 Abcam ab290

Rabbit anti-GFP 1:2000 Aves Labs GFP-1020

Guinea pig anti-HNF-6 1:6000 Our laboratory (Espana and Clotman, 2012b)
Rabbit anti-HNF-6 1:50 Santa Cruz sc-13050

Rabbit anti-Lbx1 1:5000 Dr. Thomas Miiller (Muller et al., 2002)
Guinea pig anti-Lbx1 1:5000 Dr. Thomas Miiller (Muller et al., 2002)
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Guinea pig anti-MafA 1:10000 Dr. Thomas Miiller (Gierl et al., 2006)
Rabbit anti-MafA 1:500 Novus Biological NB400-137

Rabbit anti-MafB 1:5000 Dr. Hagen Wende (Gierl et al., 2006)
Rabbit anti-cMaf 1:5000 Dr. Hagen Wende (Wende et al., 2012)
Mouse anti-Nkx2.2 1:20 DSHB 74.5A5

Rat anti-Nurrl 1:2000 Dr. Yuichi Ono (Ono et al., 2007)
Rat anti-OC-2 1:400 Our laboratory (Clotman et al., 2005)
Guinea pig anti-OC-3 1:6000 Our laboratory (Pierreux et al., 2004)
Rabbit anti-Olig3 1:5000 Dr. Thomas Miiller (Muller et al., 2005)
Guinea pig anti-Olig3 1:5000 Dr. Thomas Miiller (Muller et al., 2005)
Rabbit anti-Pax2 1:100 Covance PRB-276P

Goat anti-Pax6 1:500 Santa Cruz sc-7750

Rabbit anti-Pax6 1:2000 Covance PRB-278P

Mouse anti-Pax6 1:1000 DSHB PAX6

Rabbit anti-Pitx2 1:5000 Capra Science PA 1020-100

Rabbit anti-Prdm8 1:200 Pr. Yoichi Shinkai (Komai et al., 2009)
Mouse anti-Prdm8 1:200 Pr. Yoichi Shinkai (Komai et al., 2009)
Guinea pig anti-Prdm8 1:2000 Dr. Sarah E. Ross (Ross et al., 2012)
Rabbit anti-Prdm8 1:2000 Dr. Sarah E. Ross (Ross et al., 2012)
Rabbit anti-Prox1 1:1000 Covance PRB-238C

Goat anti-Prox1 1:500 R&D Systems AF2727

Rabbit anti-RFP 1:2000 Rockland Inc. 600-401-379

Goat anti-Sox1 1:500 Santa Cruz sc-17318

Rabbit anti-Sox1 1:400 Dr. Stavros Malas (Panayi et al., 2010)
Guinea pig anti-Sox1 1:400 Dr. Stavros Malas (Panayi et al., 2010)
Rabbit anti-SCIP (Pou3f1) 1:500 Dr. Dies Meijer (Jaegle et al., 2003)

Table 3: List of the primary antibodies used in this study
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Secondary antibody used Dilution Supplier Reference
Donkey anti-mouse/AlexaFluor488 1:2000 Life Science A21202
Donkey anti-mouse/AlexaFluor594 1:2000 Life Science A21203
Donkey anti-mouse/AlexaFluor647 1:2000 Life Science A31571
Donkey anti-rabbit/AlexaFluor647 1:2000 Life Science A31573
Donkey anti-rat/AlexaFluor594 1:2000 Life Science A21209
Donkey anti-goat/AlexaFluor488 1:2000 Life Science A11055
Donkey anti-sheep/AlexaFluor594 1:2000 Life Science Al11016
Goat anti-guinea pig/AlexaFluor594 1:2000 Life Science A11076
Goat anti-mouse 1gG,/AlexaFluor594 1:2000 Life Science A21125
Goat anti-mouse 1gG,,/AlexaFluor488 1:2000 Life Science A21131
Donkey anti-chicken/Dylight488 1:1000 Jackson ImmunoResearch 703-485-155
Donkey anti-chicken/Dylight594 1:1000 Jackson ImmunoResearch 703-515-155
Donkey anti-mouse/AlexaFluor647 1:1000 Jackson ImmunoResearch 715-605-151
Donkey anti-rat/ AlexaFluor647 1:1000 Jackson ImmunoResearch 712-605-153
Donkey anti-sheep/AlexaFluor594 1:1000 Jackson ImmunoResearch 713-585-147
Donkey anti-sheep/AlexaFluor647 1:1000 Jackson ImmunoResearch 713-605-147
Donkey anti-rabbit/AlexaFluor488 1:1000 Jackson ImmunoResearch 711-545-152
Donkey anti-rabbit/AlexaFluor594 1:1000 Jackson ImmunoResearch 711-585-152
Donkey anti-guinea pig/AlexaFluor488 1:1000 Jackson ImmunoResearch 706-545-148
Donkey anti-guinea pig/AlexaFluor647 1:1000 Jackson ImmunoResearch 706-605-148

Table 4: List of the secondary antibodies used in this study
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3.1.8. Supplementary figures

[ ©12.5 Dbx1la2* |

l Evx1 ]
Brachial Thoracic Lumbar
m : 8 :‘ c Yo

[ e12.5

[ Foxd3 Calbindin

l Brachial H Thoracic ] l Lumbar

Figure S1. Topographic distribution of VO interneurons at
el2.5.

(A-C) Whole-mount immunofluorescence analysis on
spinal cord of Dbx1"“* embryo at e12.5 shows
differential distribution of VO interneurons including VOy
(Evx1*/b-galactosidase®) in red or yellow and VOp in green
at brachial (A), thoracic (B) or lumbar (C) levels. The white
arrow indicates ventral (V) to dorsal (D). Scale bar =
500um.

Figure S2. Topographic distribution of V1 interneurons at
el2.5.

(A-C) Whole-mount immunofluorescence analysis on
spinal cord of embryo at e12.5 that shows differential
distribution pattern of V1 interneurons including Renshaw
cells (red) and V1 Foxp2” interneurons (green) at brachial
(A), thoracic (B) or lumbar (C) levels. White arrowhead
indicates ventral (V) to dorsal (D). Scale bar = 500um.

103



Results

[ e12.5 | Figure S3. Topographic distribution of V2 interneurons at
[ Gata3 Chx10 | e12.5.

[ Brachial | Thoracic |[ Lumbar | (A-C Whole-mount immunofluorescence analysis on

’ BBRY spinal cord of embryo at e12.5 that shows differential
distribution pattern of V2 interneurons including V2a
(blue), V2b (red) and V2c (green) at brachial (A), thoracic
(B) or lumbar (C) levels. White arrowhead indicates
ventral (V) to dorsal (D). Scale bar = 500um.

Figure S4. Topographic distribution of V3 interneurons at
el2.5.

(A-C) Whole-mount immunofluorescence analysis on
spinal cord of embryo at e12.5 that shows homogenous
distribution pattern of V3 interneurons (white) at brachial
(A), thoracic (B) or lumbar (C) levels. White arrowhead
indicates ventral (V) to dorsal (D). Scale bar = 500um.
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Figure S5.
interneurons

BhlhBS5 at e12.5.
(A-C") Immunofluorescence
labeling on  transverse
section at brachial (A-A"),
thoracic (B-B") and lumbar

(C-C") levels of the spinal
Lacz/+

cord of Dbx1 embryo at
el2.5 shows that VO0Op
interneurons contain
BhihB5 (yellow) but not

Lbx1* (blue), a marker of
dorsal interneurons. (D-F")
VO interneurons that
contain BhlhB5 (yellow) are
not labeled for Foxd3"
(blue), a marker of Vi1

only in VO interneurons and

Figure S6. Quantification
of VO or V1 subsets along
the rostrocaudal axis of
the spinal cord.

(A-D) Histograms  of
quantification of VO and
V1 interneuron subsets at
brachial, thoracic and
lumbar levels of the spinal
cord at el2.5 show
distinct distribution and
proportion of different
subsets within VO and V1
interneuron cardinal class.
Panels of 91 to 219 cells
were counted for the VO
population, and 169 to
257 cells were counted
for the V1 population,
according to brachial,
thoracic or lumbar levels.
Histograms are
normalized according to
the total amount of cells

in each ventral IN
population, which
corresponds to 100%.
(n=3).
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3.2. Onecut factors and Pou2f2 regulate diversification and
migration of V2 interneurons in the developing spinal
cord

3.2.1. Foreword

The V2 populations migrate to a very precise position to adequately
integrate the CPGs and to control the locomotor coordination. The type | V2a INs
control the left-right alternation of the limbs, while type Il V2a INs regulate the
target reaching phase of the forelimb movements (Hayashi et al., 2018). The V2b
INs, with V1 INs, control the alternation of flexor and extensor muscle
contractions (Zhang et al., 2014). Finally, the V2d contribute to the generation of
the locomotor rhythm (Dougherty et al., 2013). Their settling position seems to be
a key determinant of their proper connectivity with other INs or MNs. Our
previous study demonstrated that the V2 populations are differentially distributed
along the antero-posterior axis of the spinal cord, while characterized
subpopulations are distributed homogeneously (Francius et al., 2013). However,
the mechanisms underlying the control of the V2 IN diversification and migration
remain unknown.

In this study, we elucidate the role of the OC transcription factors during
V2 IN diversification and migration. In order to study the consequences of the
absence of OC factors on V2 IN distribution, we adapted a quantitative analysis of
cell distribution within the developing spinal cord. The distribution of each V2
population was assessed by measuring the relative position of each cells on the
medio-lateral (ML) and the dorso-ventral (DV) axes of the spinal cord. The length
of the medio-lateral axis, corresponding to the hemicord width, was defined as
the distance from the central canal to the lateral edge of the spinal cord, and the

length of the dorso-ventral axis, corresponding to the spinal cord height, was
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defined as the distance from the ventral limit of the central canal to the dorsal
edge of the spinal cord. For each IN, the distance (D) and the angle (a) were
measured from the ventral limit of the central canal to the IN soma. The ML and
DV positions of each IN are the percentage of the spinal cord height (H) and
hemicord width (W) measured as: (Diw*sin,n)/H and (Dn*cos.n)/W, respectively.
The density graphs were obtained by the superposition of IN position from several
sections (n>=5) and from distinct embryos (n=3).

Moreover, in order to identify molecular and cellular mechanisms downstream of
OC factors controlling the V2 diversification and migration, we performed a
microarray comparison of the transcriptome of 5 control and 5 OC-deficient spinal
cords at e11.5, i.e. when a significant number of V2 INs are generated and when
they are initiating their migration (GEO repository accession number: GSE117871).
Probably due to a lack of sensitivity of the microarray experiment, we only
identified few candidates donwstream of the OC factors (table 6). We controlled
the microarray results by either RT-qPCR or by in situ hybridization (ISH). Among
genes showing a differential expression: some of them were not expressed in the
ventral region of the spinal cord, others were false positives, or the tools
(antibodies, transgenic mice) to further study some candidates were not available.
In the absence of OC factors, Pou2f2 was 1.57-fold upregulated. Thus, we
uncovered a regulator downstream of OC factors, Pou2f2, that contribute to the

regulation of the V2 IN migration.
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Candidates Symbols | FC microarray | FCRT-qPCR ISH
Polyamine modulated factorl binding proteinl | Pmfbpl 0,28 N.D

Pappalysin 2 Pappa2 0,33 0.3

NK6 homeobox 3 Nkx6.3 0,62 N.D

Secreted frizzled-related sequence protein 5 Sfrp5 0,69 0.83 N.D
Dorsal inhibitory axon guidance protein Draxin 0,7 1.42 v
Synuclein Sncg 0,7 N.D N.D
NK6 homeobox 2 Nkx6.2 0,7 N.D
Stathmin-like 4 Stmn4 0,71 1.14

Tubulin polymerization-promoting protein Tppp3 0,74 0.95 N.D
family member 3

Slowmo homolog 1 Simo1l 1,29 1.43 v
POU domain class2, transcription factor 2 Pou2f2 1,57 See below v
Kallikrein 1-related peptidase b22 Klk1b22 3,2 1.19 v

Table 6: Candidates downstream of the OC factors. The differential expression of the selected
candidates between control and Oc mutant spinal cords obtained after the microarray experiments
were next evaluate by RT-qPCR and their expression profile was characterized by ISH. FC = Fold
change; N.D: not done.

The Pou2f2 transcription factor

Pou2f2, also called Octamer protein-2 (Oct-2), is a POU family
transcription factor characterized by a bipartite DNA-binding domain (the POU-
domain) composed of a POU-specific and a POU-homeo domains separated by a
short flexible linker. Both domains are required for interacting with DNA via helix-
turn-helix motifs and bind to an octamer motif (ATGCAAAT or ATTTGCAT) with a
high affinity. Pou2f2 does not dimerize, only a single molecule of Pou2f2 is
required for binding to the octamer motif. In addition, it has been demonstrated
in other protein, that the POU-specific serves also for protein-protein interactions
(Ingraham et al., 1990; Kristie et al., 1989; Stern et al., 1989; Sturm and Herr,
1988). In addition to the octamer motif, Pou2f2 binds to the overlapping

octamer/TAATGARAT motif with a higher affinity than either an octamer or an
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octamer-related TAATGARAT motif alone (Clerc et al., 1988; Dent and Latchman,
1991; Stern et al., 1989; Sturm and Herr, 1988; Wirth et al., 1991). Pou2f2 is also
characterized by 2 transactivation domains: The N-terminal glutamine-rich
transactivation domain and the C-terminal serine-, threonine-, and proline-rich
transactivation domain. The C-terminus is essential for the transactivating
potential, while the N-terminus is not (Annweiler et al., 1992; Annweiler et al.,

1994; Pfisterer et al., 1994).

Although a single gene on mouse chromosome 7 encodes Pou2f2,
multiple isoforms are generated by alternative splicing: Pou2f2.1 to Pou2f2.6.
These isoforms differ in their N- and C-terminal transactivation domains (Figure
30) (Wirth et al., 1991). In addition to the 6 described isoforms, a smaller form of
Pou2f2, named Mini-Oct, exists. This form is transcriptionally neutral because it
lacks the N- and C-terminal transactivation domains, and could serve to
downregulate the transcriptional effect of the active octamer-binding factors
(Stoykova et al., 1992). Finally, a seventh Pou2f2 isoform resulting from
alternative splicing is expressed in the mammary gland. Pou2f2.7 has additional
22 amino acids close to the N-terminus and a novel 76 amino acid sequence at the
C-terminus. Although it has an intact POU-domain, Pou2f2.7 is unable to bind to

the octamer motif, unlike all the other known isoforms (Dong and Zhao, 2007).
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Figure 30: Sequences of the Pou2f2 isoforms resulting from alternative splicing in B cells (Wirth et
al., 1991). The 6 Pou2f2 isoforms present in the B cells (B_Pou2f2.1 to B_Pou2f2.6) are
characterized by invariant exons (dark grey), alternative exons 4, 5, 8, 14 or 16 (light grey) and
isoform-specific exons 4, 8 or 16 (orange). They contain a POU-specific domain (light green) encoded
by exons 9 and 10 and a POU-type homeodomain (dark green) encoded by exons 11 and 12.

E15 | | E17 |

The Pou2f2 isoform transcriptional activity was assessed by co-
transfection of expression vectors for different Pou2f2 isoforms and plasmids
containing the chloramphenicol acetyltransferase gene downstream of an
octamer-containing promoter. Hence, Pou2f2.1, Pou2f2.2 and Pou2f2.3 are
activators, while Pou2f2.4 and Pou2f2.5 are inhibitors. This difference in their
transcriptional activity can be explained by the fact that the 6 isoforms differ from
each other in the transactivation domains (Annweiler et al., 1994; Camos et al.,
2014; Hatzopoulos et al., 1990; Lillycrop and Latchman, 1992; Wirth et al., 1991).
Pou2f2.1 appears to be predominant in B cells, while Pou2f2.4 and Pou2f2.5 are
the main isoforms in neuronal cell lines (Liu et al., 1995). Neuronal Pou2f2
isoforms act as repressors either by directly binding to the octamer motif or by
preventing the activation mediated by Oct-1, their homolog, by binding to
adjacent or overlapping DNA binding sites (Dent et al., 1991).

