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Abstract

Paralog factors are considered to ensure the robustness of biological processes by providing redundant activity in cells
where they are co-expressed. However, the specific contribution of each factor is frequently underestimated. In the devel-
oping spinal cord, multiple families of transcription factors successively contribute to differentiate an initially homog-
enous population of neural progenitors into a myriad of neuronal subsets with distinct molecular, morphological, and
functional characteristics. The LIM-homeodomain transcription factors Lhx3, Lhx4, Isll and Isl2 promote the segregation
and differentiation of spinal motor neurons and V2 interneurons. Based on their high sequence identity and their similar
distribution, the Lhx3 and Lhx4 paralogs are considered to contribute similarly to these processes. However, the specific
contribution of Lhx4 has never been studied. Here, we provide evidence that Lhx3 and Lhx4 are present in the same cell
populations during spinal cord development. Similarly to Lhx3, Lhx4 can form multiproteic complexes with Isll or Isl2
and the nuclear LIM interactor NLI. Lhx4 can stimulate a V2-specific enhancer more efficiently than Lhx3 and surpasses
Lhx3 in promoting the differentiation of V2a interneurons in chicken embryo electroporation experiments. Finally, LAix4
inactivation in mice results in alterations of differentiation of the V2a subpopulation, but not of motor neuron production,
suggesting that Lhx4 plays unique roles in V2a differentiation that are not compensated by the presence of Lhx3. Thus,
Lhx4 could be the major LIM-HD factor involved in V2a interneuron differentiation during spinal cord development and
should be considered for in vitro differentiation of spinal neuronal populations.

Keywords Embryonic spinal cord - Paralog factors - LIM-HD transcription factors - V2 interneurons - Motor neurons -
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Introduction

Paralog factors are usually described as promoting robust-
ness in biological systems by displaying redundant func-
tionality in the same cells [1]. The LIM-homeodomain
(LIM-HD) transcription factors Lhx3 and Lhx4 have been
considered to exert identical roles, and thereby to provide
redundant functionalities, during the segregation of motor
neurons (MNs) versus V2 interneurons (INs) and the dif-
ferentiation of V2a INs in the developing spinal cord [2—4].
However, the ability of Lhx4 to individually stimulate the
MN or the V2 IN differentiation programs has never been
addressed.
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During spinal cord development, different neuronal
populations are generated from distinct progenitor domains
orderly distributed along the dorsoventral axis of the ven-
tricular zone (reviewed in [5, 6]). Lhx3 is produced early in
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MNs and in V2 precursors and is maintained at later stages
in MNs of the medial motor column (MMC) and in V2a INs
[4, 7]. At early stages, it regulates the segregation between
the MN and the cardinal V2 IN lineages [7, 8], and later on
promotes the differentiation of V2a INs [9]. It contributes to
the segregation of MN and V2 IN lineages by forming dis-
tinct transcriptional complexes in MN and in V2 precursors.
In differentiating MNs, Lhx3 associates with the LIM-HD
protein Isl1 and the ubiquitous nuclear LIM interactor (NLI,
also called CLIM2 or LDB-1) to form an hexameric 2Lhx3-
2Is11-2NLI complex. This complex binds hexamer-response
elements (HXRESs), stimulates expression of a wide range of
MN genes, including Hb9, and promotes MN differentiation
[7, 8, 10—15] while inhibiting multiple IN determinants [10].
In differentiating V2 INs, which are devoid of Isl proteins,
Lhx3 associates with NLI to form a tetrameric 2Lhx3-2NLI
complex that binds tetramer-response elements (TeREs) [7,
8] and stimulates Chx/0 expression, which promotes V2 IN
differentiation [7-9]. Activation of irrelevant differentiation
programs is mutually prevented in each cell type. In MNs,
Hb9 hinders binding of tetrameric 2Lhx3-2NLI complex
to TeREs [8, 9]. In V2 INs, Vsx1 and Chx10 sequentially
block irrelevant activation of HXREs [9, 16].

However, as frequently observed in spinal populations
[6, 17-19], these transcription factors are coexpressed
along with at least one of their paralogs. Lhx3 and Lhx4
are highly conserved through evolution with respectively
94% and 98% global identity between human and mouse
proteins. Lhx4 is highly similar to Lhx3, with 66% global
identity, but their protein-interacting LIM domains or their
DNA-binding homeodomains are even more conserved:
77% identity between the LIM1 domains, 86% identity
between the LIM2 domains and 95% identity between the
homeodomains, in both human and mouse [20, 21]. These
paralog factors are reported to be present in the same cells
in the retina, pituitary gland, hindbrain and spinal cord dur-
ing embryonic development [2, 4, 20, 22-26]. As expected,
they display similar activities in different cell types and
contexts. In the pituitary gland, they are both necessary for
the late development of the Rathke’s pouch [27] and impli-
cated in the activation of the Follicle Stimulating Hormone
B-subunit gene expression [28]. In the hindbrain, Lhx3 and
Lhx4 can both associate with Isll to promote the expres-
sion of S/it2 in somatic MNs [2]. During zebrafish spinal
development, they act redundantly to regulate the differen-
tiation of MNs and INs, including the late development of
V2a and V2b INs [3]. In the mouse, embryos lacking either
Lhx3 alone or Lhx4 alone show no defect in MN differ-
entiation, axonal projections, or distribution. In contrast,
combined inactivation of these factors results in cell fate
switch from ventrally-located and projecting MNs into dor-
sally-located and projecting MNss in the cervical spinal cord,
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demonstrating functional redundancy [4]. However, the fate
of MNs at other axial levels remains unknown. The LIM-
HD paralog factors Isl1 and Isl2 are even more conserved
through evolution with respectively 100% and 99% global
identity between human and mouse proteins. IsI2 is highly
similar to Isll, with 75% global identity, but 93% identity
between their LIM1 domain, 75% and 73% identity for their
LIM2 domain, and 100% identity for their homeodomain, in
human and mouse, respectively. The individual roles of Isl1
and Isl2 in the developing spinal cord have been investi-
gated. In spinal MNs, they cooperate to consolidate the MN
fate and prevent illegitimate activation of the V2 IN dif-
ferentiation program [29-31]. Consistently, different stud-
ies suggested that Isl2 can integrate, like its paralog Isl1, in
hexameric complexes able to simulate MN fate [30, 32, 33].

In contrast, in other cellular contexts, LIM-HD factors can
fulfill individual functions that are not systematically shared
or rescued by their paralog. Indeed, mouse Isl2-deficient
embryos display defective differentiation of visceral MNs
that is not observed in the absence of Isl1 [29-31], although
the involved mechanism remains controversial [34]. At later
stages, Isl2 individually regulates MN distribution, axonal
projections, neuromuscular junction formation and senso-
rimotor connectivity [35]. In the retina, Lhx4 cooperates
with Isll upstream of Lhx3 to regulate the differentiation
of rod bipolar cell and selective rod-connecting bipolar cell
subtypes [36]. Lhx4 is crucial for the control of S/it2 tran-
scription in branchiomotor neurons for it is the only Lhx
paralog expressed in this population [2]. In the zebrafish,
Lhx3 is sufficient to specify the identity of spinal circumfer-
entially descending INs [3]. In the mouse, Lhx3 is sufficient
in MNs to impose the acquisition of a medial motor column
phenotype [37]. However, whether the murine Lhx3 and
Lhx4 paralogs exert redundant or individual and specific
roles during MN and V2 IN segregation and differentiation
remains unknown. Differences in the binding of Lhx3 and
Lhx4 proteins to Isll and Isl2 have been reported and could
indicate a divergence in function [32]. Interestingly, binding
measurements show that the IsI2-Lhx4 complex displays an
eightfold higher Kd than the Isl1-Lhx3 equivalent, suggest-
ing that IsI2-Lhx4 could be more effective than the canoni-
cal Isl1-Lhx3 pair for MN differentiation [33].