Pou2f2 is expressed in B lymphocytes and in neuronal cell lines. In the
central nervous system, Pou2f2 was detected in the developing diencephalon,
mesencephalon, metencephalon, myelencephalon, neural tube, and dorsal root

ganglia by in situ hybridization. It is also strongly expressed in the mouse adult
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brain (Camos et al., 2014; Hatzopoulos et al., 1990; Lillycrop and Latchman, 1992;
Schreiber et al., 1990; Stoykova et al., 1992; Wood et al., 1992). The Pou2f2
mutant mice develop normally but die at birth from undetermined reasons.
Nevertheless, Lynn M. Corcoran et al., 2004 highlighted that the C-terminal
transactivation domain is required for postnatal survival by using Pou2f2 mutant
mice in which the C-terminal domain was truncated. In B cells, Pou2f2 is not
required for B lymphocytes production but for their maturation into
immunoglobulin-secreting B cells and their ability to respond positively to a B cell
receptor signal (Corcoran et al., 1993; Corcoran et al., 2004). In neuronal cells,
Pou2f2 can act as a bifunctional regulator of neuronal differentiation. Indeed,
Pou2f2.4, which lacks the C-terminal transactivation domain, inhibits the neuronal
differentiation of embryonic stem cells, unlike Pou2f2.2 that is able to activate

this process (Theodorou et al., 2009).

The paper is submitted to Development. In this work, | carried out all the
experiments except the characterization of OC factor expression profile in the
different subpopulations within each ventral IN population (realized by Collin A.,

who | did supervise during her Master Thesis).
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Abstract

Acquisition of proper neuronal identity and position is critical for the formation of
neural circuits. In the embryonic spinal cord, cardinal populations of interneurons
diversify into specialized subsets and migrate to defined locations within the
spinal parenchyma. However, the factors that control interneuron diversification
and migration remain poorly characterized. Here, we show that the Onecut
transcription factors are necessary for proper diversification and migration of the
spinal V2 interneurons in the developing spinal cord. Furthermore, we uncover
that these proteins restrict and moderate the expression of spinal isoforms of
Pou2f2, a transcription factor known to regulate B-cell differentiation. By gain- or
loss-of-function experiments, we show that Pou2f2 contribute to regulate the
distribution of V2 populations in the developing spinal cord. Thus, we uncovered a
genetic pathway that regulates the diversification and the migration of V2

interneurons during embryonic development.
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Significance statement

In this study, we identify genetic regulators of spinal interneuron diversification
and migration, two events that are critical for proper CNS development. We also
highlight how the use of different promoters and alternative splicing contribute to
the recruitment of the same transcriptional regulator in completely different
processes, namely B-cell maturation and spinal interneuron migration. This
expands our current knowledge about the development of neural circuits that
regulate critical behaviors in animal or human species, including walking, running
and swimming. Finally, it constitutes bases for the identification of the molecular
mechanisms involved in these processes, for the evaluation of similar mechanisms
after adult spinal cord injury, and to characterize and control the in vitro

differentiation of stem/progenitor cells into spinal interneuron.
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3.2.2. Introduction

Neuronal migration is a critical feature of CNS development. It enables
neurons, which initiate differentiation in the vicinity of the ventricular zone
wherein neural progenitors are located, to reach adequate location in the nervous
parenchyma and properly integrate into neural circuits. The mechanisms that
regulate neuronal migration have been extensively studied in the developing
brain, particularly for cortical interneurons (INs) that are produced in the
ganglionic eminences and undergo a long tangential displacement to invade the
cortex and integrate into cortical circuits (Barber and Pierani, 2016; Guo and
Anton, 2014). In contrast, the factors that control IN migration in the developing
spinal cord remain almost totally unknown.

In the embryonic spinal cord, distinct neuronal populations are generated from
different progenitor domains orderly distributed along the dorsoventral axis of
the ventricular zone. These progenitors produce motor neurons and multiple
populations of ventral or dorsal INs (Lai et al., 2016; Lu et al., 2015). In contrast to
motor neurons, spinal IN populations do not organize into columns along the
anteroposterior axis of the spinal cord (Francius et al., 2013). Nevertheless, they
each migrate according to a stereotyped pattern and settle down at specific
focused or diffuse locations in the spinal parenchyma (Grossmann et al., 2010b).
Recent studies demonstrated that proper neuronal distribution is critical for
adequate formation of spinal circuits. Indeed, the clustering and dorsoventral
settling position of motor neuron pools critically pattern sensory input specificity
(Surmeli et al., 2011). Position of dorsal INs along the mediolateral axis in lamina V
determines their connectivity with sensory afferents (Hilde et al., 2016) while
extensor and flexor premotor INs segregate along the medio-lateral axis of the
spinal cord (Tripodi et al., 2011). Positional distinctions among premotor INs

additionally correlate with their output to different motor columns (Goetz et al.,
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2015) and differential distribution of V1 IN subsets constrain patterns of input
from sensory and from motor neurons (Bikoff et al., 2016). Consistently, distinct
ventral IN subsets are differentially distributed along the anteroposterior axis of
the spinal cord (Francius et al., 2013; Hayashi et al.,, 2018) and integrate into
specific local microcircuit modules (Hayashi et al., 2018). However, the molecular
mechanisms that regulate proper distribution of spinal INs remain elusive.

During their migration, cardinal populations of spinal neurons undergo
progressive diversification into distinct subsets that exert specific functions in
spinal circuits (Catela et al., 2015; Lai et al., 2016; Lu et al., 2015). For example, V2
INs diversify into major V2a and V2b and minor V2c and V2d populations. V2a and
V2d are excitatory neurons that participate in left-right alternation at high speed
and contribute to rhythmic activation of locomotor circuits, respectively (Crone et
al., 2008; Dougherty and Kiehn, 2010; Dougherty et al., 2013). V2b cells are
inhibitory INs that participate in alternation of flexor vs extensor muscle
contraction (Britz et al., 2015). As observed for V1 INs (Bikoff et al., 2016), V2 cells
further diversify into more discrete subpopulations differentially distributed along
the anteroposterior axis of the spinal cord (Francius et al., 2013; Hayashi et al.,
2018). However, specific functions of these IN subsets have not been investigated
yet, and the mechanisms that govern their production remain currently unknown.
Recently, we identified Onecut (OC) transcription factors as regulators of neuronal
diversification (Francius and Clotman, 2014; Kabayiza et al., 2017; Roy et al., 2012)
and of dorsal IN migration (Kabayiza et al., 2017) in the developing spinal cord. OC
factors, namely Hepatocyte Nuclear Factor-6 (HNF-6, or OC-1), OC-2 and OC-3, are
transcriptional activators present in the digestive tract and in the CNS during
embryonic development (Jacquemin et al., 1999; Jacquemin et al., 2003b; Landry
et al., 1997; Lemaigre et al., 1996; Vanhorenbeeck et al., 2002). In neural tissue,

they regulate production (Espana and Clotman, 2012a), diversification (Francius
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and Clotman, 2014; Kabayiza et al., 2017; Roy et al., 2012), distribution (Audouard
et al.,, 2013; Espana and Clotman, 2012a, b; Kabayiza et al., 2017) and
maintenance (Espana and Clotman, 2012a, b; Stam et al., 2012) of specific
neuronal populations, as well as the formation of neuromuscular junctions
(Audouard et al.,, 2012). Here, we demonstrate that OC factors regulate the
diversification and the distribution of V2 INs during spinal cord development.
Analyzes of OC-deficient embryos showed defective production of specific
subpopulations of V2a INs, as well as abnormal distribution of V2a and V2b cells in
the developing spinal cord. Furthermore, we uncovered that OC proteins act
upstream of specific spinal isoforms of Pou2f2, a POU family transcription factor.
Using gain- or loss-of-function experiments, we demonstrated that, as observed
for OC factors, Pou2f2 regulates the distribution of V2 INs in the developing spinal
cord. Thus, we uncovered a genetic pathway that regulates the diversification and

the migration of V2 INs during embryonic development.
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3.2.3. Results

OC factors are present in multiple subsets of spinal V2 interneurons

In the developing spinal cord, OC factors contribute to diversification, migration
and maintenance of different neuronal populations (Kabayiza et al., 2017; Roy et
al., 2012; Stam et al.,, 2012). To study V2 interneuron diversification, we
previously established a repertoire of markers that divide embryonic V2 cells into
multiple subpopulations (Francius et al., 2013). Although OC factors have been
detected in V2 interneurons (Francius and Clotman, 2010), their distribution in V2
subsets has not been investigated yet. Therefore, we first determined the
presence of each OC in these V2 subpopulations at e12.5.

V2a interneurons include neuronal subsets characterized by the presence of
Shox2, MafA, cMaf, Bhlhb5 or Prdm8 (Francius et al., 2013). Only Hnf6 was
detected in few Shox2+ V2a cells (Figure 31A-C"; Table 7). In contrast, the 3 OC
proteins were detected in MafA+ and cMaf+ V2a subpopulations (Figure 31D-1";
Table 7), but not in Bhlhb5+ or Prdm8+ cells (Table 7; data not shown). V2b
interneurons include similar subsets except for Shox2+ and cMaf+ cells, and
contain an additional MafB+ subpopulation (Francius et al., 2013). OC were
present in MafA+ but not in MafB+, Bhlhb5+ or Prdm8+ V2b subsets (Figure 31J-
L"; Table 7; data not shown). In addition, OC were detected in V2c (non-
progenitor Sox1+ cells; Figure 31M-0"; Table 7) but not in V2d (Shox2+Chx10-)
cells (Figure 31A-C"; Table 7). Thus, OC factors are present in multiple

subpopulations of V2 interneurons.
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Figure 31: OC factors are present in multiple subsets of V2 interneurons. (A-1") Immunolabelings
for OC, the V2a generic marker Chx10 and markers of V2a subpopulations (Francius et al., 2013) on
transverse spinal cord sections (brachial or thoracic levels) of €12.5 wild-type mouse embryos. In
each figure, the right ventral quadrant of the spinal cord is shown. Only HNF-6 is detected in Shox2+
V2a cells (arrow in A-C”), whereas the 3 OC are present in the MafA+ and in the cMaf+ V2a subsets
(arrows in D-1"). (J-L") Immunolabelings for OC, the V2b generic marker Gata3 and MafA. The 3 OC
proteins are detected in MafA+ V2b interneurons (arrows). (M-0") Immunolabelings for OC and the
V2c marker Sox1 demonstrate that OC factors are present in a majority of V2c interneurons
(arrows). Sox1 in the ventricular zone labels neural progenitors. Scale bar = 50 pm.
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V2 -el2.5
Populations Subpopulations HNF-6 0C-2 0cC-3
V2a - Chx10 + + +
Shox2 + - -
MafA + + +
cMaf + + +
Bhlhb5 - - -
Prdm8 - - -
V2b — Gata3 + + +
MafA + + +
MafB - - R
Bhlhb5 - - -
Prdm8 - - -
V2c - Sox1 + + +
V2d — Shox2 - - R

Table 7: OC factors are present in specific populations and subpopulations of V2 interneurons. The
V2 populations, including V2a, V2b, V2c and V2d, are subdivided in smaller subpopulations
characterized by differential expression of transcription factors (Francius et al., 2013). OC factors are
detected in specific populations and subpopulations of V2 interneurons.

OC factors regulate the diversification of spinal V2 interneurons

To determine whether OC proteins contribute to the development of V2
interneuron subsets, we characterized the phenotype of these cells in Hnf6/0c2
double-mutant embryos, which lack the three OC factors in the developing spinal
cord (Kabayiza et al., 2017; Roy et al.,, 2012). Given that the number and the
distribution of cells in each interneuron subpopulation vary along the
anteroposterior axis of the spinal cord (Francius et al., 2013; Hayashi et al., 2018;
Sweeney et al., 2018), this analysis was systematically performed at brachial,
thoracic and lumbar levels at e12.5 and e14.5.

In the absence of OC factors, the total number of Chx10+ interneurons was not

significantly changed (Figure 32A-D; Supplementary Figure S7A-B), although a
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trend toward reduction was detected at brachial level at e12.5 (Figure 32C). A
large subset of V2a cells contains Shox2 (Figure 31A-C"; 2E-F"; (Dougherty et al.,
2013)). Consistently, the number of Chx10+Shox2+ interneurons was not changed
in the absence of OC proteins (Figure 32E-H; Supplementary Figure S7C-D"). These
observations suggest that OC are not necessary for V2a interneuron production.
In contrast, the smaller V2a subpopulations wherein OC factors were detected in
control embryos, characterized by the presence of MafA (Figure 31D-F") or cMaf
(Figure 31G-1"), were almost completely lost in OC mutant embryos (Figure 32I-P;
Supplementary Figure S7E-H"). As the total number of Chx10+ and of Shox2+ V2a
was not changed (Figure 32A-H; Supplementary Figure S7A-D"), the loss of the
MafA+ or cMaf+ subsets may be compensated for by expansion of other V2a
subpopulations. However, we were unable to detect expansion of any alternative
V2a subset (data not shown), suggesting that the absence of OC proteins favor
differentiation of V2a subpopulations that remain to be identified. Nevertheless,
our data indicate that OC factors are required either for the expression of V2
subpopulation markers or for the differentiation of specific V2a interneuron
subsets.

To discriminate between these possibilities and to evaluate the contribution of OC
factors to V2b diversification, we characterized the phenotype of V2b
interneurons and of their MafA+ subpopulation in the absence of OC proteins. As
observed for V2a interneurons, the total number of V2b cells was not changed in
OC mutant embryos (Figure 32Q-T; Supplementary Figure S7I-J), although a trend
toward reduction was observed at brachial level at e12.5 (Figure 32S). As for V2a,
OC are present in the MafA+ V2b subpopulation (Figure 31J-L"). However, in
contrast to V2a, the MafA+ V2b interneurons were present in normal number in
OC mutant embryos (Figure 32U-X; Supplementary Figure S7K-L”’). Hence, OC

factors are not necessary for MafA expression in spinal V2 interneurons nor for
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the production of the MafA+ V2b subset, although they are required for the
differentiation of the MafA+ and of the cMaf+ V2a subpopulations.

Finally, we assessed the requirement for OC in the production of V2c
interneurons, a V2 population strongly related to V2b cells (Panayi et al., 2010)
wherein OC are broadly present (Figure 31M-0"). Although weak production of
Sox1 in spinal progenitors was preserved, V2c cells characterized by high Sox1
levels were scarcely detectable in OC mutant embryos at e12.5 (arrows in Figure
32Y-AA). However, the number of V2c was normal at el4.5 (Figure 32BB;
Supplementary Figure S7M-N), suggesting that the absence of OC delays the
differentiation of V2c interneurons without affecting the V2b population. Taken
together, these observations demonstrate that OC proteins are not required for
V2 interneuron production but regulate the diversification of V2 interneurons into

multiple subpopulations.

Shox2+ V2a is affected neither at €12.5 (E-G) nor at e14.5 (H). In contrast, quantitative analysis
of control or an6'/';0c2'/' littermates at €12.5 (I-K) and at e14.5 (L) shows reduction in MafA+
V2a interneurons in double mutants as compared to control embryos. Similarly, the number of
cMaf+ V2a interneurons is significantly reduced at e12.5 (M-0) and e14.5 (P) in the absence of
OC factors. At e12.5 (Q-S) and e14.5 (T), the production of the V2b interneurons is not affected
in an6'/';0c2'/' embryos. The generation of the MafA+ V2b interneurons is also unchanged at
el2.5 (U-W) or el4.5 (X). At el12.5 (Y-AA), the number of V2c interneurons is dramatically
reduced in the absence of OC factors (Sox1 in the ventricular zone labels neural progenitors).
However, this is no longer the case at e14.5 (BB). Mean values + SEM. * p<0.05 ; ** p<0.01 ; ***
p<0.001. Scale bar = 50 um.
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Figure 32: OC factors regulate the diversification of the V2 interneurons. Immunolabelings on
transverse spinal cord sections (brachial or thoracic levels) of control or an6'/';0c2'/' double-mutant
embryos. At e12.5 (A-C) and e14.5 (D), the production of the V2a Chx10+ interneurons is not altered
in the absence of oC factors. Similarly, the number of <
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OC factors regulate the distribution of spinal V2 interneurons

Although the total number of V2a or V2b interneurons was not affected by the
absence of OC factors, careful examination of immunofluorescence labelings
suggested that, as observed for spinal dorsal interneurons (Kabayiza et al., 2017),
OC proteins may regulate the distribution of V2 interneurons in the developing
spinal cord (Figure 32A-B; Q-R). Therefore, quantitative distribution analyses
(Kabayiza et al., 2017) were performed for each V2 population present in OC
mutant embryos at brachial, thoracic or lumbar levels at e12.5, namely in the
course of ventral interneuron migration, and at el14.5, i.e. when ventral
interneuron migration in the transverse plane of the spinal cord is completed.

At e12.5 in control embryos, V2a interneurons distributed in 2 connected clusters,
a major central group and a minor medial group, at each level of the spinal cord.
In mutant embryos, V2a cells similarly distributed in connected central and medial
groups. However, the relative cell distribution between the 2 clusters seemed
altered, with less central cells at brachial level and less medial cells at lumbar
levels (Figure 33A-L). Altered V2a distribution on the mediolateral axis was
confirmed at e14.5. In control embryos, the 2 V2a groups did coalesce in a more
evenly-distributed population that occupied ~70% of the medio-lateral axis. In
mutant embryos, V2a interneurons remained segregated into 2 distinct, although
connected, clusters with a majority of cells in medial position (Figure 33M-X).
Thus, absence of OC factors perturbs proper distribution of the V2a interneurons
and restricts at e14.5 migration of a fraction of V2a cells in a medial position. To
assess whether these distribution defects may only affect V2a subsets or impact
the whole V2a population, we sought to characterize the distribution of V2a
subpopulations. However, the MafA+ and cMaf+ subsets were absent in OC

mutants. Therefore, only the broader Shox2+ subpopulation was analyzed. Similar
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observations were made as for the whole V2a population (Figure 33Y-VV),

confirming that absence of OC factors alters the distribution of V2a interneurons.

e12.5 e14.5

Control || Hnfé-0c2-/- Control || Hnf6-/-0c2--

Brachial

Chx10
Thoracic

Lumbar

Brachial

Chx10+Shox2
Thoracic

Lumbar

Figure 33: OC factors regulate the distribution of V2a interneurons. Distribution of V2a
interneurons on transverse section of the spinal cord in control or an6'/';0c2'/' double-mutant
embryos at brachial, thoracic or lumbar level (only the right hemisection is shown). Two-dimension
distribution graphs (left) show integration of cell distribution from multiple sections of multiple
embryos of each genotype. One-dimension graphs (right) compare density distribution in control
(blue) and in double-mutant embryos (red) on the dorso-ventral (upper) or the medio-lateral (lower)
axis of the spinal cord (see Materials and methods for details). (A-C) At e12.5 in control embryos,
V2a interneurons distribute in 2 connected clusters, a major central group and a minor medial
group, at each level of the spinal cord. (D-L) In mutant embryos, the relative cell >
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To assess whether OC also regulate the position of other V2 populations, we
studied the distribution of V2b interneurons. At e12.5 in control embryos, V2b
cells distributed in a major central (brachial level) or lateral (thoracic and lumbar
levels) cluster with minor subsets located more medially (arrows in Figure 34A-L)
or ventrally (arrowheads in Figure 34A-L). In OC mutant embryos at el12.5, the
major population was more compact, more centrally located and slightly more
ventral. In addition, the ventral V2b subset was significantly depleted (asterisks in
Figure 34A-L). Consistently, at el14.5, V2b interneurons in the central cluster
remained significantly more compact at thoracic level in the absence of OC
factors, and identical trends were observed at brachial and lumbar levels (Figure
34M-X). In addition, a small contingent of V2b migrating towards the medio-
dorsal spinal cord in control embryos (arrowheads in Figure 34M-X) was missing in
OC mutant littermates (asterisks in Figure 34M-X). Thus, as observed for V2a cells,
absence of OC factors perturbs proper distribution of the V2b interneurons. The
MafA+ V2b subset was too small to enable reliable distribution analysis. Taken
together, these observations demonstrate that, in addition to V2 diversification,
the OC transcription factors regulate proper distribution of V2 interneurons

during spinal cord development.

distribution between the 2 clusters seems altered, with relatively less central cells at brachial
level and less medial cells at lumbar levels (n=3, asterisks; n=3, p<0.001 at brachial and lumbar
levels; p=0.1703 at thoracic level). (M-X) Altered V2a distribution on the mediolateral axis is
confirmed at e14.5. (M-0, S-X) In control embryos, the 2 V2a groups coalesce in a more evenly-
distributed population that occupied ~70% of the medio-lateral axis. (P-X) In mutant embryos,
V2a interneurons remain segregated into 2 distinct, although connected, clusters with a
majority of cells in medial position (n=3, p<0.001). (Y-VV) Similar observations are made for the
Shox2+ V2a subpopulation. At e12.5 in control embryos (Y-AA), Shox2+ V2a distribute in a minor
medial and a major lateral cluster. (BB-JJ) In mutant embryos, these cells are slightly more
ventral at brachial level and distribute more evenly between the two clusters at brachial and
lumbar levels (n=3, p<0.001 at brachial and lumbar levels; p=0.077 at level thoracic level). (KK-
VV) At e14.5, Shox2+ V2a in the mutant were slightly more ventral and remained more medial
than in control embryos (n=3, p<0.001).
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Figure 34: OC factors regulate the distribution of V2b interneurons. (A-C) At e12.5 in control
embryos, V2b cells are distributed in a major central (brachial level) or lateral (thoracic and lumbar
levels) cluster with minor subsets located more medially (arrows) or ventrally (arrowheads). (D-L) In
OC mutant embryos at e12.5, the major population remains more compact, more centrally located
and slightly more ventral. In addition, the ventral V2b subset is significantly depleted (asterisks; n=3,
p<0.001 at brachial and thoracic levels; p=0.3135 at lumbar level). (M-X) Consistently, at e14.5, V2b
interneurons in the central cluster are more compact at thoracic level in the absence of OC factors,
and identical trends were observed at brachial and lumbar levels, and a small contingent of V2b
migrating towards the medio-dorsal spinal cord in control embryos (arrowheads) is missing in OC
mutant littermates (asterisks; n=3, p<0.001 at thoracic level; p=0.3127 and 0.7999 at brachial and
lumbar levels, respectively).
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Figure 35: OC factors control expression of spinal cord-specific isoforms of Pou2f2. (A) The
different Pou2f2 isoforms present in the B cells (B_Pou2f2) are characterized by invariant exons
(dark grey) and alternative exons 4, 5, 8, 14 or 16 (light grey). They contain a POU-specific domain
(light green) encoded by exons 9 and 10 and a POU-type homeodomain (dark green) encoded by
exons 11 and 12. The 4 spinal Pou2f2 isoforms (S_Pou2f2.1 to S_Pou2f2.4) (identified in the spinal
cord) are characterized by a distinct exon 1 (E1X in light orange), an additional exon E5b (dark
orange) and alternative exons E1b and 4 (medium orange and light grey, respectively). The presence
of Elb disrupts the reading frame and imposes the use of the ATG located in E2a, whereas the
absence of E1b leaves open the use of the ATG located in E1X. The regions corresponding to the
generic or to the E5b in situ hybridization probes are indicated. (B-E) Quantification of spinal Pou2f2
or B-cell isoforms by RT-qPCR. (B) In control spinal cords, spinal Pou2f2 isoforms are >30-fold more
abundant than B-cell isoforms. (C) B cell Pou2f2 isoforms barely trend to increase in the absence of
OC factors. (D) In contrast, spinal Pou2f2 isoforms are 2.6-fold overexpressed in an6'/';0c2'/' spinal
cords. (E) In double mutant spinal cords, spinal Pou2f2 isoforms are >60-fold more abundant than B-
cell isoforms. (F-1) In situ hybridization labelings on transverse sections (brachial level) of control or
an6'/';Oc2'/' spinal cords at e11.5 with (F-G) a generic Pou2f2 probe complementary to spinal and to
B-cell isoforms (A) or (H-1) a spinal isoform-specific probe corresponding only to exon E5b (A). (F, H)
In control embryos, Pou2f2 is strongly expressed in ventral and in dorsal interneuron populations,
and more weakly in the ventral motor neuron area. (G, 1) In OC mutant embryos, Pou2f2 is
upregulated in interneuron populations and its expression is expanded in ventral populations
(arrowheads) and in the motor neurons (arrows). * p<0.05 ; ** p<0.01. Scale bars = 50 um.
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OC factors control expression of neuronal-specific isoforms of Pou2f2

In an effort to identify genes downstream of OC that may contribute to V2
interneuron differentiation and distribution, we performed a microarray
comparison of control and of OC-deficient spinal cord transcriptome at e11.5,
namely at the stage when significant numbers of V2 cells have been generated
and are initiating migration. Among genes showing a differential expression level
in the OC mutant spinal cord, Pou2f2 was significantly upregulated (1.57-fold
increase). Pou2f2 (previously named Oct-2) is a transcription factor containing a
POU-specific domain and a POU-type homeodomain (Figure 35A) that binds an
octamer motif (consensus sequence ATGCAAAT) (Latchman, 1996). Pou2f2
expression has been detected in B lymphocytes, in neuronal cell lines and in
neural tissues including the developing CNS (Camos et al., 2014; Hatzopoulos et
al., 1990; Lillycrop and Latchman, 1992). Pou2f2 is required for differentiation of B
lymphocytes and for postnatal survival (Corcoran et al., 1993; Corcoran et al.,
2004; Hodson et al., 2016; Konig et al., 1995), and is able to modulate neuronal
differentiation of ES cells (Theodorou et al., 2009). However, its role in the
developing spinal cord remains unknown.

Based on work in B cells, multiple Pou2f2 isoforms generated by alternative
splicing have been described (Figure 35A; (Hatzopoulos et al., 1990; Lillycrop and
Latchman, 1992; Liu et al.,, 1995; Stoykova et al.,, 1992; Wirth et al.,, 1991)).
Therefore, we first determined whether similar isoforms are found in the
developing spinal cord. However, using RT-PCR experiments, we systematically
failed to obtain PCR products using upstream primers in described exon 1
(asterisks in Supplementary Figure S8A-B and data not shown; Table 8) and
amplifications encompassing exons 5 to 6 generated predominant amplicons

larger than expected (arrowheads in Supplementary Figure S8B; Table 8),
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suggesting the existence of alternative exons in Pou2f2 embryonic spinal cord

transcripts (Figure 35A). Data mining the NCBI

272 bp 272 bp
390 bp 390 bp No amplification
456 bp 456 bp
174 bp 174 bp
222 bp 222 bp 174bp
452 bp 452 bp 452 bp
160 bp 160 bp
296 bp 296 bp 370 bp
370 bp 370 bp
348bp
466 bp :gg Ep No amplification
532 bp P
igg :E 402 bp ~ 680 bp
468 bp 468 bp ~750 bp
154 bp 154 bp 2
378 bp
272 bp 272 bp S
378 bp 378 bp - 200 bz
340 bp 340 bp ~ 600 bp
201 bp 201 bp ~2£slobt’:p
160 bp 160 bp 160 bp
152
152 bp No amplification - 2520bk’:p
554 bp ND 554 bp
620 bp ’ 620 bp
234 bp N.D 234 bp
429 bp ND 429 bp
495 bp ’ 495 bp
416 bp N.D 416 bp

Table 8: Pou2f2 isoforms in the developing spinal cord are different from B-cell isoforms. Regions
covering B lymphocytes or predicted Pou2f2 isoforms (exons E1 or E1X to E17) were amplified by RT-
PCR from B lymphocyte or embryonic spinal cord RNA. Orange cells = unexpected results.
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Nucleotide database for Pou2f2 sequences identified a predicted murine Pou2f2
isoforms (X6 sequence, accession number XM_006539651.3) with a different exon
1 (E1X) and an additional sequence between exons 5 and 6, the size of which (279
bp) corresponded to the size differences estimated in our amplifications
encompassing exons 5 to 6 (arrowheads in Supplementary Figure S8B; Table 8).
Using PCR primers in this predicted sequence, we were able to amplify a 5' region
of Pou2f2 from the alternative E1X exon and an additional sequence between
exons 5 and 6 (Supplementary Figure S8C; Table 8), suggesting that alternative
isoforms similar to this predicted sequence are produced in the developing spinal
cord. However, amplifications from E1X systematically produced 2 amplicons
(arrowheads in Supplementary Figure S8C; Table 8), suggesting the existence of
an alternative exon downstream to E1X. Sequencing of our PCR products and
alignment to genomic DNA confirmed that predominant Pou2f2 isoforms in the
developing spinal cord contain the alternative E1X exon, an additional exon (E5b)
between exons 5 and 6, and can undergo alternative splicing of a short (61bp)
exon (Elb) between E1X and exon 2 (Supplementary Figure S8D). E5b exon
maintains the reading frame. In contrast E1b exon disrupts the reading frame,
imposing the use of the ATG located in exon 2 to generate a functional Pou2f2
protein, whereas the absence of Elb leaves open the use of an alternative
upstream ATG located at the 3' end of E1X (Figure 35A; Supplementary Figure
S8D). Hence, taking into account our RT-PCR and sequencing data, 4 neuronal
PouZ2f2 isoforms that are different from the previously described B-cell or neural
isoforms can be produced in the developing spinal cord (Fig 35A).

However, our RT-PCR experiments suggested that minor transcripts
corresponding to B-cell isoforms are also present in the embryonic spinal cord
(Supplementary Figure S8A-B; Table 8). To assess the relative abundance of each

transcript type in this tissue and to evaluate the extent of their relative
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overexpression in the absence of OC factors, we quantified each isoform type in
control and in OC-deficient spinal cord at e11.5. In control spinal cords, spinal
PouZ2f2 isoforms were >30-fold more abundant than B-cell isoforms (Figure 35B),
consistent with our RT-PCR observations (Supplementary Figure S8). In the
absence of OC factors, spinal isoforms were ~2.6-fold overexpressed whereas B-
cell isoforms barely trended to increase (Figure 35C-D), resulting in spinal
isoforms being >60-fold more abundant than B-cell transcripts (Figure 35E). Thus,
OC factors repress expression of spinal Pou2f2 isoforms in the developing spinal
cord.

To confirm these data and to determine the expression pattern of Pou2f2 in the
ventral spinal cord, in situ hybridization was performed on sections from control
or Hnf6/0c2 double-mutant spinal cords using either a generic Pou2f2 probe
complementary to spinal and to B-cell isoforms or a spinal isoform-specific probe
corresponding only to exon E5b (Figure 35A). Using the generic Pou2f2 probe on
control tissue, we detected Pou2f2 transcripts in the ventral region of the spinal
cord, with lower expression levels in the location of the motor columns (arrows in
Figure 35F). In OC mutant embryos, Pou2f2 expression was globally increased and
additionally expanded in the ventral area (arrowheads in Figure 35F-G) including
the motor neuron territories (arrows in Figure 35F-G). Similar observations were
made with the spinal-specific probe, although the signal was much weaker
probably owing to the shorter length of the probe (Figure 35H-1). Thus, OC factors
restrict and moderate Pou2f2 expression in ventral spinal populations likely

including V2 interneurons.
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Pou2f2-positive V2 interneurons are mislocated in the absence of OC

factors

To assess whether increased Pou2f2 expression in an6'/';Oc2'/' spinal cords
corresponded to an expansion of Pou2f2 distribution in V2 interneurons or an
upregulation in its endogenous expression territory, we first quantified the
number and distribution of Pou2f2-containing Chx10+ cells at e12.5 and el14.5
(Figure 36; Supplementary Figure S9). Immunofluorescence experiments
demonstrated that Pou2f2 is present in V2a interneurons in control embryos
(Figure 36A,C; Supplementary Figure S9A,D). They also confirmed increased
Pou2f2 production in the ventral regions of the spinal cord in OC mutant embryos
(Figure 36A-F). However, the increase in Pou2f2-positive V2a interneurons was
not statistically significant (Figure 36E-F; Supplementary Figure S9). This suggested
that, in the absence of OC factors, Pou2f2 is upregulated but only modestly
expanded in the V2a population. In contrast, the distribution of Pou2f2-positive
V2a interneurons was affected (Figure 36A-D, 36G-DD). At el12.5, cells in the
central clusters were slightly reduced at brachial and at thoracic levels (Figure
36G-R). In contrast, at e14.5, a majority of V2a containing Pou2f2 settled in a
medial position (Figure 365-DD), reminiscent of the distribution defects observed
for the whole V2a population (Figure 33).