Taken together, these observations raise the question of
the importance of Lhx4 for spinal MN and V2 IN segre-
gation and differentiation. Here, we show that Lhx4 can,
similarly to Lhx3, form complexes with Isll or Isl2 and
NLI. Using cultured cells and chicken embryonic spinal
cord electroporation, we determine that Lhx4 and IsI2 are as
efficient as Isll and Lhx3 to stimulate the activity of a MN
HxRE and to promote the differentiation of spinal MNs. In
contrast, Lhx4 is more efficient than Lhx3 to stimulate the
activity of a V2 TeRE and to promote the differentiation of
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spinal V2a INs. Furthermore, we analyzed the phenotype of
constitutive or conditional Lhx4-deficient mouse embryos.
While the loss of Lhx4 in MNs seems compensated by the
presence of Lhx3, the loss Lhx4 in V2 INs results in a reduc-
tion in the differentiation of V2a INs. Taken together, these
results suggest that Lhx4 could be the major LIM-HD para-
log involved in V2a differentiation during spinal cord devel-
opment and should be considered for in vitro differentiation
protocols of V2a INs.

Materials and methods
Mouse lines

Olig2-Cre, VsxI-CreER™, PGK-Cre, and Lhx4'xroxF
(kindly provided by Dr L. Gan) mice have been previ-
ously described [38-41]. The Lhx4*"**" line was crossed
with PGK-Cre line to obtain Lhx4™" mice. Lhx4*" mice
were then crossed to generate Lhx4”~ constitutive knock-
out embryos, using Lhx4™* embryos as controls. The Lhx-
4/xP1xP Nine was crossed with Olig2-Cre or VsxI-CreER™
transgenic mice bearing heterozygous-null mutations for
Lhx4 (Olig2-Cre|Lhx4*" or VsxI-CreERT’|Lhx4*") to
obtain VsxI|Lhx4?" or Olig2|Lhx4*" conditional knockout
embryos. Control embryos for those two conditional knock-
outs were VsxI|Lhx4*" and Olig2|Lhx4*", respectively. The
morning of the vaginal plug was considered as embryonic
day (E)0.5. The embryos were collected at embryonic day
(E)14.5, and 5 embryos for each genotype were analyzed in
each experiment. For crossings with Vsx/-CreER trans-
genic mice, pregnant females were injected intraperitone-
ally with tamoxifen (100 mg/kg) twice at E.9.5 to activate
inducible CreER™? activity [40].

Plasmids

Reporter or expression plasmids used were: TeRE::GFP,
HxRE::GFP, TeRE::Luc, HxRE::Luc, pCS2-Myc-Isll,
pCS2-HA-Lhx3 and pCS2-Isll1::Lhx3 [8, 10], and empty-
pCS2, pCS2-HA-Lhx4 wherein the coding sequence of
Lhx3 was replaced with that of Lhx4, pCS2-Myc-IsI2
wherein the coding sequence of Isl1 was replaced with that
of Isl2, and pCS2-Isll::Lhx4, pCS2-Isl2::Lhx3 and pCS2-
Is12::Lhx4 wherein the coding sequence of Lhx3 or Isll was
replaced with that of Lhx4 or Isl2, preserving the flexible
arm between the two parts of the fusion protein [10] (details
about plasmid generation available upon request). Electro-
poration control vectors were pCAGGS::DsRed2 (kindly
provided by Y. Takahashi [42]) or pCMV-GFP (kindly pro-
vided by C.Pierreux).

Cell culture

Embryonic carcinoma P19 cells were maintained in culture
flasks at 37 °C under 5% CO,. D-MEM medium (Gibco,
#61965-059) was supplemented with 10% fetal bovine
serum (Fisher scientific #10270-106) and 100 U/ml penicil-
lin-streptomycin (Thermofisher #15140122). The cells were
subcultured when they reached 80% confluency.

Co-immunoprecipitation

P19 cells were seeded in 6-well plates (3.5x 10> cells per
well) and transfected after 24 h using JetPrime transfection
reagent (Westburg, PO 101000001) with 500ng of pCS2-
HA-Lhx3 or pCS2-HA-Lhx4, pCS2-Myc-Isll and pCS2-
Myc-Isl2, respectively. Fourty-eight hours after transfection,
cells were rinsed with phosphate-buffered saline (PBS) and
lysed in lysis buffer (Tris—HCI 20 mM pH 7.5, 120 mM
NaCl, 0.5% NP40, 10% glycerol and protease inhibitors
(#11873580001, Roche)). Cell lysates were cleared by cen-
trifugation for 5 minutes at 5000 g and the cleared lysates
were incubated for 4 h with protein G Agarose beads (Sigma
# 11719416001) at 4 °C. The samples were centrifuged at
2000 g for 5 minutes. Supernatants were incubated with
anti-HA antibody (Roche #12CA5) overnight at 4 °C, then
incubated for 4 h with protein G-Agarose beads at 4 °C.
After incubation, beads were washed 3 times with lysis buf-
fer and processed for immunoblotting detection.

Immunoblotting

Samples were loaded onto an 8% acrylamide gel, then trans-
ferred to a nitrocellulose membrane. The membrane was
blocked for 1 h at room temperature in a blocking solution
consisting of TBS 1x, 0.1% Tween-20 (TBS-T) and 5% pow-
dered milk. The membrane was then incubated overnight
at 4 °C with the primary antibodies: mouse anti-CLIM1/2
(Santa Cruz Biotechnology #sc-376030) at 1:1000, rabbit
anti-HA-Tag (Cell Signaling #C29F4) at 1:2000, or rabbit
anti-Myc-Tag (Cell Signaling #71D10) at 1:5000 in a TBS
1x, 0.1% Tween-20 (TBS-T) and 1% powdered milk solu-
tion. The membrane was washed three times in TBS-T for
10 min at room temperature, then incubated for 1 h with rab-
bit HRP-conjugated secondary antibody against the primary
antibody (Santa cruz sc-2357) diluted in blocking buffer
(1:20.000). The membrane was finally revealed using ECL
chemiluminescence (Perkin Elmer NEL105001EA).

Luciferase assay

Luciferase assays were performed using the Dual-luciferase
Reporter Assay System (Promega #E1910). P19 cells were

@ Springer



286 Page 4 of 17

E. Renaux et al.

seeded in 24-wells plates (1.75x10° cells per well) and
transfected after 24 h using JetPrime transfection reagent
(Westburg, PO 101000001) with 125ng of target luciferase
reporter plasmid (TeRE::Luc or HXRE::Luc [8]), 125ng of
pCAG, pCS2-Myc-Isll, pCS2-Myc-Isl2, pCS2-HA-Lhx3,
pCS2-HA-Lhx4, pCS2-Isl1::Lhx3, pCS2-Isl1::Lhx4, pCS2-
Is12::Lhx3 or pCS2-Isl12::Lhx4 expression plasmids and 3ng
of Renilla luciferase control vector (used for reporter activ-
ity normalization), respectively. After 48 h of treatment,
cells were collected and prepared according to manufac-
turer’s instructions. Luciferase reporter activities were mea-
sured with a tube luminometer (Promega Glomax 20/20).
The relative luciferase activity was determined as the ratio
between the target and constitutive luciferase activities.