Similarly, Pou2f2 was detected in V2b interneurons in control embryos, although
in a more restricted number of cells (Figure 37A-F). In the absence of OC factors,
the number of Pou2f2-positive V2b cells was not significantly increased (Figure
37E-F) but, as observed for V2a, this subset of V2b interneurons was slightly
mislocated with cells more central at e12.5 and more clustered on the medio-
lateral axis at e14.5 (Figure 37G-DD). Taken together, these observations suggest

that Pou2f2 may contribute to control V2 interneuron migration during spinal
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cord development and that increased Pou2f2 expression in these cells could

participate in alterations of V2 distribution in the absence of OC factors.
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Figure 36: The Pou2f2+ V2a
interneurons are mislocated
in the absence of OC factors.
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Figure 37: The Pou2f2+ V2b
interneurons are mislocated in the
absence of OC factors. (A-F)

Immunolabelings and quantification
of Pou2f2+ V2b interneurons in
control or an6'/';0c2'/' mutant
embryos. At e12.5 (A-B) and e14.5 (C-
D), Pou2f2 is present in V2b Gata3+
interneurons, but the number of
Pou2f2+ V2b cells was not
significantly increased (E-F). (G-DD)
Distribution of Pou2f2+ V2b
interneurons on transverse section of
the spinal cord in control or an6'/'
;Oc2'/' double-mutant embryos. One-
dimension graphs (lower) show
density distribution on the dorso-
ventral (left) or the medio-lateral
(right) axis of the spinal cord. (G-R) At
el2.5, Pou2f2-containing V2b are
more central and slightly more ventral
in the absence of OC factors (n=3,
p<0.001). (S-DD) At e14.5, this subset
of V2b interneurons is more clustered
on the medio-lateral axis in an6'/'
;Oc2'/' spinal cords (n=3, p<0.001).
Mean values + SEM. Scale bar = 50
pum.
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Pou2f2 regulates the distribution of spinal V2 interneurons

To determine whether Pou2f2 is able to modulate V2 interneuron distribution, we
expressed Pou2f2, which is not present in the chicken genome (data not shown),
in the chicken embryonic spinal cord (Supplementary Figure S10). Pou2f2 did not
impact on the number of V2a, Shox2-containing V2a, V2b or V2d interneurons
(Figure 38A-B", 8K-P). In contrast, it did alter V2 interneuron location. In HH27-28
control spinal cord, V2a and Shox2-containing V2a interneurons were distributed
in 2 closely connected clusters on the medio-lateral axis of the neuroepithelium.
In electroporated spinal cord, lateral migration was increased and a majority of
V2a and Shox2-positive V2a interneurons were clustered in a single group in a
central position (Figure 38A-J) with ectopic lateral extensions (arrows in Figure
38D,H). In control spinal cord, V2b were distributed in 2 groups along the medio-
lateral axis with a majority of cells in the lateral cluster. In electroporated spinal
cord, lateral migration of the V2b interneurons was reduced and a majority of
cells were located in the medial cluster (Figure 380-T). Thus, consistent with our
observation in OC mutant embryos, increased Pou2f2 seems to modulate
migration of V2 interneurons in the developing spinal cord.

To confirm the influence of Pou2f2 on V2 migration, we studied V2 distribution in
mouse embryos devoid of Pou2f2 (Corcoran et al., 1993) at e12.5. Absence of
Pou2f2 did not impact on the number of V2a, Shox2-positive V2a or V2d
interneurons (Figure 39A-G) nor on the cMaf+ or Maf+ V2a subsets
(Supplementary Figure S11). In contrast, V2a distribution was affected in Pou2f2
mutants. As compared to the two V2a clusters observed in control embryos,
Chx10+ cells were relatively more abundant in the medial cluster in Pou2f2
mutant embryos (Figure 39H-S). Similarly, Shox2+ V2a remained more medial at

brachial level, but migrated more laterally at lumbar level (Figure 39T-EE).
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Figure 38: V2

Chx10 Shox2 | | Control ” PCMV-Pou2f2 I
1 interneuron distribution
is altered after
misexpression of

Pou2f2. Overexpression
of Pou2f2 in chick
embryonic spinal cord
after electroporation at

Control
V2a INs

HH14-16 and
L immunolabelings 72
hours after

electroporation. (A-B, O-
P) At HH27-28, Pou2f2
overexpression does not
impact the number of
V2a (Chx10+) (K), Shox2+
V2a (L), V2b (M) or V2d
(N) interneurons. (C-J, Q-
T) In contrast, it alters V2
distribution.  (C-J) In
. 1 I — control spinal cord, V2a
— — | and Shox2+ V2a
interneurons are
distributed in two closely
connected clusters on
the medio-lateral axis of
the neuroepithelium. In
electroporated spinal
cord, lateral migration is
increased and a majority
of V2a and Shox2+ V2a
interneurons are
clustered in a single
central group with
ectopic lateral
extensions (arrows; n=3,
p<0.001). (Q-T) In
control spinal cord, V2b
are distributed in two
groups along the medio-lateral axis with a majority of cells in the lateral cluster. In electroporated
spinal cord, lateral migration of the V2b interneurons is reduced and a majority of cells is located in
the medial cluster (n=3, p<0.001). Mean values * SEM. Scale bar = 50 um.

pPCMV-Pou2f2
Shox2+ V2a INs

R

V2ainterneurons K Shox2+V2aIN L V2b interneurons M vad interneurons N

“Control  =Pou2f2 “Control *Pou2f2 “Control «Pou2f2 “Control  “Pou2f2

2

i

&
H

8

3

Number of cells per hemisection

Number of cells per h
8

Porportion of c

°

[ pemvpouzez || Control [ pemvepouzrz |

Gata3

139



Results

Lumbar

quantification of V2a, Shox2+ V2a
and V2d interneurons in control or
[ i Pou2f2'/' mutant embryos. (A-B, E)

J At el12.5, the production of the
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V2a interneurons E Shox2+V2aINs F V2d interneurons G altered in absence of Pou2f2. (C-
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» D, F-G) Similarly, neither the
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S W B& & | number of V2d interneurons are

[ Chx10 I Chx10 Shox2 | Figure 39: Pou2f2 regulate the
Control Pou2f2-/- Control Pouzi2r- distribution of V2a mlterneurons.
: B cl = (A-G)  Immunolabelings  and

o

Number of cells per
hemisection

Proportion of
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I Chx10 Shox2 | EE) Distribution of V2a and Shox2+
Pou2f2-/- Control Pou2f2-/- V2a interneurons on transverse

section of the spinal cord in
control  or Pou2f2'/' mutant
embryos. One-dimension graphs
(lower) show density distribution
on the dorso-ventral (left) or the
medio-lateral (right) axis of the
spinal cord. (H-S) V2a distribution
is affected in Pou2f2'/' mutants. As
compared to the two V2a clusters
observed in control embryos,
Chx10+ cells are relatively more
abundant in the medial cluster in
Pou2f2'/' mutant embryos (n=3,
p<0.001). (T-EE) Similarly, Shox2+
V2a remained more medial at
brachial level, but migrated more
laterally at lumbar level (n=3,
p<0.001). Mean values + SEM.
Scale bar =50 pm.
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Consistent observations were made for V2b and V2c interneurons (Figure 40).

Although the number of V2b, V2c or MafA+ V2b cells was not changed in the

absence of Pou2f2 (Figure 40A-C; Supplementary Figure S12), V2b cells remained

more medial at thoracic levels but migrated more laterally at lumbar levels (Figure

40D-0). Taken together, these observations demonstrate that Pou2f2 regulate the

distribution of V2 interneurons during spinal cord development.
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Figure 40: Pou2f2 regulate the

distribution of V2b
interneurons. (A-G)
Immunolabelings and
quantification of V2b
interneurons in  control or

Pou2f2'/' mutant embryos. At
el2.5, the production of the
Gata3+ V2b interneurons is not
affected by the absence of
Pou2f2. (D-O) Distribution of
V2b interneurons on transverse
section of the spinal cord in
control or Pou2f2'/' mutant
embryos. One-dimension graphs
(lower) show density distribution
on the dorso-ventral (left) or the
medio-lateral (right) axis of the
spinal cord. (D-0) The
distribution of V2b cells s
altered in Pou2f2'/' mutants, as
V2b interneurons remained
more medial at thoracic level but
migrated more laterally at
lumbar level (n=3, p<0.001).
Mean values + SEM. Scale bar =
50 pm.



Results

3.2.4. Discussion

In the recent years, several studies demonstrated that proper distribution
of neuronal populations and subpopulations in the developing spinal cord is
critical for adequate formation of spinal circuits (Bikoff et al., 2016; Goetz et al.,
2015; Hayashi et al., 2018; Hilde et al., 2016; Surmeli et al., 2011; Tripodi et al.,
2011). However, the genetic programs that control the diversification of spinal
neuronal populations into specialized subpopulations and the proper settling of
these neuronal subsets in the spinal parenchyma remain elusive. Here, we
provide evidence that OC transcription factors regulate the diversification of
spinal V2 INs, and that a genetic cascade involving OC factors and their
downstream target Pou2f2 controls the distribution of V2 INs in the developing

spinal cord.

Control of V2 IN diversification by the OC factors

Cardinal populations of spinal ventral INs have been well characterized, and their
global contribution to the activity of motor circuits has been extensively studied
(reviewed in (Boije and Kullander, 2018; Gosgnach et al., 2017; Ziskind-Conhaim
and Hochman, 2017). However, more recently, the idea emerged that these
cardinal populations are not homogeneous ensembles but rather contain multiple
cellular subsets with distinct molecular identities and functional properties. VO INs
are constituted of two major populations, the inhibitory VOp and the excitatory
VO0y neurons, which control left-right alternation of motor circuit activation at low
or high frequencies, respectively (Talpalar et al., 2013). V1 INs, a major inhibitory
population that controls motor output, can be fractionated into ~50 distinct
subsets based on the combinatorial expression of 19 transcription factors. These

subsets exhibit distinct electrophysiological properties and highly structured
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spatial distribution that constraints somato-sensory afferences (Bikoff et al.,
2016). Furthermore, they are differentially distributed along the anteroposterior
axis of the spinal cord (Francius et al., 2013; Sweeney et al., 2018), suggesting
differential contribution to the motor output at thoracic or at limb levels of the
spinal cord (Sweeney et al.,, 2018). Similarly, V2a INs comprise two major
divisions, namely type | and type Il V2a cells, that are arrayed in counter-gradients
along the antero-posterior axis of the spinal cord and activate different patterns
of motor output at brachial and lumbar levels. Furthermore, these two large
divisions can themselves be fractionated at birth into 11 subsets characterized by
distinct combinations of markers, differential segmental localization and specific
distribution patterns on the medio-lateral axis of the spinal cord (Hayashi et al.,
2018). In the zebrafish, 3 distinct subclasses of V2a INs participate in separate
microcircuit modules driving slow, intermediate or fast motor neuron activity
(Ampatzis et al., 2014). Finally, V3 INs segregate into physiologically and
topographically distinct clusters along the dorso-ventral axis of the spinal cord,
each showing distinctive maturation processes and likely playing different roles in
motor activity (Borowska et al., 2015; Borowska et al., 2013). Taken together,
these observations suggest that cardinal IN populations only constitute the first
organization level of functionally distinct neuronal subsets that contribute to
diversity and flexibility within spinal motor circuits. We show here that, as
observed in spinal motor neurons and other IN populations (Francius and
Clotman, 2010; Francius et al., 2013; Kabayiza et al., 2017), OC factors are also
detected in subsets of V2 INs. As reported for the V1 population (Bikoff et al.,
2016; Sweeney et al.,, 2018), OC proteins may define functionally-relevant V2
subpopulations, although possible correlation with the recently-identified V2a

subsets (Hayashi et al., 2018) remains to be investigated.
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However, for each of these cardinal populations, the genetic programs that
contribute to their diversification into multiple subpopulations remain unknown.
Our observations demonstrate that OC factors contribute to the diversification of
V2 INs. Normal numbers of cardinal V2a and V2b cells were generated in OC
mutant embryos, suggesting that these factors do not contribute to the
production of V2 cells (Clovis et al., 2016; Lee et al., 2008; Thaler et al., 2002) nor
to the segregation of the V2a and V2b lineages through differential activation of
Notch signaling (Del Barrio et al., 2007; Joshi et al., 2009; Misra et al., 2014; Peng
et al., 2007). In contrast, V2a subpopulations characterized by the presence of
MafA or cMaf were strongly depleted in the absence of OC proteins. Uncomplete
knowledge of the whole collection of V2a subsets prevented to assess whether
this reduction in specific subpopulations were compensated for by an expansion
of neighboring subsets. Furthermore, MafA and cMaf were not included among
the markers that fractionate at birth the V2a population into 11 distinct
subgroups (Hayashi et al., 2018) and the matching between these subpopulations
therefore remains to be investigated. Nevertheless, these observations suggest
that, as previously observed for spinal motor neurons (Roy et al., 2012) and dorsal
INs (Kabayiza et al., 2017), OC factors contribute to the diversification of V2a INs
during development. In addition, the production of V2c cells was delayed in OC
mutant embryos, although V2b that are supposed to constitute the source of V2c
(Panayi et al., 2010) were timely generated. This points to a specific contribution
of OC protein to the development of V2c INs, the mechanism of which is currently

unknown.
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Control of V2 IN migration by the OC factors

Beside diversification, the characterization of functionally distinct IN
subpopulations unveiled a strong correlation between the distribution of each IN
subset and their contribution to distinct microcircuit modules. Extensor and flexor
premotor INs segregate along the medio-lateral axis of the spinal cord (Tripodi et
al., 2011). Premotor INs that convey information to motor neurons innervating
axial muscles reside in symmetrically balanced locations while limb-innervating
motor neurons are mainly innervated by ipsilateral premotor INs (Goetz et al.,
2015). The settling position of distinct V1 IN subsets is predictive of the status of
motor and sensory neuron input (Bikoff et al., 2016). Among V2 INs, type | cells
are distributed as an increasing rostro-caudal gradient and contribute to local
motor circuits, whereas type Il cells are arrayed as an increasing caudo-rostral
gradient and project both to motor neurons and supraspinally (Hayashi et al.,
2018), likely sending motor efference copies to the cerebellum via the lateral
reticular nucleus (Azim et al., 2014; Pivetta et al., 2014). Furthermore, ventral and
dorsal V3 INs are differentially activated during running and swimming, suggesting
specific contribution of spatially distinct V3 subsets to different motor behavior
(Borowska et al., 2013). Finally, inhibitory sensory relay neurons of lamina V
characterized by the presence of SATB2 are abnormally located upon SATB2
inactivation and this, along with changes in molecular identity, perturbs pre- and
post-synaptic connectivity (Hilde et al., 2016). Taken together, these recent data
support a model wherein correct localization of spinal IN subsets is critical for
proper formation of sensory and sensory-motor circuits, reminiscent of the
requirement of correct motor neuron positioning for the establishment of
adequate sensory inputs (Dasen, 2017; Surmeli et al., 2011). This highlights the
importance of a strict regulation of short-distance neuronal migration in the

developing spinal cord.
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However, genetic determinants that control spinal IN migration have only been
sparsely identified. Sim1 regulate ventro-dorsal migration of the V3 IN subsets
(Blacklaws et al., 2015). Similarly, SATB2 control the position of inhibitory sensory
relay INs along the medio-lateral axis of the spinal cord (Hilde et al., 2016). Here,
we provide evidence that the OC factors control a genetic program that regulates
proper positioning of V2 INs during embryonic development. In the absence of OC
proteins, a fraction of V2a INs remained in a more medial location, expanding the
medial cluster containing locally-projecting cells at the expanse of the lateral
cluster that comprises the supraspinal-projecting V2a INs (Hayashi et al., 2018).
V2b alterations were less spectacular, although ventral and dorsal contingents
were reduced and the cell distribution in the central cluster was altered.
Variability in the alterations observed at e12.5 and e14.5 suggests that, depending
on the population considered, migration of earlier- or later-migrating neurons
may be differently affected by the absence of OC proteins. Functional distinctions
between V2b subsets have not been reported to date. However, given our current
knowledge regarding the diversification and the impact of localization of V1 and
V2a IN subpopulations on proper circuit formation (Bikoff et al., 2016; Hayashi et
al., 2018), we hypothesize that even slight perturbations in the distribution of
small IN subsets are likely to result in alterations in spinal microcircuit
development. Our observations are consistent with the contribution of OC factors
to the migration of several populations of spinal dorsal INs (Kabayiza et al., 2017).
This raises the question whether similar cues might be regulated by identical
genetic programs and used by different IN populations to organize proper
distribution of ventral and dorsal IN subsets in the developing spinal cord.
Identification of the factors downstream of OC protein involved in the control of

neuronal migration will be necessary to answer this question.
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A OC-Pou2f2 genetic cascade regulates the migration of V2 INs

Therefore, we attempted to identify genes downstream of OC factors and possibly
involved in the control of IN migration using a global approach comparing the
transcriptome of whole spinal cords isolated from control or OC-deficient
embryos. However, we were unable to detect significant changes in the
expression of known regulators of neuronal migration. This suggests that different
actors may be active downstream of OC proteins in distinct IN subsets to regulate
proper neuronal distribution. In contrast, we uncovered that expression of the
transcriptional regulator Pou2f2 is repressed by OC factors in multiple IN
populations. Surprisingly, our data demonstrated that variant Pou2f2 isoforms are
produced in the developing spinal cord as compared to B lymphocytes
(Hatzopoulos et al., 1990; Lillycrop and Latchman, 1992; Liu et al., 1995; Stoykova
et al., 1992; Wirth et al., 1991), and that these spinal variants are regulated by OC
proteins. Spinal-enriched transcripts encode Pou2f2 proteins containing
additional peptidic sequences upstream of the POU-specific domain and of the
homeodomain. Furthermore, exon 1 is different and corresponds to sequences
located ~47kb upstream of the transcription initiation site used in B cells (data not
shown) in the mouse genome, suggesting that OC regulate Pou2f2 expression
from an alternative promoter. However, we cannot exclude that additional
exon(s) could be present upstream of the identified sequences, and
determination of the regulating sequences targeted by the OC protein will require
thorough characterization of the produced transcripts. In addition, we cannot rule
out indirect regulation of Pou2f2 expression by the OC factors, as these proteins
are usually considered to be transcriptional activators rather than repressors
(Beaudry et al., 2006; Jacquemin et al., 2000; Jacquemin et al., 2003a; Lannoy et
al., 2000; Pierreux et al., 2004; Roy et al., 2012). Whether divergent N-terminal

sequence and additional peptidic sequence upstream of the POU-specific domain
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modifies the activity or the binding specificity of the Pou2f2 proteins also awaits
further investigations.