In ovo electroporation

In ovo electroporation was performed at Hamburger-Ham-
ilton (HH) stage HH15-16 and embryos were collected at
HH20 (24 h after electroporation) or HH26 (72 h after elec-
troporation). Electroporated plasmids were TeRE::GFP or
HxRE::GFP (2,5 pg/ul), and/or empty-pCS2, pCS2-Myc-
Isll, pCS2-Myc-Isl2 pCS2-HA-Lhx3, pCS2-HA-Lhx4,
pCS2-Isll::Lhx3, pCS2-Isll::Lhx4, pCS2-Isl2::Lhx3 or
pCS2-Is12::Lhx4 plasmids (1 pg/pl). These vectors were co-
electroporated along with the pCAGGS::DsRed2 plasmid or
pCMV-GFP (0,25 ng/pl) to visualize electroporated cells.

Immunofluorescence labeling

Collected embryos were fixed in ice-cold PBS/4% para-
formaldehyde (PFA) for 15 to 25 min, depending on the
developmental stage. After washes in PBS, the fixed
embryos were incubated in PBS/30% sucrose overnight
at 4 °C, embedded and frozen in PBS/7.5% gelatin/15%
sucrose. Immunolabeling was performed on 14 pm serial
cryosections as previously described [43]. Primary anti-
bodies against the following proteins were used: sheep
anti-Chx10 (Exalpha Biologicals #X1179P) at 1:200, anti-
Cleaved Caspase-3 (Cell signaling #ASP 175) at 1:100,
goat anti-Foxpl (R&D #AF4534) at 1:500, rat anti-Gata3
(Absea Biotechnology #111214D02) at 1:15 or rabbit
anti-Gata3 (Cell signaling #5852) at 1:200, chicken anti-
GFP (Aves lab #GFP-1020) at 1:2000, mouse anti-Hb9/
Mnr2 (DSHB #81.5C10) at 1:2000, goat anti-Isl1/2 (Neu-
romics #GT15051) at 1:1000 or mouse anti-Isl1/2 (DSHB
#39.4D5) at 1:6000 or rabbit anti-Isl1 (Abcam #ab26122)
at 1:1000, guinea pig anti-Lhx3 [44] at 1:250, rabbit anti-
Lhx4 (Proteintech #11183-1-AP) at 1:300, guinea pig anti-
MafA [45] at 1:500, rabbit anti-MafA (Novus Biological
#NB400-137) at 1:500, guinea pig anti-OC1/HNF6 [43] at
1:6000, sheep anti-OC1/HNF6 (R&D # AF6277) at 1:250,
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rat anti-OC2 [46], rabbit anti-Olig2 (Millipore #AB9610)
at 1:4000, mouse anti-Shox2 (Abcam #ab55740) at 1:200
and guinea-pig anti-Sox14 [9] at 1:1000. Following sec-
ondary antibodies were used: donkey anti-goat/AlexaFluor
594, donkey anti-mouse/AlexaFluor 594, goat anti-mouse
IgG1/AlexaFluor 594, donkey anti-rabbit/AlexaFluor 594,
donkey anti-rat/AlexaFluor 594, donkey anti-guinea pig/
AlexaFluor594, donkey anti-rabbit/AlexaFluor 647, donkey
anti-rat/AlexaFluor647, donkey anti-rabbit/AlexaFluor488,
donkey anti-goat/AlexaFluor488, donkey anti-rat/Alexa-
Fluor488, donkey anti-mouse/AlexaFluor488, donkey
anti-chicken/AlexaFluor 488 and donkey anti-guinea pig/
AlexaFluor488 purchased from ThermoFisher Scientific or
Jackson Laboratories and used at dilution 1:500.

Imaging

Immunofluorescence images of cryosections were acquired
on an epifluorescence microscope EVOS FL Auto Imag-
ing System (ThermoFisher Scientific), on a Zeiss AXIO
Observer Z1 Inverted LED Fluorescence Motorized Micro-
scope using ZEN Blue Zeiss software and on a confocal
laser Scanning biological microscope FV1000 Fluoview
with the FV10-ASW 01.02 software (Olympus) or on a
confocal microscope Leica Stellaris 8 Falcon using Las X
software. The images were treated with Fiji-ImageJ, Adobe
Photoshop CC or Las X office softwares to match the bright-
ness and contrast with the observations.

Experimental design and statistical analyses

For quantifications of in ovo electroporation experiments,
labeled cells were counted on 5 to 16 sections on each side
of the spinal cord in 3 to 7 independent embryos per condi-
tion using the count analysis tool of Adobe Photoshop CC
software or the count analysis tool of Fiji-ImageJ software.
Quantifications on the “electroporated” (targeted) side of the
spinal cord were compared to quantifications on the “non-
electroporated” (contralateral) side of the same embryo. For
quantifications in mouse embryonic models, the different
levels of the spinal cord were determined using immunola-
beling for Foxpl, which enables visualization of the lateral
motor columns in brachial or lumbar regions. Labeled cells
were counted on both sides of the spinal cord on 3 to 14 sec-
tions at brachial level, 8 to 18 sections at thoracic level and
4 to 13 sections at lumbar level for each of the 5 embryos
analyzed per genotype. Quantifications in the different
Lhx4 mutant embryos were compared to quantifications of
control embryos from the same litters. Statistical analyses
and graphs were performed using JMP Pro 17 Software.
For mouse embryo analyses, differences in cell numbers
between two different groups were evaluated using either a
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Wilcoxon-Mann-Whitney’s non parametrical test, a Welch’s
t-test or a Student’s #-test, depending on the normality and
the homoscedasticity of the data. Differences in experimen-
tal data among multiple groups were evaluated with either a
Kruskal-Wallis’s non parametrical test followed by a Dunn’s
test, a Games-Howell’s test, a Dunnett’s test or a Tuckey’s
test depending on the normality and the homoscedasticity of
the data to compare all the conditions to the control group
or the different conditions one to another. In all statistical
analyses, a value of p <0.05 was defined as significant.

Results

Lhx4 is expressed in V2a INs and MNs in chicken and
mouse embryonic spinal cord

Lhx4 is produced in MNs during mouse embryonic spinal
cord development [4] but whether it is also expressed in
V2a INs, like Lhx3, was never formally assessed, although
its presence in those cells is supported by scRNAseq data
[47]. Therefore, we assessed the distribution of Lhx4 in the
mouse developing spinal cord using immunofluorescence.
We also studied Lhx4 distribution in chicken embryonic spi-
nal cord to determine if its expression is conserved between
species and to validate the use of the chicken embryo model
to assess Lhx4 activity (Fig. 1). As reported for Lhx3 [4,
7, 47], Lhx4 was similarly detected in mouse or chicken
embryonic spinal cord in V2a but not in V2b INs (Fig. la-c,
f-h), and was present in newly-born MNs and in a subset of
ventral differentiating MNs (Fig. 1d-e, i-j). In mouse, both
Lhx3 and Lhx4 were detected in V2a subpopulations con-
taining the Onecut (OC) factors OC1 and OC2 (Figure Sla-
d) [48, 49], in similar proportions (OC1 detected in 7.5%
and 6.7% of V2a containing Lhx3 or Lhx4, respectively;
OC2 present in 7.2% and 6.9% of V2a containing Lhx3
or Lhx4, respectively). In contrast, Lhx paralogs were not
detected in V2a subpopulations producing MafA (Figure
Sle-f) [48, 49], but were both present along with MafA in
the MNs of the MMC (arrows in Figure Sle-f) [4]. Thus,
the distribution of Lhx4 in MNs and V2 INs is conserved
between mouse and chicken embryos and is similar to the
one of Lhx3 in MMC MNs and in V2a subpopulations.

Lhx4 can bind Isl1, Isl2 and NLI, and stimulate TeRE
and HxRE

Previous studies have shown that Lhx3 stimulates V2 dif-
ferentiation by interacting with NLI and forming the V2 tet-
ramer [7-9], and promotes MN production by associating
with NLI and Isll and forming the MN hexamer [7, 8, 10—
14]. To assess if Lhx4 could contribute to V2 IN and MN

differentiation using similar molecular mechanisms, we first
established whether Lhx4 can associate with Isl1 or NLI.
In addition, we assessed whether Isl2 could participate, like
its paralog Isll, in the formation of these complexes. Co-
immunoprecipitation experiments of HA-tagged versions of
Lhx3 or Lhx4 in P19 cells demonstrated that both proteins
can associate with Isl1, Isl2 and endogenous NLI (Fig. 1k),
suggesting that they can both participate in the formation of
V2-tetrameric or MN-hexameric complexes [2, 36] and that
Is12 can also integrate into MN hexamers [30, 32, 33]. Using
identical DNA concentrations for transfection, the different
proteins were produced at comparable levels (see Input in
Fig. 1k).

Second, to determine if Lhx4 can assemble functional
complexes, we assessed whether Lhx4 can stimulate TeRE
or HXRE enhancers in P19 cells in comparison to Lhx3
(Fig. 11-m). Lhx3 alone mildly stimulated TeRE (Fig. 11;
p=0.0111), as previously reported [8]. Similarly, fusion pro-
teins between Lhx3 and Isl1 (Isl1::Lhx3) or Isl2 (Is12::Lhx3),
which closely mimic the activity of the MN-hexameric com-
plex by recruiting NLI [10], could also slightly stimulate
the TeRE (Fig. 11; p=0.005 and 0.013, respectively) [8]. In
contrast, Lhx4 strongly activated this V2-enhancer (Fig. 11;
p=0.0002) and did so significantly more efficiently than
Lhx3 (Fig. 11; Lhx3 p<0.0001, Isll::Lhx3 p=0.0001 or
Is12::Lhx3 p=0.0002), suggesting that Lhx4 may be more
potent than its paralog for stimulating V2 differentiation.
As expected, Isll or IsI2 alone, or fusion proteins between
Lhx4 and Isll or Isl2 did not alter TeRE activity (Fig. 11;
p=0.7595,0.4746, 0.0511 and 0.1324, respectively). As for
the MN enhancer, neither Lhx3, Lhx4, Isll nor IsI2 alone
was able to activate the HXxRE (Fig. 1m; p=1.0000, 0.4573,
1.0000 and 1.0000, respectively), consistent with previ-
ous reports [8]. In contrast, the Isll1::Lhx3 fusion protein
strongly stimulated HXRE activity (Fig. Im; p<0.0001),
as described [8, 10]. A similar induction was observed with
either Isll::Lhx4, Isl2::Lhx3 or Isl2::Lhx4 fusion proteins
(Fig. 1m; p=0.0042, 0.0209 and 0.0002, respectively), sug-
gesting that Lhx4 and IsI2 are at least as potent as Lhx3 and
Isl1 for activating HXRE. Of note, endogenous expression of
Isll, Is12, Lhx3 and Lhx4 in P19 cells remained undetectable
under all the tested conditions (data not shown), suggesting
that the observed effects resulted from intrinsic activity of
the transfected constructs. Thus, Lhx4 alone could stimulate
the V2 TeRE more efficiently than Lhx3 and, when com-
bined with Isl1 or Isl2 in the MN hexameric complex, could
promote HXRE activation as efficiently as Lhx3.

Third, to address the relevance of these observations
regarding spinal neuronal differentiation, reporter con-
structs for the TeRE or the HXRE were co-electroporated
into chicken embryonic spinal cords with an Lhx4 expres-
sion vector at the time of MN and V2 IN differentiation. As
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{ Fig. 1 Lhx4 is produced in V2a INs and in MNs in embryonic spi-
nal cord, can bind Isl1/2 and NLI and can stimulate TeRE and HXRE
activity. a-j Immunofluorescence confocal images of chicken or
mouse transverse embryonic spinal cord sections at stage HH26 or
E14.5, respectively. Lhx4 is detected in V2a INs (Chx10+), in newly
born MNs (Hb9/Mnr2+) and in differentiating MNs (Isl1+) but not
in V2b INs (Gata3+). Arrowheads indicate co-detection with Lhx4.
Arrows indicate absence of co-detection with Lhx4. k Co-immuno-
precipitation experiments with HA-tagged Lhx3 or Lhx4 protein and
Myec-tagged Isl1 or Is]2 in P19 cells. Input shows similar production of
NLI, HA-tagged and Myc-tagged proteins in the different experimen-
tal conditions. Isl1 and Isl2 are immunoprecipitated in the presence of
Lhx3 and of Lhx4, whereas endogenous NLI is immunoprecipitated
in the presence of Lhx proteins with or without Isl1 or Isl2, but not
with Isll or Isl2 alone nor with an empty vector (control). 1 Activa-
tion of the TeRE enhancer by LIM-HD factors assayed by transient
transfection experiments in P19 cells. Lhx3, Lhx4 and Isl1::Lhx3 or
Is12::Lhx3 fusions proteins, which closely mimic the activity of the
MN-hexameric complex by recruiting endogenous NLI, are able to
activate the TeRE activity. However, Lhx4 alone is significantly more
efficient in activating this V2 enhancer than Lhx3 or the Isl::Lhx3
fusions proteins. m Activation of the HXRE enhancer by LIM-HD fac-
tors assayed by transient transfection experiments in P19 cells. Isl or
Lhx proteins alone are unable to activate the HXRE. In contrast, all
the Isl::Lhx fusion proteins strongly activate this enhancer, with simi-
lar efficacy. n-q Lhx4 stimulates the activity of the TeRE and of the
HxRE enhancers in the chicken embryonic spinal cord. TeRE::GFP or
HxRE::GFP reporters were electroporated with or without an expres-
sion vector for Lhx4 at stage HH15, and embryos were collected at
HH20. Co-electroporation with pCAG-dsRed?2 is shown as an electro-
poration control. In the absence of Lhx4, TeRE activity is restricted to
the V2 INs, whereas Lhx4 stimulates TeRE activity along the dorso-
ventral axis of the spinal cord (arrowheads). Similarly, HXRE activity
without Lhx4 is detected in MNs, but Lhx4 induces a mild activation
along the dorso-ventral axis of the spinal cord (arrowheads). n>3. + =
electroporated side; - = control side; * = p<0.05; ** = p<0.01; ***
or ### = p<0.001. Scale bars =50 pm

compared to electroporation with an empty vector (Fig. 1d),
Lhx4 alone ectopically stimulated the TeRE-GFP reporter
construct dorsal to the V2 domain (Fig. 10), as previously
reported for Lhx3 [31] and mildly activated the HXRE-GFP
reporter dorsal to the endogenous activation domain in MNs
(Fig. 1p-q).

Thus, as previously reported for its paralog Lhx3, Lhx4
can integrate into V2-tetrameric or MN-hexameric com-
plexes that are able to respectively stimulate the TeRE and
HxRE enhancers in the developing spinal cord. Our data
further suggest that Lhx4 could be more potent than Lhx3 in
stimulating V2 enhancer activity and thereby in promoting
V2 differentiation.