Nevertheless, our observations demonstrate that Pou2f2 is downstream of OC
factors in the V2 INs and also contributes to regulate the distribution of V2 INs
during embryonic development. The number of Pou2f2-containing V2 was not
significantly increased in OC mutant spinal cords, suggesting that the absence of
OC protein resulted in derepression of Pou2f2 production in its endogenous
expression domain rather that ectopic activation in other V2 subsets. Increased
production of Pou2f2 in the chicken embryonic spinal cord resulted in alterations
in the localization of V2 populations without any change in cell number, pointing
to a possible contribution of Pou2f2 to the regulation of V2 migration
downstream of OC factors. Consistently, V2 distribution was perturbed in Pou2f2
mutant embryos without any alteration in V2 population or subpopulation cell
numbers, demonstrating the involvement of Pou2f2 in the control of V2 IN
distribution. Hence, we uncovered a genetic cascade comprising OC and Pou2f2
transcription factors that ensures proper migration of V2 cells during spinal cord
development. This program may not be restricted to V2 cells, as diversification
and distribution of dorsal INs and of motor neurons are also altered in the
absence of OC factors (Kabayiza et al., 2017; Roy et al.,, 2012) and as Pou2f2
expression in the OC mutant spinal cord is increased in multiple neuronal
populations (Figure 35D-l). Therefore, evaluating the consequences of V2 IN
defects on motor circuit activity in OC or Pou2f2 mutants would necessitate
conditional inactivation of these transcription factors in this specific population.
Whether V2 localization defects are associated with axon guidance perturbations,
as observed for V3 INs in the absence of Sim1 (Blacklaws et al., 2015), will require

genetic labeling of V2 axonal projections.

148



Results

Localization defects of specific neuronal populations have previously been
reported in the absence of OC factors. Dopaminergic neurons of the A13 nucleus
migrate aberrantly in OC mutant embryos, resulting in the disaggregation of the
nucleus and loss of dopaminergic cell phenotype (Espana and Clotman, 2012b).
Similarly, neurons of the Locus Coeruleus, the largest noradrenergic nucleus of
the CNS, migrate caudally beyond their normal position in the rostral hindbrain of
OC deficient individuals, resulting in the loss of their catecholaminergic
characteristics (Espana and Clotman, 2012a). Final positioning of the Purkinje cells
during postnatal maturation of the cerebellum was defective in the absence of
HNF-6 (Audouard et al., 2013). Finally, distribution defects of spinal dorsal INs in
OC mutant embryos have recently been reported (Kabayiza et al., 2017). Hence,
OC factors seem critical for proper localization of multiple neuronal populations
throughout the CNS. Whether identical migration regulators are controlled by OC
proteins in different neuronal populations remains to be determined. Comparison
of downstream targets of OC and of Pou2f2 that would be oppositely regulated in

the respective mutants may constitute a strategy to identify these regulators.
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3.2.5. Materials and methods

Ethics statement and mouse lines

All experiments were strictly performed in accordance with the European
Community Council directive of 24 November 1986 (86-609/ECC) and the decree
of 20 October 1987 (87-848/EEC). Mice were raised in our animal facilities and
treated according to the principles of laboratory animal care, and experiments
and mouse housing were approved by the Animal Welfare Committee of
Université catholique de Louvain (Permit Number: 2013/UCL/MD/11 and
2017/UCL/MD/008). The day of vaginal plug was considered to be embryonic day
(e) 0.5. A minimum of three embryos of the same genotype was analyzed in each
experiment. The embryos were collected at e12.5 and e14.5. The Hnf6,0c2 and
the Pou2f2 mutant mice were previously described (Clotman et al., 2005;
Corcoran et al., 1993; Jacquemin et al., 2000). The mice and the embryos were

genotyped by PCR (primer information available on request).

In situ hybridization (ISH) and immunofluorescence labelings

For ISH, the collected embryos were fixed in ice-cold 4% paraformaldehyde (PFA)
in phosphate buffered-saline (PBS) overnight at 4°C, washed thrice in PBS for 10
minutes, incubated in PBS/30% sucrose solution overnight at 4°C, embedded and
frozen in PBS/15% sucrose/7.5% gelatin. Fourteen um section were prepared and
ISH was performed as previously described (Beguin et al., 2013; Francius et al.,
2016; Pelosi et al., 2014) with DIG-conjugated Pou2f2 (NM_011138.1, nucleotides
604-1187) or Pou2f2 exon 5b (XM_006539651.3, nucleotides 643-876) antisense
RNA probes.

For immunofluorescence, collected embryos were fixed in 4% PFA/PBS for 25 or

35 minutes according to their embryonic stage and processed as for ISH.
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Immunolabeling was performed on 14 um serial cryosections as previously
described (Francius and Clotman, 2010). Primary antibodies against the following
proteins were used: Chx10 (sheep; 1:500; Exalpha Biologicals #X1179P), Foxp1l
(goat; 1:1000; R&D Systems #AF4534), Gata3 (rat; 1:50; Absea Biotechnology
#111214D02), GFP (chick; 1:1000; Aves Lab #GFP-1020), HNF6 (guinea pig; 1:2000;
(Espana and Clotman, 2012b); or rabbit; 1:100; Santa Cruz #sc-13050; or sheep;
1:1000 R&D Systems #AF6277), cMaf (rabbit; 1:3000; kindly provided by H.
Wende), MafA (guinea pig; 1:500; kindly provide by T. Miiller), OC2 (rat; 1:400;
(Clotman et al., 2005); or sheep; 1:500; R&D Systems #AF6294), OC3 (guinea pig;
1:6000; (Pierreux et al., 2004)), Pou2f2 (rabbit; 1:2000; Abcam #ab178679), Shox2
(mouse; 1:500; Abcam #ab55740), Sox1 (goat; 1:500; Santa Cruz #sc-17318).
Secondary antibodies donkey anti-guinea pig/AlexaFluor 488, 594 or 647, anti-
mouse/AlexaFluor 488, 594 or 647, anti-rabbit/AlexaFluor 594 or 647, anti-
goat/AlexaFluor 488, anti-rat/AlexaFluor 647, anti-sheep/AlexaFluor 594 or 647,
and goat anti-mouse 1gG2A specific/AlexiaFluor 488, purchased from
ThermoFisher Scientific or Jackson Laboratories were used at dilution 1:2000 or

1:1000, respectively.

In ovo electroporation

In ovo electroporations were performed at stage HH14-16, as previously
described (Roy et al., 2012). The coding sequence of the S_Pou2f2.4 transcript
was amplified by overlapping-PCR using: forward 5" GCTCTGTCTGCCCAAGAGAAA
3’ and reverse 5° GTTGGGACAAGGTGAGCTGT 3’ primers for the 5’ sequence,
forward 5 CCACCATCACAGCCTACCAG 3 and reverse 5
ATTATCTCGAGCCAGCCTCCTTACCCTCTCT 3’ (designed to enable integration at the
Xhol restriction site of the pCMV-MCS vector) primers for the 3’ sequence. This

sequence was first subcloned in a pCRWII-Topo® vector (Life Technologies, 45-0640)
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for sequencing then subcloned at the EcoRl (from the pCRQII-Topo® vector) and
Xhol restriction sites of a pCMV-MCS vector for the in ovo electroporation. The
pCMV-Pou2f2 (0.5 mg/ml) vector was co-electroporated with a pCMV-eGFP
plasmid (0.25mg/ml) to visualize electroporated cells. The embryos were
collected 72 hours (HH27-28) after electroporation, fixed in PBS/4%PFA for 45
minutes and processed for immunofluorescence labelings as previously described

(Francius and Clotman, 2010).

Imaging and quantitative analyses

Immunofluorescence and ISH images of cryosections were acquired on an EVOS FL
Auto Imaging System (Thermo Fisher Scientific) or a Confocal laser Scanning
biological microscope FV1000 Fluoview with the FV10-ASW 01.02 software
(Olympus). The images were processed with Adobe Photoshop CS5 software to
match brightness and contrast with the observation. Quantifications were
performed on red or green or blue layer of acquired confocal images and double
or triple labeled cells were processed by subtractive method (Francius and
Clotman, 2010). For each embryo (n > 3), one side of three to five sections at
brachial, thoracic or lumbar level were quantified using the count analysis tool of
Adobe Photoshop CS5 software. Raw data were exported from Adobe Photoshop
CS5 software to Sigma Plotv12.3 software to perform statistical analyses. The
histograms were drawn with Microsoft Excel. Adequate statistical tests were
applied based on the number of comparisons and on the variance in each group.
For analysis of cell quantifications based on comparison of two groups (control or
mutant), standard Student’s t-tests or Mann-Whitney U tests were performed.
Quantitative analyses were considered significant at p < 0.05 (Three asterisks

(***) indicate p < 0.001).
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Quantitative analyzes of interneuron spatial distribution were performed as
previously described (Kabayiza et al., 2017). Statistical analyses of ventral IN
distribution were performed using a two-sample Hotelling’s T2, which is a two-
dimensional generalization of the Student’s t test. The analysis was implemented

using the NCSS software package.

Microarray analyses

RNA was extracted from control or Hnf6/0c2 double-mutant spinal cords. The
tissue was manually dissociated in Tripure isolation reagent (Roche, 11 667 165
001). After dissociation, chloroform (Merck Millipore, 1 02445 1000) was added to
the sample, incubated at room temperature for 10 minutes and centrifugated for
10 minutes at 4°C. The aqueous phase was collected and the RNA was
precipitated with isopropanol (VWR, 20880.310) and centrifugated for 15 minutes
at 4°C. The pellet was washed in ethanol (Biosolve, 06250502) and centrifugated
for 10 minutes at 4°C. The dried pellet was resuspended in RNAse free water. The
integrity of the RNA was assessed using an Agilent RNA 6000 Nano assay
procedure. For microarray analyzes, the RNA was converted in single-strand
cDNA, labeled using the GeneChip® WT PLUS Reagent Kit (Affymetrix) and
hybridized on the GeneChip® MoGene 2.0 ST array (Affymetrix, 90 2118) using
Affymetrix devices: Genechip ® Fluidics Station 450, Genechip® Hybridization oven
640, Affymetrix Genechip® scanner and the Expression Consol software. The
analyzes were performed using the R software. Microarray data have been

deposited in the GEO repository (accession number: GSE117871).

Amplification of Pou2f2 isoforms and sequencing
Fragments of the different Pou2f2 isoforms were amplified by RT-PCR from RNA

of control B lymphocytes or embryonic spinal cords purified as described above.
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cDNA was obtained from 500 ng of RNA using the iScript™ Reverse transcriptase
and the 5x iScript™ reaction mix (BioRad). Conserved or divergent sequences of
PouZ2f2 isoforms were amplified as shown in Table 7 using a GoTaq® Green master
mix (Promega, M712) or a Q5" Hot Start High-Fidelity DNA Polymerase (New
England BiolLabs® Inc, MO0493S) (primer information available on request).
Sequencing of the spinal Pou2f2 exons was outsourced to Genewiz.

For quantitative RT-PCR, RNA was extracted from control (n = 5) or Hnf6/0c2
double-mutant (n = 4) spinal cords and purified and retrotranscribed as described
above. Quantitative real-time PCR was performed on 1/100 of the
retrotranscription reaction using iTaqT'vI universal SYBR® Green Supermix (BioRad,
172-5124) on a CFX Connect™ Real-Time System (BioRad) with the BioRad CFX
Manage 3.1 software. Each reaction was performed in duplicate and relative
mRNA quantities were normalized to the housekeeping gene RPL32. The B cell
Pou2f2 isoforms were amplified using the following primers: forward 5’
TGGTTCATTCCAGCATGGGG 3’, reverse 5 TCCAGACTTTGCTTCTCGGC 3’ and the
spinal Pou2f2 isoforms using : forward 5" CCACCATCACAGCCTACCAG 3’, reverse 5’
GAGCTGGAGGAGTTGCTGTA 3 and RPL32 using: forward 5’
GGCACCAGTCAGACCGATAT 3’, reverse 5° CAGGATCTGGCCCTTGAAC 3’. Relative
expression changes between conditions were calculated using the DDCt method.

All changes are shown as fold changes.
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3.2.7. Supplementary Figures

Control

Hnf6-/-;0c2-/-

Chx10

Chx10

Supplementary Figure S7: OC factors regulate
the diversification of the V2 interneurons. (A-
H”’) Immunolabelings of the V2a generic marker
Chx10 and markers of V2a subpopulations on
transverse spinal cord sections (brachial or
thoracic levels) control or an6'/';002'/' mutant
embryos at e14.5. Quantifications are shown in
Fig 1. V2a (A-B), Shox2+ V2a (arrows) and V2d
interneurons (C- D””, arrowheads) are present in
both control and double mutant embryos. (E-E”’)
MafA is present in a V2a supbopulation in control
embryos (arrows), (F-F”’) but is not detected in
Chx10+ cells in the absence of OC factors. (G-G”’)
Similarly, cMaf is present in a subpopulation of
V2a interneurons in control embryos (arrows),
(H-H”’) which is not the case in an6'/';0c2'/'
embryos. (I-L”’) Immunolabelings of the V2b
generic marker Gata3 and the marker of V2b
subpopulation, MafA. V2b (I-)”’) and MafA+ V2b
(K-L”, arrows) interneurons are present in
control and in an6'/';Oc2'/' embryos. (M-N) The
number of V2c interneurons is unchanged is
similarly detected in an6'/';0c2'/' embryos as
compared to control embryos (delineated cells).
Sox1 in the ventricular zone labels neural
progenitors. Scale bar = 50 pm.
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E10-E12 E13-E17

E2-E7

E1X-E3 E1X-E5b ESb__ E3-E5b E5b-E7

Exon 1X Exon 2a

|
.ATGGCGAAGACAGCGGCGCCTACCGATGGGAGCAGC(JAAATAAGAATGTCTAAGCCCCTGGAGGCCGA ......

X6 Sequence .
S_Pou2f2.1 or 2.2 Sequence ... ATGGCGAAGACAGCGGCGCCTACCGATGGGAGCAGCGAAATAAGAATGTCTAAGCCCCTGGAGGCCGA......

S_Pou2f2.3 or 2.4 Sequence ‘GGTI'CTCGGCTGGACCGGG'I'I'GGTGGCCTGAATGTA'I'I'AGC'I'I'I'GCTCTGTCTGCCCAAGA

Exon 1b !