Lhx4 is more efficient than Lhx3 in promoting V2a
IN differentiation

Activation of the HXxRE enhancer stimulates the expres-
sion of the Hb9 MN determinant and promotes MN differ-
entiation [8]. Similarly, TeRE stimulation promotes Chx10
expression and V2a IN differentiation [8, 9]. To determine
if Lhx4 is sufficient to induce these two processes and to

compare Lhx4 with Lhx3, we first assessed the ability of
these two paralogs to stimulate V2 IN differentiation.
Ectopic expression of LAx3 along the dorsoventral axis of
the spinal cord mildly stimulated differentiation of V2a
INs characterized by the presence of Chx10 (Fig. 2a-b, d,
Figure S2.2a-b, j; p=0.037) and of Shox2 (Figure S2.1a,
c; p=0.0002), as previously reported [7, 8]. However,
Lhx4 was also able to induce ectopic V2a IN production
(Fig. 2a, c-d, Figure S2.1a, c-i; p="7.3.107; Figure S2.2b-c;
p=0.0003), and was more efficient than Lhx3 in stimulating
V2a differentiation (Chx10: p=0.0058; Shox2: p=0.0281),
confirming that Lhx4 surpasses its paralog in this process.
In contrast, neither Isll or Isl2 alone, nor Isl::Lhx fusion
proteins, were able to stimulate V2a differentiation (Fig. 2d,
Figure S2.2 d-j; p=0.433, 0.460, 0.928, 0.982, 0.475, 0.560,
respectively).

Lhx3 has been shown to regulate the segregation between
the MN and V2 IN lineages at early stages [7, 8], and to
promote the differentiation of V2a INs at later stages [9].
To determine whether Lhx4 promotes general differentia-
tion of V2 INs or specifically stimulates V2a production, we
analyzed the distribution of the V2b-specific marker Gata3.
However, none of the Lhx or Isl factors alone, or Isl::Lhx
fusions proteins, had an impact on the production of V2b
INs (Fig. 2e-h, Figure S2.2k-t; p=0.951, 0.626, 0.333,
0.692, 0.655,0.917, 0.266, 0.480, in order of appearance on
the graph). Taken together, these observations demonstrate
that Lhx4 can specifically stimulate V2a IN production and
suggest that it surpasses Lhx3 in this process.

Similarly, whereas neither Lhx3, Lhx4, Isl1 nor Is]2 alone
was able to alter MN differentiation (Fig. 3f, Figure S3a-e,
j; p=0.416, 0.082, 0.663, 0.815, respectively), Isl1::Lhx3,
Isll::Lhx4, Isl2::Lhx3 and Isl2::Lhx4 fusion proteins
induced ectopic differentiation of MNs along the dorsoven-
tral axis of the spinal cord (Fig. 3a-f; p=0.001, p=0.014,
p=5.387.10"° and p=3.788.10"7, respectively). All the
fusion proteins demonstrated similar efficacy regarding MN
production. Thus, Lhx4 and Isl2 are as efficient as Lhx3 and
Isll in promoting the production of MNs, but Lhx4 seems
more efficient in stimulating V2a differentiation than Lhx3.

Lhx4 is necessary for a proper differentiation of V2a
interneurons

As our previous results supported that Lhx4 can stimulate
MN and V2a IN differentiation and could be even more effi-
cient than Lhx3 for the latter, we wanted to assess whether
Lhx4 is necessary for proper differentiation of these two
populations or if Lhx3 can compensate for its loss. There-
fore, we analyzed the phenotype of constitutive mouse
mutant embryos for Lhx4 (Lhx4~/7) and of conditional
mutant embryos where Lhx4 is absent either from the V2
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Fig.2 Lhx4 can stimulate the differentiation of V2a INs more efficiently
than Lhx3. Immunolabeling for V2a (Chx10+) or V2b INs (Gata3+)
on transverse spinal cord sections of chicken embryos electroporated
with an empty vector or expression vectors for Lhx or Isl factors or the
corresponding Isl::Lhx fusion proteins at stage HH15 and collected
at stage HH26. Co-electroporation with pCMV-GFP is shown as an
electroporation control. a-d As compared to an empty vector, Lhx3

INs (Vsx1|Lhx4%~) [40] or from the MNs (Olig2|Lhx4"")
[38]. The conditional loss of Lhx4 in V2 INs led to a signifi-
cant decrease in the number of V2a INs at each level of the
spinal cord (Fig. 4h-k; p=0.010). Similarly, the constitutive
loss of Lhx4 resulted in a reduction in the number of V2a
INs (Fig. 41-0; p=0.0002). This reduction was not associ-
ated with an increased apoptosis as only a minor propor-
tion of Chx10-positive cells contained cleaved Caspase-3
(0.36% in controls versus 0.27% in Lhx4 mutants; data not
shown). This reduction corresponded to a decrease in V2a
number and not only to a decrease in Chx/0 expression,
as the other V2a marker Sox14 showed a similar reduc-
tion (Fig. 4p-v; p=0.010). To assess whether this alteration
could result from an expansion of the MN population at the
expense of V2 INs, we quantified MNs in the constitutive
mutant. However, the number of MNs was not increased
in the absence of Lhx4 (Fig. 51-0; p=0.917). Consistently,
the conditional loss of Lhx4 in MNs had no impact on V2a
production (Fig. 4d-g; p=0.76). Of note, no hybrid cells co-
expressing MN and V2a markers [50, 51] were identified in
any of these mutants (Figure S4). These results suggest that

@ Springer

and Lhx4 induce ectopic differentiation of V2a INs (Chx10+) (arrow-
heads) whereas Isl1, Isl2 or the different Isl::Lhx fusion proteins do
not. Lhx4 is more efficient than Lhx3 in promoting V2a differentiation.
e-h In contrast, Lhx and Isl factors or Isl::Lhx fusion proteins have
no impact on V2b IN production (Gata3+). n>5. + = electroporated
side; - = control side; * or # = p<0.05; ## = p<0.01; *** or ### =
p<0.001. Scale bars=50 um. See also Figure S2.1 and S2.2

Lhx4 is necessary for proper differentiation of V2 INs and
that its loss is not entirely compensated by the presence of
Lhx3. To determine if Lhx4 was necessary in V2 precursors
for the segregation between the MN and V2 IN lineages or
was specifically acting in differentiating V2a INs, we quan-
tified V2b INs in the same mutants. However, the loss of
Lhx4, whether conditional or constitutive, had no impact on
V2b IN production (Fig. 6a-0; p=0.403, 0.195, 0.560, in
order of appearance on the graph), indicating that Lhx4 is
specifically acting in V2a IN differentiation. Consistently
with our observations in the constitutive mutant (Fig. 51-0),
the conditional loss of Lhx4 in MNs or in V2 INs did not
alter MN production (Fig. 5a-k; p=0.736, 0.440, respec-
tively), suggesting that Lhx3 is able to compensate for the
loss of Lhx4 in this population. Taken together, these obser-
vations indicate that Lhx4 is critical for the differentiation of
V2a INs and suggest that it is more efficient than its paralog
Lhx3 in this process, whereas Lhx3 and Lhx4 can mutually
compensate for the absence of the other during the segrega-
tion of the MN and V2 lineages [7, 8] and in differentiating
MNss [4].
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Fig. 3 In complexes with Isl1 or Isl2, Lhx4 can induce the differentia-
tion of MNs as efficiently as Lhx3. Immunolabeling for MNs (Mnr2/
Hb9+) on transverse spinal cord sections of chicken embryos elec-
troporated with an empty vector or expression vectors for Lhx or Isl
factors or the corresponding Isl::Lhx fusion proteins at stage HH15
and collected at stage HH26. Co-electroporation with pCMV-GFP is