Exon 5 Exon 5b

...CTCTCAGCACTGATACCTGCTCAGCAGCAACTCCTCCTTCAGCAAGCTCAGGCCCAGCTGCTGGCCGCT
...CTCTCAGCACTGATACCTGCTCAGCAGCAACTCCTCCTTCAGCAAGCTCAGGCCCAGCTGCTGGCCGCT

X6 Sequence ...

S_Pou2f2 Sequence ...

Exon 5b

X6 Sequence GCCGTCCAGCAGTCCAGCGCCGCTGCCGCCAACGCTGCTGCTGCCGCCGCTGCCGCCTCCACCTCCTCCTCC
S_Pou2f2 Sequence  GCCGTCCAGCAGTCCAGCGCCGCTGCCGCCAACGCTGCTGCTGCCGCCGCTGCCGCCTCCACCTCCTCCTCC
Exon 5b

X6 Sequence ACCTCTTCCGCCTCCTCCTCCACCTCGCAGACCCCAGCCTCCTCTGGGGGAGGCGACCTGCCACCATCACAGC
S_Pou2f2 Sequence ACCTCTTCCGCCTCCTCCTCCACCTCGCAGACCCCAGCCTCCTCTGGGGGAGGCGACCTGCCACCATCACAGC
Exon 5b

U
X6 Sequence  CTACCAGCCAGCCCCCAGGGACCCCACAGCTCACCTTGTCCCAACCCATCCAGCTCACAGCACAGG

S_Pou2f2 Sequence CTACCAGCCAGCCCCCAGGGACCCCACAGCTCACCTTGTCCCAACCCATCCAGCTCACAGCACAGG.

Supplementary Figure S8: Pou2f2 RT-PCR experiments and sequence of the spinal Pou2f2 exon 1b
and exon 5b. Composite assembly of electrophoresis images of RT-PCR amplification products for
Pou2f2 isoform sequences on embryonic spinal cord or B-cell RNA samples. Water was used as a
negative control (Ctl-). (A) Amplifications from exon 1 (E1) to E6 on embryonic spinal cord RNA
samples (asterisk) fail to amplify the RNA isoforms detected in B cell samples. In contrast,
amplifications from E7 to E9, from E10 to E12 and from E13 to E17 show at least one similar
amplicon in spinal cord samples and in B cell samples. (B) Amplification from E1 (other forward
primer) to E7 also fails to amplify Pou2f2 spinal cord isoforms. In contrast, amplifications from E2, 3,
4 and 5 to E7 produce systematically longer amplicons in spinal cord samples (arrowheads) as
compared to B cell samples. The E6 to E7 amplification is similar in both samples. >
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Control

Hnf6-/-0c2/- | Supplementary Figure S9:
. [ shoxe+ Pouzize V2a c| The number of
Control «Hnf6-/0c2/- Pou2f2+Shox2+ V2a

interneurons is normal in
jﬁj [ an6'/ ';Oc2'/ ) mutant
embryos. Immunolabelings
on transverse spinal cord
sections (brachial or thoracic
levels) of control or an6'/'
,'Oc2'/' mutant embryos. At
J e12.5 (A-C) and at e14.5 (D-
F), the number of V2a
containing Shox2 and Pou2f2 is unchanged in the absence of OC factors. Mean values + SEM. Scale
bar =50 um.

40

e12.5

§
g

Chx10 Shox2 Pou2f2

[ eta5 |

Figure S10. Efficacy
of pCMV-eGFP and
pCMV-Pou2f2  co-
electroporation in
the chicken
embryonic  spinal
cord. (A-C) eGFP
(green, B) and
Pou2f2 (red, C) are
present in a vast majority of cells along the dorso-ventral axis of the spinal cord. Scale bar = 50 um.

eGFP Pou2f2 eGFP Pou2f2 Supplementary
e v A ) = ———

pCMV-Pou2f2
PCMV-eGFP

(€) Amplifications from E1X (present in the X6 sequence) to E3 do not produce amplicon in B-
cell samples (asterisk). Amplifications from 1X to E3 or to E5b on spinal cord samples
systematically produce 2 amplicons (arrowheads). Amplifications of the E5b exon sequence,
from E3 to ES5b and from E5b to E7 produce expected amplicons in spinal cord samples. (D)
Comparison of exon 1b and exon 5b sequences in the predicted X6 sequence and the
sequenced embryonic spinal cord Pou2f2 isoforms. Sequences of E1X, E2a and E5b exons align
(100% identity) with the predicted X6 sequence. Sequence of the additional alterative exon 1b
is shown. SD = Size standard, E = Exon, SC = Embryonic spinal cord, B = B lymphocytes.
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MafA+ V2aINs F

Control -Pou2f2-/-

Chx10 MafA
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Supplementary Figure S11. The number of
MafA+ or cMaf+ V2a interneurons is
normal in Pou2f2'/' mutant spinal cords.
Immunolabelings on transverse spinal cord
sections (brachial or thoracic levels) of
control or Pou2f2'/' mutant embryos at
el12.5. (A-F) Absence of Pou2f2 does not
impact on the number of MafA+ (A-C) or
cMaf+ V2a interneurons (D-F). Mean
values + SEM. Scale bar = 50 um.

Gata3 MafA | ] Control I

Pou2f2-/- |

Control
Sox1

Supplementary Figure S12:
The number of MafA-positive
V2b interneurons or of the
V2c interneurons is normal in
Pou2f2'/' mutant  spinal
cords. Immunolabelings on

“Control & Pou2f2-/-

MafA+ V2b INs E[l wvacinterneurons F| transverse spinal cord
“Control % Pouzfz: sections (brachial or thoracic

Pou2f2-/-

Number of cells per hemisection
o 2N o w & o oo o~

Proportion of cells per hemisection (%)

Brachial Thoracic Lumbar

levels) of control or Pou2f2'/'

} B, E) The number of MafA+
- V2b interneurons is not

f I mutant embryos at e12.5. (A-

m significantly altered in the
absence of Pou2f2. (C-D, F)

Brachial Thoracic Lumbar

Similarly, the production of

V2c interneurons is not affected in Pou2f2 mutants. Mean values + SEM. Scale bar = 50 um.
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3.3. Onecut factors control the expression of Nkx6.2, which
contributes to the control of the distribution of V2
interneurons in the developing spinal cord

3.3.1. Foreword

This study is currently not intended to be submit as a publication, but
could be associated to other results to be published in the future. In this work, |

carried out all the experiments.

3.3.2. Introduction

The microarray result analysis allowed us to uncover another potential
regulator of V2 differentiation and/or migration, Nkx6.2. Although Nkx6.2 was not
significantly downregulated (0.7-fold decrease), its role during ventral neural
patterning and cell fate specification led us to continue the analyses of this
candidate. Indeed, Nkx6.2, expressed in the pl progenitor domain, controls the
V1 cell fate specification and the MN production in combination with Nkx6.1. It is
also expressed in non-characterized ventral postmitotic INs and in a motor pool of
the LMCI.

Nkx6.2 is a homeobox transcription factor expressed in progenitor and in
differentiating cells in the spinal cord and the hindbrain (Cai et al., 1999; Pattyn et
al., 2003; Qiu et al.,, 1998). As extensively demonstrated, class | and Il HD
transcription factors regulated by Shh are regionally expressed in the ventricular
zone of the spinal cord and cross-repress each other, resulting in well-defined
progenitor domain boundaries. Hence in the mouse, Nkx6.2 expressed in the pl
progenitor domain promotes the V1 cell fate specification by repressing Dbx1
expression and thereby preventing VO IN production (Sander et al., 2000;
Vallstedt et al., 2001). Indeed, in Nkx6.2 mutant mice, VO INs are produced from

the p1 progenitor domain at the expense of V1 INs. In return, Nkx6.2 is repressed
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dorsally by Dbx1 and ventrally by Nkx6.1, its paralog. It has been demonstrated
that Nkx6.2 plays a redundant role with Nkx6.1 during the MN specification.
Indeed, in Nkx6.1 mutant mice, MNs are completely lost at brachial level of the
spinal cord, while being partially lost at lumbar level. Moreover, Nkx6.2
expression extends ventrally to the p3 progenitor domain in these mutants. In the
Nkx6.17;Nkx6. 2"/t compound mutant embryos, MNs are completely lost at all
levels, indicating that Nkx6.2 partially compensates for the loss of Nkx6.1 in MN
production. The expansion of the V1 IN production in these double mutants is less
important than in the simple Nkx6.1 mutant due to the derepression of Dbx1 by

Nkx6.2 resulting in a larger VO IN production (Figure 41) (Vallstedt et al., 2001).

NKx6.1" Figure 41: Dor§o-
Nkx6.2tiz/tiz ventral patterning
in wild-type or
Nkx6 mutant
po D1 D1 mouse  embryos
D1 (vallstedt et al.,
2001). In wild-type
p2 D1 (WT) embryos, the
6.2 p0 progenitor
pMN domain expresses
Dbx1 (D1) and
p3 Dbx2 (D2), the pl
domain expresses
Dbx2 and Nkx6.2 (6.2), Nkx6.1 (6.1) is expressed in p2 to p3 progenitor domains. In Nkx6.1"" mutant
embryos, Dbx2 and Nkx6.2 extend ventrally to the p2 and the p3 domains, respectively, leading to
the production of V1 INs. In Nkx6.2"/" mutant embryos, Dbx1 extend ventrally to the p1l domain
promoting the production of VO INs. Finally in the ka6.1'/';ka6.2t'Z/"z compound mutant embryos,
both Dbx1 and Dbx2 extend ventrally to the p3 progenitor domain, resulting in the production of VO
and V1 INs.

WT Nkx6.1- Nkx6.21/2tz

p1 6.2

Nkx6.2 is also expressed in a motor pool, distinct from the Nkx6.1+ motor
pool in the LMCI, and in a ventral IN population (Cai et al., 1999; De Marco Garcia
and Jessell, 2008). Nevertheless, the identity of the ventral IN population and the
role of Nkx6.2 during its development have not been yet investigated.

Although the Nkx6.2-null mutant mice reproduce normally and grow up
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like their wild-type littermates, those mutants show coordination defects 3 weeks
after birth when tested by rotarod and auditory brainstem response. These
behavioral disorders were associated with myelination defects in the absence of
Nkx6.2. Indeed, Nkx6.2 mutant mice exhibit morphological abnormalities of the
central nervous system paranodes and ectopic axoglial junctions in
juxtaparanodal myelin. Nkx6.2 regulates the expression of a paranodal
microtubule destabilizing protein, Stathmin 1, and paranodal cell adhesion
molecules, NF155 and contactin, in oligodendrocytes postnatally during
myelinogenesis. The expression defects of these 3 proteins could be at the origin
of the paranode morphological alterations seen in Nkx6.2-deficient mice
(Southwood et al., 2004). Furthermore, in human, a mutation in Nkx6.2 has been
discovered resulting in a truncated protein causing progressive ataxia and

hypomyelination (Chelban et al., 2017).
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3.3.3. Results

OC factors control the expression of Nkx6.2

The analysis of the microarray comparison of control and of Oc mutant
spinal cord transcriptome that we performed at ell.5 allowed us to select
another potential regulator of the V2 diversification and/or migration: Nkx6.2.
Although it was not significantly downregulated (0.7-fold decrease) in the
microarray results, Nkx6.2 is expressed in the pl progenitor domain where it is
known to control the V1 cell fate specification and the MN production in
combination with Nkx6.1. In addition, Nkx6.2 is expressed in postmitotic INs in the
ventral region of the spinal cord and in a motor pool of the LMCI. To determine
whether Nkx6.2 could control the V2 differentiation and/or migration, we first
characterized its expression pattern in the ventral region of the spinal cord by in
situ hybridization on sections from control or Hnf6/0Oc2 compound mutant
embryos. In control embryos, Nkx6.2 transcripts were detected in progenitors
(arrows in Figure 42A-C), in postmitotic INs (red circles in Figure 42A-C) and only
at brachial and thoracic regions in subsets of LMC neurons (black circles in Figure
42A-C). In the absence of OC factors, Nkx6.2 was still expressed in the progenitor
domain (arrows in Figure 42D-F). Surprisingly, its expression was lost in the
postmitotic INs (asterisks in Figure 42D-1F), while it was expanded in LMC area at
both brachial and lumbar levels (black circles in Figure 42D-F). These results
indicate that OC factors control the Nkx6.2 expression differentially in INs and in

MNSs.
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Figure 42: OC factors control the

Nkx6.2 |

expression of Nkx6.2. (A-F) In situ

Thoracic

hybridization labelings on
transverse sections at each level
of control or an6'/';0c2'/' spinal
cords at el1.5. (A-C) In control
embryos, Nkx6.2 is expressed in
progenitors (arrows), in
postmitotic INs (red circles), and
in @ motor subset of the LMCI at
brachial and at lumbar levels
(black circles). (D-F) In the OC
mutant embryos, Nkx6.2 is still
present in the progenitor domain
(arrows). Its expression is lost in
the postmitotic INs (asterisks),
while it is expanded in the LMC
neurons at both brachial and
lumbar levels (black circles).

Nkx6.2 is expressed in the V2a interneurons

In addition to the p1 domain and to the LMC neurons, Nkx6.2 was present in
INs in the ventral region of the spinal cord near to the V2 IN area. To determine
whether Nkx6.2 was expressed in V2 populations, we studied the Nkx6.2
expression pattern in Nkx6.2 transgenic mice wherein LacZ is expressed under the
control of Nkx6.2 regulating sequences (Southwood et al., 2004). In heterozygous
Nkx6.2"7 embryos, although the [-galactosidase signal was weak, f-
galactosidase was present in few cells expressing Chx10 and therefore
corresponded to a small subset of V2a INs (arrows in Figure 43A-A’’). Indeed, -
galactosidase was not present in the Gata3+ V2b cells or other IN populations
(Figure 43A-A”" and data not show). In Nkx6.2-null mutant, the B-galactosidase
signal was stronger as the 2 alleles express LacZ. $-galactosidase was co-detected
with Chx10 in some V2a INs (arrows in Figure 43B-B’”’). Thus, these data

demonstrate Nkx6.2 is expressed in a subpopulation of V2a postmitotic INs.
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[ NKx6.2 +/LacZ || Nkx6.2 LacZ/LacZ |

Chx10 Gata3

Figure 43: Nkx6.2 is expressed in the V2a interneurons. Immunolabelings on transverse brachial
spinal cord sections of Nkx6.2”"*“ heterozygous or Nkx6.2"“*Z mutant embryos at 12.5. (A) In
heterozygous Nkx6.2"7'°% embryos, 3-galactosidase is present in few cells that express Chx10 in
some V2a interneurons (arrows), while it is not present in Gata3+ V2b cells. (B) Similar observations
are made in the Nkx6.2-null embryos (arrows). Scale bar = 50 um.

Nkx6.2 does not seem to regulate the V2 population diversification

The expression of Nkx6.2 in the V2a INs suggested that it could regulate V2
diversification and/or migration. To study the role of Nkx6.2 during V2 INs
diversification, we characterized the phenotype of different populations and
subpopulations of V2 in Nkx6.2-null mutant at e12.5 (n=3). As the phenotype of

LacZ
192 ambryos were comparable we used the

control and heterozygous Nkx6.2
heterozygous as control. In the absence of Nkx6.2, the total number of Chx10+
V2a INs was significantly, although modestly, decreased at thoracic level, while it
was not the case at brachial and thoracic levels as compared to control embryos
(Figure 44A-C). Among the V2a subpopulations studied, none of the Shox2+,
MafA+ of cMaf+ subsets were altered in Nkx6.2 mutant embryos (Figure 44D-L).
Hence, Nkx6.2 is not required for the diversification of the V2a INs but seems to
be required for proper production at thoracic level of the spinal cord.

To determine whether the decrease of V2a INs was compensated by an

increase of V2b INs at thoracic level, we also characterized the phenotype of V2b
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INs in the absence of Nkx6.2. Surprisingly, as observed for the V2a INs, the
number of Gata3+ V2b INs was significantly decreased at thoracic level, while the
number of those cells was unchanged in the other regions of the spinal cord
(Figure 44M-0). In addition, the MafA+ V2b cells were present in comparable
number in Nkx6.2 mutant embryos (Figure 44P-R). Finally, the V2c population was
not affected in the absence of Nkx6.2. Taken together, our data suggest that
Nkx6.2 controls the production of V2a and V2b INs at thoracic level at e12.5 but
not the V2c production or the diversification of these populations. However, we
cannot rule out that the slight decrease of V2a and V2b INs was a possible artifact

due to the individual variability between embryos.