Discussion

Paralog factors are proposed to promote robustness of
biological processes by displaying redundant functional-
ity when present in the same cells [1]. Here, we showed
that Lhx3 and Lhx4 are both produced in differentiating
MNs and in V2 INs during chicken or mouse spinal cord
development. We demonstrated that Lhx4 and Isl2 can,
as reported for Lhx3 and Isl1 [7, 8], form Lhx-NLI or Isl-
Lhx-NLI complexes and can stimulate activation of the
corresponding enhancers. However, Lhx4 seemed more
potent than Lhx3 in stimulating the V2 TeRE enhancer.
Furthermore, although Lhx4 and Lhx3 were both able to
stimulate V2a IN differentiation in chicken, Lhx4 was

2 Non electroporated
V Electroporated

shown as an electroporation control. a-f As compared to an empty vec-
tor, all the Isl::Lhx fusion proteins can stimulate MN differentiation,
as evidenced by the ectopic distribution of the newly-born MN marker
Mnr2, whereas the Isl or Lhx factors alone do not. n>3. + = elec-
troporated side; - = control side; * = p<0.05; ** = p<0.01; *** =
p<0.001. Scale bars=50 um. See also Figure S3

more efficient than Lhx3 in this process. Consistently,
the loss of Lhx4 in mouse embryos resulted in a reduced
number of V2a INs while it had no effect on V2b or MN
production. This suggests that the loss of Lhx4, while
compensated by the presence of Lhx3 in precursors and
in MNs, was not entirely compensated in V2a INs. Lhx4
is therefore necessary for a proper differentiation of V2a
INs and likely surpasses Lhx3 in its ability to promote
V2a IN fate in the developing spinal cord.

Lhx3 and Lhx4 constitute one of the pairs of LIM-HD
transcription factors displaying high sequence conserva-
tion, with 77% and 86% identity shared by the first and
second LIM domains respectively, and 95% identity by
the homeodomain [20, 21], suggesting that they exert
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Fig.4 Lhx4 is necessary for proper differentiation of V2a interneurons.
Immunolabeling of transverse spinal cord sections of Lhx4*/+ control,
MN-conditional Olig2|Lhx4%~ mutant, V2-conditional Vsx1|Lhx4*"~
mutant or Lhx4 ™~ constitutive mutant embryos at E14.5 at brachial,
thoracic, or lumbar levels. a-g The conditional loss of Lhx4 in MNs
does not affect the production of V2a INs (Chx10+). h-k However,
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as compared to controls, embryos lacking Lhx4 only in V2 INs show
a reduction in the number of Chx10+ V2a INs at all the levels of the
spinal cord. I-v Similarly, as compared to controls, embryos consti-
tutively lacking Lhx4 show a reduction in the number of Chx10+ or
Sox14 +V2a INs at all the levels of the spinal cord. n=5. * = p <0.05;
** = p<0.01; *** = p<0.001. Scale bars =50 um
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Fig. 5 Lhx4 is not necessary for proper production of motor neurons.
Immunolabeling of transverse spinal cord sections of Lhx4** control,
MN-conditional Olig2[Lhx4*~ mutant, V2-conditional Vsx1|Lhx4*~
mutant or Lhx4™'~ constitutive mutant embryos at E14.5 at brachial,
thoracic, or lumbar levels. a-o The loss of Lhx4, whether in MNs only,

very similar functions. As numerous paralog factors,
Lhx3 and Lhx4 are detected in the same cells in multiple
developing or adult tissues [22, 26, 36]. In the mouse spi-
nal cord, Lhx4 and Lhx3 have been initially co-detected
in differentiating MNs and in ventral INs of an unidenti-
fied subtype [4]. These ventral cells were more recently
characterized as newly-born V2 precursors and differen-
tiating V2a INs [7, 52], and we confirmed that the dis-
tribution of Lhx4 in MNs and in V2 INs is conserved
between mouse and chicken embryonic spinal cord. Lhx3
and Lhx4 have been shown to act redundantly in spinal
MNss to regulate their localization and determine the ven-
tral projections of motor axons [4]. Consistently, MN
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in V2 INs only or in both populations, does not affect the proper pro-
duction of MNss, laterally and ventrally located and characterized by
the ventral expression of Isll, as compared to controls. n=5. Scale
bars=50 pm

differentiation was not altered in the MN-specific LAx4
mutants nor when Lhx4 was absent from both MNs and
V2a INs in Lhx4 constitutive mutants. Furthermore, acti-
vation of the HXRE MN enhancer and stimulation of MN
differentiation was similar between Lhx4- and Lhx3-con-
taining complexes. Thus, Lhx3 and Lhx4 seems to exert
identical functions in MN differentiation and the absence
of Lhx4 is compensated by the presence of Lhx3.
However, Lhx3 and Lhx4 were also reported to exert
distinct functions in different cell types during embry-
onic development [2, 3, 36, 37]. Consistently, the human
syndromes resulting from LAx3 or Lhx4 mutations are not
identical, although partly similar [26]. Our observations
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Fig. 6 Lhx4 is not necessary for proper production of V2b interneu-
rons. Immunolabeling of transverse spinal cord sections of Lhx4**
control, MN-conditional Olig2|Lhx4”~ mutant, V2-conditional
Vsx1|Lhx4%~ mutant or Lhx4~'~ constitutive mutant embryos at E14.5

support that Lhx4 is more efficient than Lhx3 in stimulat-
ing the activity of the TeRE V2 enhancer and promoting
the differentiation of V2a INs, but not V2b INs, follow-
ing overexpression in the chicken embryonic spinal cord.
In addition, the absence of Lhx4 was not compensated
by the presence of Lhx3 regarding V2a differentiation,
whether in the V2-conditional or in the constitutive
mutants. In contrast, the production of V2b INs remained
unaffected in Lhx4 gain-of-function or loss-of-function
experiments. This suggests that Lhx4 does not exert early
specific functions, different from those of Lhx3, in the
consolidation of cardinal V2 IN versus MN identity, as its
absence does not alter all the V2 populations, but could
specifically stimulate V2a differentiation, more efficiently
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proper production of Gata3 + V2b INs, as compared to controls. n=35.
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than Lhx3. These differences may result from differential
binding abilities of these LIM-HD factors to their protein
partners or to chromatin. Although they are both able to
associate with Isll [2, 36], Lhx3 and Lhx4 show slight
differences in their capacity to bind other LIM-HD fac-
tors [32, 33]. Isl1/2 can sequester the Lhx3/4 binding
domain of NLI, preventing direct interaction between
NLI and Lhx paralogs and promoting Isl-Lhx binding
(Fig. 7), thereby favoring the aggregation of the hexa-
meric complex in MNs [33]. Kinetic studies and model-
ing indicate that the complex formed by Isl2, which is
critical for proper differentiation of different MN subsets
[19, 30, 31, 34], and Lhx4 is eightfold more stable than
its Isl1-Lhx3 equivalent [33], suggesting that Isl2-Lhx4



Lhx4 surpasses its paralog Lhx3 in promoting the differentiation of spinal V2a interneurons

Page 13 0of 17 286

Precursors H Neurons H Complexes
Early-born neurons V2a Interneurons V2-tetramer (Te)
NLI
[ _—
=
L (]
e NLI
o
=
i - | .|
>
Lhx4
Chx10 | Chx10
MN precursors Motor neurons
MN-Hexamer (Hx)
Hb9 Hb9
NLI - Isl1/2 - Lhx3/4 _ NLI - Isl1/2 - Lhx3/4
g NLI - Lhx3/4 NLI - Lhx3/4 NLI
e
=]
7}
S MN - genes
. Bead e
= Hb9
I TeRE Ly TeRE

Fig. 7 Working model for the contribution of Lhx factors to V2a IN
and to MN differentiation. Schematic representation of V2 IN and MN
identity specification and consolidation. In MN or V2 IN precursors,
Isl1/2- and Lhx3/4-containing hexameric complexes promote MN
fate, whereas Hb9 prevents activation of the TeRE enhancer and of the
V2a differentiation program, and Lhx3/4-containing tetrameric com-

could constitute a more efficient complex to promote MN
differentiation. However, our data rather suggest that
the different combinations of Isl and Lhx factors are as
efficient in activating the HXRE and in stimulating MN
differentiation. Whether Lhx3 and Lhx4 have differential
binding affinities for NLI in V2 tetrameric complexes or
for protein interacting with these complexes remains to
be determined. In addition, the relative formation of the
different complexes is influenced by DNA binding. At
equilibrium, in the absence of DNA, the formation of the
2Lhx3-2NLI tetrameric complexes prevails over that of
hexameric complexes. Addition of DNA containing bind-
ing sites for the hexameric complex leads to an increased
hexameric complex formation, which is reversed by
subsequent addition of tetrameric complex binding sites
[33]. This is in line with our observations that the 2Isl-
2Lhx-2NLI hexameric complexes were more efficient in
activating the HXRE and MN differentiation than the tetra-
meric complexes, independently from their composition
(Figs. 1 and 3) [8, 10]. Whether the accessibility of the

plexes stimulate V2 differentiation while Vsx1 prevents illegitimate
stimulation of the HXRE. During V2a differentiation, Lhx3- and Lhx4-
containing tetrameric complexes promote V2a fate, whereas Chx10
prevents activation of the HXRE enhancer and of the MN differentia-
tion program. Lhx4 is as efficient as Lhx3 in stimulating MN develop-
ment but more potent than Lhx3 for stimulating V2a IN differentiation

HxRE and TeRE to the corresponding binding complexes
is different in MNs and in V2 INs, due to epigenetic mod-
ifications or preliminary binding of pioneer factors [53,
54], and impact the formation of the complexes in these
two populations remains to be investigated.

Our results confirm that, although the hexameric com-
plexes seem to constitute the major activators of the MN dif-
ferentiation program, they can also activate TeRE (Fig. 11)
[8]. lllegitimate activation of the TeRE in MNs is prevented
by the transcriptional repressor Hb9, which binds to TeRE
and inhibits its stimulation by tetrameric complexes [8, 50,
51]. Symmetrically, V2 INs possess an original mechanism
to ensure HxRE silencing throughout differentiation. In
newly born V2 precursors, wherein Lhx3 and Lhx4 proteins
are present, the Paired-Like CVC transcriptional repressor
Vsx1 binds the HXRE and prevents its activation [16, 55].
When differentiation proceeds, V2 INs segregate into V2a
or V2b populations upon the action of Notch signaling [56—
60]. Lhx3 and Lhx4 are only maintained in V2a INs (Fig. 1)
[7, 52]. In this population, the single paralog of Vsx1 in the
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mammalian genome, namely Chx10, takes over and pre-
vents activation of the HXRE and of the MN differentiation
program [9, 16]. Accordingly, V2b INs, wherein the expres-
sion of Lhx3 and Lhx4 is not maintained (Fig. 1) [7, 52],
do not express Paired-like CVC repressors [55, 61]. Poten-
tial activators of the HXRE in V2 INs remain unknown, as
hexameric complexes cannot form due to the absence of Isl
proteins, although Pax6 and Nkx6.1, which are transiently
maintained in V2 precursors, have been proposed [16].

Our observations additionally suggest that Lhx4 should
be considered for in vitro differentiation protocols of spi-
nal MNs or V2 INs for research or therapeutic purposes.
The best protocols currently available to generate V2a INs
in vitro enable the production of 25-45% of neurons with
V2a characteristics [62, 63]. These methods involve either
combinations of small-molecule agonists or antagonists
of morphogen or signaling pathways [62], or a proneural
Ngn-2-producing lentiviral vector combined with various
pathway inhibitors [63]. These protocols may likely be
improved by including factors that more specifically stimu-
late V2a IN differentiation, including Lhx3 [7, 8] or its more
efficient paralog Lhx4 (the present work). Similarly, mul-
tiple differentiation protocols for spinal MNs involve Lhx3
in the cocktail of transcription factors used to promote MN
phenotype (e.g [14, 64]). According to our present observa-
tions, these protocols could also be tested by replacing Lhx3
with Lhx4.

Finally, our observations underline the necessity to prop-
erly evaluate the contribution of each paralog factor to
biological processes. Paralog factors that are co-expressed
in the same cells are often a priori considered as having
identical, and therefore possibly redundant, functions [1].
However, detailed investigations of their activities fre-
quently unveil more complex or subtle situations wherein
paralogs exert different functions or display significantly
different activities in the same process [ 16, 65]. Hence, thor-
ough investigation of the individual contribution of paralog
factors to spinal cord development would provide a deeper
understanding of the mechanisms involved and a more
efficient transposition of this knowledge to other research
fields, including in vitro differentiation of specific neuronal
populations [14, 62—64] or in silico modeling of gene regu-
latory networks [66—68].

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00018-
024-05316-x.

Author contributions Conceptualization, Estelle Renaux, Charlotte
Baudouin, Damien Marchese, René Rezsohazy, Soo-Kyung Lee, Fran-
coise Gofflot and Frédéric Clotman; Methodology, Estelle Renaux,
Charlotte Baudouin, Damien Marchese, René Rezsohazy and Fré-
déric Clotman; Formal analysis; Estelle Renaux; Investigation, Estelle
Renaux, Charlotte Baudouin, Damien Marchese, Yoanne Clovis and

@ Springer

Frédéric Clotman; Writing — Original Draft, Estelle Renaux, Charlotte
Baudouin and Frédéric Clotman; Writing — Review & Editing, Es-
telle Renaux, Charlotte Baudouin, René Rezsohazy, Soo-Kyung Lee,
Frangoise Gofflot and Frédéric Clotman; Funding Acquisition, Estelle
Renaux, Charlotte Baudouin and Frédéric Clotman; Resources, René
Rezsohazy, Soo-Kyung Lee and Frédéric Clotman; Supervision, René
Rezsohazy and Frédéric Clotman.