166



Results

Chx10

Gata3

Gata3

Sox1

Chx10

Chx10

Chx10

Nkx6.2 LacZ/LacZ

NKx6.2 +/LacZ Il

V2a interneurons
= Nkx6.2+/LacZ
“Nkx6.2 LacZ/LacZ

N -

Brachial Thoracic Lumbar

Number of cells per hemisections

F
Shox2+ V2a INs
= Nkx6.2 +/LacZ
“ Nkx6.2 LacZ/LacZ

ey
H

= I

Brachial Thoracic Lumbar

Proportion of cells (%)

MafA+ V2a INs

Nkx6.2 +/LacZ.
= Nkx6.2 LacZ/LacZ

A

i

e
.

Brachial Thoracic Lumbar

Proportion of cells (%)

L
cMaf+ V2a INs
Nkx6.2 +/LacZ
= Nkx6.2 LacZ/LacZ

Proportion of cells (%)
‘ E=n
M
B
N
B
.

Brachial Thoracic Lumbar

V2b interneurons

Nkx6.2 +/LacZ
“ Nkx6.2 LacZ/LacZ

H o*

o S BN ek

.

Brachial Thoracic Lumbar

Number of cells per hemisections

MafA+V2bINs R

Nkx6.2 +/LacZ
 Nkx6.2 LacZILacZ

=

Proportion of cells (%)
o N & o

B BN e
e e

Brachial Thoracic Lumbar

V2c interneurons U
“ Nkx6.2 +/LacZ
“ Nkx6.2 LacZILacZ

T

== N
o .

Brachial Thoracic_Lumbar

|

Number of cells per
hemisection

167

Figure 44: Nkx6.2 does not
regulate the diversification
of the V2 interneurons.
Immunolabelings on
transverse spinal cord
sections (brachial or thoracic
levels) of Nkx6.2"/t*%
heterozygous or Nkx6.2"%
19 mutant embryos at e12.5.
(A-C) The production of
Chx10+ V2a INs is
significantly decreased at
thoracic level, while it is not

the case at brachial and
thoracic levels, in the
absence of Nkx6.2. (D-L)
Among the studied V2a
subpopulations, the

generation of the Shox2+ (D-
F), MafA+ (G-1) or cMaf+ (J-L)
subsets is not affected. (M-0)
Similarly, the production of
Gata3+ V2b is significantly
decreased at thoracic level
but not affected at brachial
or lumbar level in the Nkx6.2-
null mutant embryos. (P-R)
The generation of the MafA+
V2b subpopulation is not
altered. (S-T) The production
of the Sox1+ V2c
interneurons is not affected
in the Nkx6.2"% % mutant
embryos. (n=3); * p<0.05.
Scale bar =50 pm.
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Nkx6.2 controls the distribution of V2 interneurons

Careful examination of immunofluorescence labelings suggested that Nkx6.2
might contribute to the regulation of V2 IN distribution. To assess whether Nkx6.2
regulate the migration of V2 INs, we next performed a quantitative analysis of the
distribution of each V2 IN population and subpopulation in Nkx6.2 mutant mice.
However, the MafA+ and cMaf+ subpopulations do not allow quantitative analysis

of their distribution due to their small size. In heterozygous Nkx6.2"**

embryos,
V2a INs are distributed in 2 connected clusters, a major central group and a minor
medial group, at each level of the spinal cord (Figure 45A-0). In mutant embryos,
the relative cell distribution between the 2 clusters seemed altered (Figure 45D-
L). Indeed, at the brachial level, we observed more segregated clusters with more
cells in the medial group (Figure 45D,G-H); at thoracic level, slightly more cells in
the central group (Figure 45E,l-)); finally, at lumbar level, clusters were less
separated (Figure 45F,K-L). Subtle changes were also observed for the Shox2+ V2a

+/LacZ

subpopulation (Figure 45M-X). In heterozygous Nkx6.2 embryos this
subpopulation is distributed in a minor medial and a major lateral cluster. In
Nkx6.2-null mutant embryos, the 2 clusters were more segregated at lumbar level
(Figure 45P-X). Hence, Nkx6.2 seems to contribute to the regulation of V2a

migration.
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Figure 45: Nkx6.2 contributes to the regulation of the V2a distribution. Distribution of V2a
interneurons on transverse sections of the spinal cord in Nkx6.2"% heterozygous or Nkx6.2"*% 2%
mutant embryos at brachial, thoracic or lumbar level (only the right hemisection is shown). Two-
dimension distribution graphs (left) show integration of cell distribution from multiple sections of
multiple embryos of each genotype. One-dimension graphs (right) compare density distribution in
control (blue) and in mutant embryos (red) on the dorso-ventral (upper) or the medio-lateral (lower)
axis of the spinal cord. (A-C) In heterozygous Nkx6. 2oz embryos, V2a interneurons are distributed
in 2 connected clusters, a major central group and a minor medial group, at each level of the spinal
cord. (D-L) In mutant embryos, the relative cell distribution between the 2 clusters seems altered,
(D,G-H) with more separated clusters and more cells in the medial group at brachial, (E,I-J) more
cells in the central group at thoracic level, and (F,K-L) less cells in both clusters that are less
separated at lumbar level (n=3, p<0.001 at brachial and thoracic levels, p<0.05 at lumbar level). (M-
0) In heterozygous Nkx6. 2" fiact embryos, Shox2+ V2a subpopulation is distributed in a minor medial
and a major lateral clusters. In Nkx6.2-null mutant embryos, the differences are subtler with more
separated clusters at lumbar level (n=3, p=0.5112 at brachial level, p<0,001 at thoracic level, p<0.01
at lumbar level).
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heterozygous Nkx6.2

We also assessed the distribution of the V2b in the absence of Nkx6.2. In

+/LacZ

embryos, V2b cells were distributed in a major lateral

cluster with minor subsets located medially or ventrally (Figure 46A-C). In the

absence of Nkx6.2, as observed for the V2a population, the distribution between

the 3 clusters was slightly altered (Figure 46D-L). The lateral cluster was more

dense at brachial level (Figure 46D-E,G-J), while it was less dense at thoracic level

(Figure 46F, K-L). Taken together, these data suggest that Nkx6.2 contributes to

the regulation of both V2a and V2b population distribution at e12.5.
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Figure 46: Nkx6.2 contributes to the regulation
of the V2b distribution. (A-C) At el2.5 in
heterozygous Nkx6.2"** embryos, V2b cells are
distributed in a major lateral cluster with minor
subsets located medially or ventrally. (D-L) In the
absence of Nkx6.2, the distribution between the
3 clusters is slightly altered, with more cells in
the lateral cluster at brachial level and less cells
in this cluster at thoracic level (n=3, p<0.001 at
brachial and thoracic levels, p=0.7712 at lumbar
level).
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3.1.1. Discussion

Our study demonstrates that the OC factors regulate Nkx6.2 in a distinct
manner in V2a INs and in MNs. Indeed, the characterization of Nkx6.2 expression
profile has shown that Nkx6.2 is downregulated in the V2a population, while it is
expanded in the LMC neurons in the absence of OC factors. We hypothesized that
Nkx6.2 expansion in the LMC is a consequence of the LMCI neuron production at
the expense of the LMCm in OC-deficient embryos. These transcription factors
being described as transcriptional activators, this suggests that the OC factors
repress indirectly the Nkx6.2 expression in the majority of the LMC neurons, as
they do for Pou2f2. This raises the possibility that OC factors regulate Nkx6.2
expression in a cell-context dependent manner by interacting with other factors
or co-activators in the V2a INs that are not present in the MNs. Indeed,
transcription factors can act differently in association with distinct complexes.
Consistently, Lhx3 consolidates the V2a or the MN identity by associating with
other proteins in a tetramer or a hexamer complex, respectively.

The characterization of the Nkx6.2 transgenic mice, in which the open
reading frame of the first and the second exons have been replaced by a LacZ-
PGKneo cassette, unveiled that Nkx6.2 is expressed in a subset of V2a INs.
Surprisingly, we showed that Nkx6.2 seems to regulate the production of the V2a
and the V2b INs at the thoracic level of the spinal cord, while their production is
not affected in OC-deficient embryos. However, Nkx6.2 neither regulates the size
of the Shox2+, the MafA+ or the cMaf+ V2a subpopulations nor the MafA+ V2b
subpopulation. These observations suggest that the small reduction of V2a and
V2b IN cell number at thoracic level could be an artifact due to an individual
variability between embryos.

We also showed that Nkx6.2 seems to regulate the V2a and V2b IN

distribution. Although subtle, the differences observed after the quantitative
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analysis of V2a and V2b IN distribution in the absence of Nkx6.2 were significant.
The distribution defects observed in the V2 populations are not due to the
absence of the V2a subpopulation normally expressing Nkx6.2, as B-galactosidase
is still present in V2a INs. However, Nkx6.2 being only expressed in a small V2a
subpopulation raises 2 possibilities: the whole V2a and V2b INs are mislocated as
a consequence of V2a population migration defects or due to a non-cell
autonomous role of Nkx6.2. These 2 hypotheses require further investigations.
Similarly, OC factors regulate in a non-autonomous manner the maintenance of
the LC during development, possibly via the rhombencephalic portion of the MTN,
which is located in close vicinity of the LC and is absent in Oc mutants (Espana and
Clotman, 2012a). Whether Nkx6.2 also controls the MN diversification and their

axonal connectivity remains to be investigated.
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4. General discussion

During the development of the spinal cord, several populations of
interneurons are produced from 10 distinct progenitor domains. These
populations have been extensively characterized and differ from each other in
their molecular identity, migration, function, or input and output connectivity
(Goulding, 2009). The majority of IN populations produced from the most dorsal
progenitors (except for the dI3 and dI6 INs implicated in motor coordination)
convey sensory informations from the periphery towards MNs and INs at different
levels of the spinal cord or to the brain. In contrast, the IN populations that derive
from the most ventral progenitor domains modulate motor activities by
regulating MN activity. Recent studies demonstrated that each ventral population
diversifies into subpopulations that ensure the flexibility and the versatility of the
locomotor CPGs (Bikoff et al., 2016; Borowska et al., 2015; Borowska et al., 2013;
Gosgnach et al., 2017; Hayashi et al., 2018; Talpalar et al., 2013). Beside
diversification, other studies highlighted that the IN position is a relevant
determinant of neuronal circuit organization (Bikoff et al., 2016; Goetz et al.,
2015; Hayashi et al., 2018; Hilde et al., 2016; Surmeli et al., 2011; Sweeney et al.,
2018). However, the underlying molecular or cellular mechanisms that control the
diversification and the migration of spinal neuronal populations remain poorly
investigated.

In this work, we provided evidence that each ventral IN population diversifies
into multiple subpopulations and settle differently along the antero-posterior axis
of the spinal cord. In addition, we demonstrated that the OC factors regulate the
diversification of the V2a INs. Finally, we uncovered genetic cascades involving OC
factors and their downstream targets Pou2f2 or Nkx6.2, which control the

distribution of V2 populations during development.
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4.1. The ventral IN diversification

The motor behavior is a complex system that comprises apparently simple
motor tasks such as walking, running, swimming and sophisticated movements
like dexterous hand movements, climbing, dancing. Although a seemingly simple
behavior like switching from walking to running looks quite easy, the organization
of underlying spinal circuits to execute this motor task is complex and requires the
recruitment of several neuronal populations. This suggests that the ventral
neuronal populations, organized in local CPGs, are highly diversified to contribute
to the modularity and the flexibility of diverse motor tasks (Arber, 2012; Gosgnach
et al., 2017; Griener et al., 2015).

The execution of a specific motor task requires the activation of specific MNs
in the spinal cord in order to regulate the contraction of adequate muscles. In the
mammalian spinal cord, the diversification of MNs has been well characterized.
They are organized and regionalized in motor columns reflecting their locomotor
function. MNs innervating the limbs are gathered in LMClI and LMCm, MNs
innervating the body wall musculature or the dorsal axial musculature are
assembled in HMC and MMC, respectively, and finally, MNs in PGC innervate the
sympathetic ventral chain. MNs in LMCs further diversify into motor pools that
innervate individual muscles (Dasen and Jessell, 2009a; Francius and Clotman,
2014; Philippidou and Dasen, 2013). Until today, no motor pool has been
identified in other motor columns. However, CPGs are present all along the
antero-posterior axis of the spinal cord suggesting that thoracic and MMC motor
columns also diversify into motor pools to integrate local CPGs and to ensure the
specific innervation of individual muscles. The diversification of MNs reflects the
non-redundant character of their motor outputs. The ventral IN populations being
the neurons that modulate MN activity, this suggests that they extensively

diversify to properly regulate locomotor functions. Although ventral IN
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diversification had been poorly investigated, a recent study uncovered that V1 INs
can be divided into ~50 subpopulations based on the combined expression of 19
transcription factors but also on their electrophysiological properties (Bikoff et al.,
2016). Moreover, V2a INs are divided into type | and type Il populations involved
in the control of left-right alternation and in the target reaching phase of
forelimbs, respectively. These 2 groups are also fractioned, at birth, into 11
subpopulations characterized by the combinatorial expression of transcription
factors (Hayashi et al.,, 2018). It appears that these subpopulations are also
regionally distributed along the antero-posterior axis of the spinal cord (Hayashi
et al.,, 2018; Sweeney et al., 2018). These observations further support the fact
that INs and MNs diversify and topographically distribute along the body axis to
form local CPGs that ensure specific motor tasks.

In the present work, we showed that ventral IN populations can be subdivided
into smaller subsets characterized by the differential expression of transcription
factors. However, only few transcription factors highlighted in this study are
included among the markers that fractionate the V1 and V2a IN populations
highlighted by Bikoff et al., 2016 and Hayashi et al., 2018. It will be interesting to
further investigate the correspondence between these subpopulations by co-
immunofluorescence labelings. The existence of these subpopulations, as small as
they are, suggests that they exert specific roles to finely regulate the locomotor
coordination by directly projecting to MNs or indirectly via other IN populations.
Furthermore, genetic ablation of identified transcription factors or cells in which
they are expressed could be used to characterize the role of these neuronal
subpopulations in the locomotor control by analyzing the motor behavior of these
mutant mice. Finally, axonal retrograde labelings of outputs and primary afferent
inputs would allow characterization of the microcircuit organization of each

identified subpopulation (Bourane et al., 2015).
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This diversity could also reflect the various sources of afferent inputs from
supraspinal neurons. The activity of MNs is regulated by several supraspinal
neuronal systems. Indeed, multiple descending pathways from different regions in
the brainstem and the cortex modulate the involuntary, like emotional motor
behavior, and voluntary, like head, trunk and limb movements, by projecting
towards intermediate INs or directly to MNs (Lemon, 2008). Knowing that only
few of them directly contact specific motor pools, the corticospinal projections
could selectively project on intermediate IN subpopulations that innervate and
recruit specific MNs for particular motor tasks. In the cervical region of the spinal
cord, the type Il V2 INs, for instance, are propriospinal neurons with bifurcating
axonal trajectory: ascending axons to the lateral reticular nucleus and descending
axons to specific MNs. These relay INs regulate the target reaching phase of the
forelimbs (Arber, 2012; Azim et al.,, 2014; Hayashi et al.,, 2018). Indeed, the
reaching task is composed of 3 steps: the reaching phase, in which the forelimbs
approach the object, the grasp phase, in which the paws retrieve the object, and
the digit abduction phase, during the grasp phase. Selective ablation of cervical
V2a results in the specific defect of the target reaching phase, while the other
phases remain unaffected (Azim et al., 2014).

From a evolutionary point of view, the diversification of spinal IN populations
could reflect the complexity of the locomotor tasks in mammals. Beside the
conservation of key patterning genes, important evolutionary modifications of
neuronal circuit diversification and architecture occur in the vertebrates. Indeed,
vertebrate evolution is accompanied by a passage from aquatic to terrestrial life
and limb acquisition. Therefore, the transition from a basic undulatory to a limb-
based locomotion requires a precise coordination of individual muscles mediated

by complex CPGs in the ventral spinal cord (Jung and Dasen, 2015)
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4.2. The OC factors control the V2a IN diversification

Beyond the fact that transcription factors are used as specific markers of
distinct cell types, their central role is to modulate the expression of genes that
direct specification and functional properties of those cell types (Lee and Pfaff,
2001). Although the regulation of spinal population identity has been extensively
studied within the spinal cord (Briscoe and Small, 2015; Lu et al.,, 2015), the
transcriptional networks that regulate their diversification remain elusive. The
regulators of the MN diversification have been well characterized. Indeed, the
Hox gene family and Foxpl mediates on the one hand the organization of MN in
columns along the antero-posterior axis of the spinal cord and on the other hand
the distribution of those columns and of motor pools along the dorso-ventral axis
of the spinal cord (Philippidou and Dasen, 2013). Isl1 and Isl2 contribute to the
regulation of the segregation between somatic and visceral MNs. In addition, Isl1
promotes the identity of LMCm neurons, while Lhx1 determines the LMCI identity.
Lhx3 promotes the MMC neurons identity. Finally, OC factors promote the LMCm
and the somatic neuron identities by controlling Isl1 expression. Regarding the
diversification of the ventral IN populations (Bikoff et al., 2016; Francius et al.,
2013; Hayashi et al., 2018), it is not clear whether the characterized transcription
factors could regulate their diversification into subpopulations

Within the V2a populations, we showed that the OC factors control the
diversification of the MafA+ and cMaf+ V2a subpopulations. However, we do not
know whether the OC factor directly control the expression of MafA and cMaf. In
Oc mutant embryos, MafA and cMaf are still present in other populations. We
showed that the MafA+ V2b subpopulation is not affected in the absence of OC
factors. This raises 2 possibilities: either OC factors control the expression of MafA
and cMaf in a context-dependent manner or they control the generation of these

2 V2a subpopulations. These observations are consistent with previous works
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conducted in our laboratory, which demonstrated that the OC factors directly
stimulate Is/1 expression in the LMCm and PGC neurons but not in the HMC and
MMC somatic MNs, or in the dorsal population dI3 (Kabayiza et al., 2017; Roy et
al., 2012). Similarly, OC control Foxp1 expression in PGC cells but not in LMC cells
(Roy et al., 2012). As in MNs, the transcriptional activity of OC factors seems to be
context-dependent during the diversification of the V2 populations. Several
studies highlighted 4 mechanisms by which HNF-6 modulates the expression of
genes in the embryonic liver. First of all, HNF-6 directly binds and stimulates the
Hnf1p promoter during the differentiation of hepatoblasts (Figure 47A). Secondly,
HNF-6 synergistically stimulates the transcription of Hnf4a with HNF-1o (Hatzis
and Talianidis, 2002), or that of the catalytic subunit of glucose-6-phosphatase
gene in the hepatoplasts by interacting with HNF-4 and recruiting its PGC-1a co-
factor (Figure 47B) (Beaudry et al., 2006). Thirdly, HNF-6 does not directly bind to
the Foxa2 promoter to stimulate its transcription but acts as a transcriptional
coactivator by interacting with FoxA2 and recruiting the CBP and p300/pCAF
cofactors (Figure 47C) (Rausa et al., 1997). Finally, HNF-6 indirectly inhibits Foxa1
stimulation by TGFp signaling, probably by modulating other transcription factors

(Figure 47D) (Clotman et al., 2005; Plumb-Rudewiez et al., 2004).
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Our data suggest that cofactors could be present in V2a INs, but not in V2b
cells, to modulate either the OC binding on these genes or the OC activity. Further
experiments will be necessary to elucidate whether OC factors directly bind to the
MafA or cMaf promoter. Then, a deep analysis of the OC cofactors in the CNS will
allow a better comprehension of the diversification mechanisms regulated by the
OC factors.

We also showed that the production of V2c INs is delayed in OC mutant
embryos, which suggests that the OC factors contribute to their production from

the V2b population.

4.3. The OC factors control the V2 IN distribution

During CNS development, thousands of neuronal populations are produced
and undertake cellular migration and axonal pathfinding to adequately integrate
neuronal circuits. In the cortex, the excitatory INs migrate radially from the
ventricular zone to the pial surface in order to organize in an inside-out manner in
6 layers and form the cortical plate. The inhibitory IN migrate tangentially from
the ganglion eminences then migrate radially to integrate the cortical plate
(Huang, 2009). In the spinal cord, the progenitor cells migrate radially in the
ventricular zone before cell cycle exit. Afterwards, differentiating neuronal
populations continue to migrate either radially along the medio-lateral axis or
tangentially along the dorso-ventral axis. Neuronal populations also migrate along
the antero-posterior axis, which is likely important to form proper local CPGs and
MN connections with particular target muscles (Chen, 2018). Although the radial
migration of MNs is controlled by Reelin signaling and their proper organization in
motor pools is regulated by cadherins (Chen, 2018; Palmesino et al., 2010; Phelps

et al., 2002; Yip et al., 2000), regulators of ventral INs migration are still unknown.
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We uncovered that the OC factors control proper settling position of V2a,
Shox2+ V2a and V2b populations, while they are produced in same cell numbers
in Oc mutant than in control embryos. We hypothesize that even slight
perturbation of their distribution could have influences on the microcircuit
organization. Indeed, Hidle et al., 2016 demonstrated that Satb2 defines an
inhibitory dorsal IN population that relay sensory information to ventral INs and
MNs. This population further diversifies into 2 subpopulations and Satb2 is
necessary for their proper localization on the mediolateral axis into the spinal
cord. In Satb2 mutants, mislocation of the Satb2+ neuron subpopulations results
in input and output connectivity impairments, indicating that a specific
localization is required for a proper integration of Satb2+ neurons in motor
circuits. In addition, other studies have demonstrated that MN mislocation or
switch of their identity results in wrong sensory input wiring. The monosynaptic
sensory-motor connections between proprioceptive sensory neurons and motor
neurons convey feedback from individual muscles to specific MNs that innervate
the same muscles. These feedback connections are dorso-ventrally organized so
that they correlate with the dorso-ventral MN positioning, i.e. the most ventral
MNs innervate the most proximally-located muscles. In Foxpl mutants, although
the MN position is altered, the proprioceptive sensory neurons project to the
appropriate spatial area regardless of the identity of their MN targets, resulting in
microcircuit wiring defects (Surmeli et al., 2011). Furthermore, the columnar MN
identity regulates the input connectivity from proprioceptive sensory neurons and
premotor INs. In Hoxc9 mutant mice, HMC neurons are replaced by limb LMC fate
due to the derepression of Hoxc6. This MN identity switch results in an extension
of limb-level proprioceptive sensory axons towards ectopic LMC neurons at
thoracic level. Surprisingly, the ectopic LMC neurons project to the intercostal

target muscles. Moreover, LMC neurons normally receive inputs from ventral
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premotor INs predominantly located ipsilaterally to the target muscle, while HMC
neurons receive inputs from both contralateral and ipsilateral premotor INs. In
Hoxc9 mutant mice, the ectopic LMC neurons receive predominantly inputs from
ipsilateral premotor INs at thoracic level, indicating a change in the connectivity of
the premotor INs (Baek et al., 2017).

We showed that both medial and lateral V2a clusters are reorganized at each
level of the spinal cord with more cells in the medial group at the expense of the
lateral group in Oc mutant embryos. These 2 clusters are thought to be
functionally distinct. Indeed, the medial group is predominantly composed of
locally-projecting type | V2a INs that are likely axial premotor INs present all along
the antero-posterior axis of the spinal cord. The lateral group is composed of
locally- and supraspinally-projecting V2a INs distributed in counter-gradients
along the antero-posterior axis of the spinal cord and most likely distinctly control
fore- and hindlimbs (Goetz et al., 2015; Hayashi et al., 2018). These data suggest
that the absence of OC factors could disturb the type | and Il V2a wiring within
local CPGs with an increase of the locally-projecting axial premotor INs. Further
experiments like axonal retrograde labelings by viral injection into the brainstem
or specific muscles will be necessary to investigate the impact of the absence of
OC factors on the local CPG wiring. However, a lot of spinal populations are
affected in Oc mutant embryos making difficult the specific characterization of OC
factors roles during the V2 development. That is why those analyzes should be
done on conditional mutant for OC in the V2 or in the V2a populations. We have
in our laboratory a transgenic mouse model in which we could inactivate the

expression of OC factors in all the V2 INs, the Vsx1-CreER™ mouse line.

Beside neuronal connectivity, the locomotor coordination could also be

altered by V2a population mislocation. Even if the locomotor defects would be
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probably severe, the double mutants for Hnf6 and Oc2 die at birth making
behavioral tests impossible to perform. Interestingly, simple Hnf6 mutant mice
exhibit muscular weakness and abnormal positioning of hindlimbs, as well as
balance and coordination defects (Audouard et al., 2013; Audouard et al., 2012).
In the OC-deficient embryos, the reduction of the lateral group containing V2a
that control limb coordination could lead to left-right alternation and target
reaching phase defects observed when the V2a are lost (Azim et al., 2014; Crone
et al., 2009). As mentioned above, a conditional mutant for OC in the V2 or V2a
populations would allow to characterize the specific role of OC factors in the
development of these populations and to evaluate the impact on the locomotor
coordination. It should be noted that this approach would be necessary for
several other spinal populations.

Although the V2b involvement in specific local CPGs has not been yet
characterized, the alteration of the relative distribution between the 3 clusters
suggests that microcircuit organization and locomotor coordination defects are
likely to exist in the absence of OC factors. Therefore, a deep analysis of the V2b
cluster connectivity would give insights to better characterize their contribution to

specific microcircuits.

4.4. OC factors control the expression of Pou2f2 and Nkx6.2

In an effort to elucidate the molecular mechanisms and consequently identify
genes downstream of OC that may contribute to IN differentiation and
distribution, we performed a microarray comparison of control or OC-deficient
spinal cord transcriptomes. Only few genes were differentially expressed in
absence of OC factors. We should have probably dissected separately the ventral

and the dorsal region of the spinal cord to increase the sensitivity of the
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transcriptome comparison. Among these genes, Pou2f2 was upregulated but not
significantly (1.57-fold increase). We first characterized the Pou2f2 expression
profile in the spinal cord and confirmed its upregulation by in situ hybridization on
sections of control or OC-deficient embryos. Then, we surprisingly uncovered 4
neuronal Pou2f2 isoforms produced in the developing spinal cord. The first exon
of these isoforms is distinct and is located ~47kb upstream of the transcription
initiation site used in B-cell Pou2f2 in the mouse genome, suggesting that they are
under the control of an alternative promoter. We also showed that these spinal
variants are regulated by OC factors with a higher efficacy than the 6 B-cell Pou2f2
isoforms (2.6-fold increase versus 1.3-fold increase). The OC factors being
characterized as transcriptional activators, this suggests that they indirectly
repress Pou2f2 expression. Chromatin immunoprecipitation experiments would
allow us to assess the direct or indirect OC factor interaction on the alternative
Pou2f2 promoter.

We showed that the Pou2f2+ V2a and V2b subpopulations exhibit similar
distribution alterations than the whole V2a and V2b populations in OC-deficient
embryos. There is an increase of the medial group of the Pou2f2+ V2a
subpopulation at the expense of the lateral group. This observation suggests that
the Pou2f2 upregulation in the V2 populations could be involved in the
diversification and the migration defects discussed above for the whole V2a and
V2b populations (Goetz et al., 2015; Hayashi et al., 2018).

We also uncovered that OC factors stimulate Nkx6.2 expression in the V2a
population while they repress its expression in the LMC MNs, as they do for
Pou2f2. These observations explain the fact that Nkx6.2 was not differentially
expressed in the absence of OC factors in the microarray results (0.7-fold
decrease). The regulation of Nkx6.2 expression by OC factors seems to be context-

dependent. This raises the possibility that OC factors regulate Nkx6.2 expression
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according to distinct mechanisms by associating with specific complex of
transcription factors. Similarly, Lhx3 and NLI are associated with other proteins in
tetramer and hexamer complexes to consolidate the V2a and MN cell fate,

respectively (Clovis et al., 2016; Lee et al., 2008; Thaler et al., 2002).

4.5. 0OC-Pou2f2 and OC-Nkx6.2 genetic cascades control the

V2 distribution

We demonstrated by loss- and gain-of-function experiments that Pou2f2 is
part of a genetic cascade involved in the control of the V2 population distribution.
Although the distribution defects do not fully correlate with the phenotype
observed in the OC-deficient embryos, we cannot rule out that it would be the
case at later developmental stages. Indeed, the experimental models and the
embryonic stages were different. Moreover, the absence of similitude between
the consequences of the Pou2f2 overexpression after chick spinal cord
electroporation and the Pou2f2 upregulation in Oc mutant mouse embryos could
be explained by the fact that expression levels are often higher after in ovo
electroporation. Finally, loss- and gain-of-function experiments do not give
systematically opposite effects, but most of the time, complementary data.
Through these experiments, we however showed Pou2f2 contribution to the
control of V2 IN distribution. According to our assumptions, Pou2f2 could
promote the axial premotor V2a identity at the expense of the limb premotor V2a
and could control their position on the medio-lateral axis of the spinal cord. Thus,
its overexpression could provoke similar locomotor defects as in the absence of
the OC factors, or more postural defects could be expected in the absence of

Pou2f2. However, the Pou2f2 mutant mice die at birth, making locomotor
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behavior analyses impossible to perform at adult stage. Fictive locomotion studies
could be considered to describe locomotor coordination defects in the absence of
Pou2f2. Indeed, this method allows evaluating several characteristics of
locomotor-like activity, namely: rhythm and speed, left-right alternation, and
flexor-extensor alternation. However, we cannot exclude that the mislocation of
dorsal IN populations in the Pou2f2 mutant embryos (Masgutova G. et al., in
preparation) does not impact on the organization of local CPGs. Therefore, a
specific Pou2f2 ablation in the V2 INs would enable to determine the specific
impact of V2 mislocation on the locomotor function.

We also showed that Nkx6.2 is part of a genetic program that regulates V2 IN
distribution. Nkx6.2 being expressed in a small subpopulation of V2a, distribution
alterations observed in the whole V2a and V2b populations raise 2 hypotheses:
either Nkx6.2 controls the distribution of a V2a subpopulation and their
mislocation in the spinal cord in the absence of Nkx6.2 prevents other cells to
settle at proper locations; or Nkx6.2 regulates the distribution of the whole V2a
and V2b populations in a non-cell autonomous manner. The second hypothesis
seems to be the most likely and is consistent with other studies from our
laboratory. Indeed, Espana et al., 2012 hypothesized that OC factors regulate in a
non-autonomous manner the maintenance of the LC during development,
possibly via the rhombencephalic portion of the MTN, which is located in close
vicinity of the LC and is absent in Oc mutants. Moreover, conditional inactivation
of OC factors in MNs seems to influence in part the differentiation and the
distribution of ventral IN populations (Francius C., Hidalgo-Figueroa M., Toch M.,
Bozet M. and Clotman F., work in progress). In Nkx6.2 mutant embryos, the
development of LMC neurons seems to be also affected (Toch M., work in
progress). Axonal retrograde labelings will be necessary to characterize the

connectivity of V2a INs and MNs in the absence of Nkx6.2.
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General discussion

These observations lead to propose axon guidance molecules as downstream
effectors of these newly characterized genetic cascades. These molecules are
secreted or transmembrane proteins. They are, including Netrin and their
DCC/Neogenin and UNC5 receptors, SLIT and their ROBO receptors, Semaphorins
and their Neuropilin and Plexin receptors, Ephrin and their Eph receptors,
chemokines and their receptors, or Cadherins. They constitute attractive or
repellant cues that guide the axons and cell bodies of several populations in
nervous system. In the spinal cord, they have been mainly characterized in
commissural axon guidance of dorsal and ventral IN populations but also in MN
axons guidance and MN soma positioning (Chen, 2018). Preliminary data in the
laboratory indicate that the expression of the transmembrane Sema6A and its
PIxnA4 receptor is reduced in the ventral regions of the spinal cord in OC-deficient
embryos. SemabA/PIxnA4 pathway is known to act as a repellant cue. The
reduction of repellant cues, produced by cells that express Nkx6.2, Pou2f2 or Oc
factors, could result in distribution defects in the majority of the V2 populations.
This could explain the non-cell autonomous regulation of Nkx6.2 discussed above.
A characterization of Sema6A and PIxnA4 expression of in Pou2f2 and Nkx6.2
mutant embryos would be necessary to assess the role of these molecules in the

control of the V2 IN migration.
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