Funding Work in the F.C. laboratory was supported by grants from the
« Fonds spéciaux de recherche » (FSR) of the Université catholique de
Louvain, by « Projet de recherche (PDR) » fundings #T.0117.13 and
#T.0039.21 and an « Equipement (EQP) » funding #U.N027.14 of the
Fonds de la Recherche Scientifique (F.R.S.-FNRS, Belgium), by the
« Actions de Recherche Concertées (ARC) » #17/22-079 of the « Di-
rection générale de I’Enseignement non obligatoire et de la Recherche
scientifique — Direction de la Recherche scientifique — Communauté
frangaise de Belgique » and granted by the « Académie universi-
taire ‘Louvain’ » and by the Association Belge contre les Maladies
neuro-Musculaires (ABMM). Work in the R.R. laboratory was sup-
ported by the « Fonds spéciaux de recherche » (FSR) of the Université
catholique de Louvain and by a « Crédit de recherche (CDR) » fund-
ing #J.0157.21. Work in the S-K.L. lab was supported by grants from
NINDS/NIH (R01 NS100471, RO1 NS111760). C.B. held a PhD grant
from the « Fonds pour la Recherche dans I’Industrie et 1’ Agriculture »
(F.R.S.-FNRS, Belgium), E.R. held an FSR grant from the UCLouvain
and a PhD grant from the “Fonds pour la Recherche dans I’Industrie
et I’ Agriculture » (F.R.S-FNRS, Belgium). F.C. is a Research Director
of the F.R.S.-FNRS.

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations

Ethics approval All animal experiments conformed to the guidelines
of Directive 2010/63/EU of the European Parliament on the protec-
tion of animals used for scientific purposes. Mice were treated accord-
ing to the principles of laboratory animal care, and mouse housing
and experiments were approved by the Animal Welfare Committee of
the Université catholique de Louvain (Permit Numbers: 2017/UCL/
MD/008 and 222801).

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00018-024-05316-x
https://doi.org/10.1007/s00018-024-05316-x

Lhx4 surpasses its paralog Lhx3 in promoting the differentiation of spinal V2a interneurons

Page 150f 17 286

References

10.

11.

12.

13.

14.

15.

Diss G, Ascencio D, DeLuna A, Landry CR (2014) Molecular
mechanisms of paralogous compensation and the robustness of
cellular networks. J Exp Zool B Mol Dev Evol 322(7):488-499.
https://doi.org/10.1002/jez.b.22555

Kim KT, Kim N, Kim HK, Lee H, Gruner HN, Gergics P et al
(2016) ISL1-based LIM complexes control Slit2 transcription in
developing cranial motor neurons. Sci Rep 6:36491. https://doi.
org/10.1038/srep36491

Seredick S, Hutchinson SA, Van Ryswyk L, Talbot JC, Eisen
JS (2014) Lhx3 and Lhx4 suppress Kolmer-Agduhr interneuron
characteristics within zebrafish axial motoneurons. Development
141(20):3900-3909. https://doi.org/10.1242/dev.105718

Sharma K, Sheng HZ, Lettieri K, Li H, Karavanov A, Potter S
et al (1998) LIM homeodomain factors Lhx3 and Lhx4 assign
subtype identities for motor neurons. Cell 95(6):817-828. https://
doi.org/S0092-8674( 00)81704-3 [pii]

Lai HC, Seal RP, Johnson JE (2016) Making sense out of spinal
cord somatosensory development. Development 143(19):3434—
3448. https://doi.org/10.1242/dev.139592

Lu DC, Niu T, Alaynick WA (2015) Molecular and cellular devel-
opment of spinal cord locomotor circuitry. Front Mol Neurosci
8:25. https://doi.org/10.3389/fnmol.2015.00025

Thaler JP, Lee SK, Jurata LW, Gill GN, Pfaff SL (2002) LIM factor
Lhx3 contributes to the specification of motor neuron and inter-
neuron identity through cell-type-specific protein-protein interac-
tions. Cell 110(2):237-249. https://doi.org/S0092867402008231
[pii]

Lee S, Lee B, Joshi K, Pfaff SL, Lee JW, Lee SK (2008) A regula-
tory network to segregate the identity of neuronal subtypes. Dev
Cell 14(6):877—. https://doi.org/10.1016/j.devcel.2008.03.021
S1534-5807(08)00132-9 [pii].

Clovis YM, Seo SY, Kwon JS, Rhee JC, Yeo S, Lee JW et al
(2016) Chx10 consolidates V2a Interneuron Identity through
two distinct gene repression modes. Cell Rep 16(6):1642-1652.
https://doi.org/10.1016/j.celrep.2016.06.100

Lee S, Cuvillier JM, Lee B, Shen R, Lee JW, Lee SK (2012)
Fusion protein Isl1-Lhx3 specifies motor neuron fate by induc-
ing motor neuron genes and concomitantly suppressing the inter-
neuron programs. Proc Natl Acad Sci U S A 109(9):3383-3388.
https://doi.org/10.1073/pnas. 1114515109

Lee S, Shen R, Cho HH, Kwon RJ, Seo SY, Lee JW et al
(2013) STAT3 promotes motor neuron differentiation by col-
laborating with motor neuron-specific LIM complex. Proc Natl
Acad Sci U S A 110(28):11445-11450. https://doi.org/10.1073/
pnas.1302676110

Lee SK, Jurata LW, Funahashi J, Ruiz EC, Pfaff SL (2004)
Analysis of embryonic motoneuron gene regulation: derepres-
sion of general activators function in concert with enhancer fac-
tors. Development 131(14):3295-3306. https://doi.org/10.1242/
dev.01179. [pii]

Lee SK, Pfaff SL (2003) Synchronization of neurogenesis and
motor neuron specification by direct coupling of bHLH and
homeodomain transcription factors. Neuron 38(5):731-745.
https://doi.org/S0896627303002964 [pii]

Mazzoni EO, Mahony S, Closser M, Morrison CA, Nedelec S,
Williams DJ et al (2013) Synergistic binding of transcription fac-
tors to cell-specific enhancers programs motor neuron identity.
Nat Neurosci 16(9):1219-1227. https://doi.org/10.1038/nn.3467

Jurata LW, Pfaff SL, Gill GN (1998) The nuclear LIM domain
interactor NLI mediates homo- and heterodimerization of LIM
domain transcription factors. J Biol Chem 273(6):3152-3157.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&
db=PubMed&dopt=Citation&list_uids=9452425

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

Debrulle S, Baudouin C, Hidalgo-Figueroa M, Pelosi B, Francius
C, Rucchin V et al (2020) Vsx1 and Chx10 paralogs sequentially
secure V2 interneuron identity during spinal cord development.
Cell Mol Life Sci 77(20):4117-4131. https://doi.org/10.1007/
s00018-019-03408-7

Dasen JS, Liu J-P, Jessell TM (2003) Motor neuron columnar
fate imposed by sequential phases of Hox-c activity. Nature
425:926-933

Francius C, Clotman F (2010) Dynamic expression of the Onecut
transcription factors HNF-6, OC-2 and OC-3 during spinal motor
neuron development. Neuroscience 165(1):116—129. https://doi.
org/10.1016/j.neuroscience.2009.09.076

Roy A, Francius C, Rousso DL, Seuntjens E, Debruyn J, Luxen-
hofer G et al (2012) Onecut transcription factors act upstream of
Isll to regulate spinal motoneuron diversification. Development
139(17):3109-3119. https://doi.org/10.1242/dev.078501
Yamashita T, Moriyama K, Sheng HZ, Westphal H (1997) Lhx4,
a LIM homeobox gene. Genomics 44(1):144—146. https://doi.
org/10.1006/geno.1997.4852

Hunter CS, Rhodes SJ (2005) LIM-homeodomain genes in mam-
malian development and human disease. Mol Biol Rep 32(2):67—
77. https://doi.org/10.1007/s11033-004-7657-z

Balasubramanian R, Bui A, Ding Q, Gan L (2014) Expression
of LIM-homeodomain transcription factors in the developing and
mature mouse retina. Gene Expr Patterns 14(1):1-8. https://doi.
org/10.1016/j.gep.2013.12.001

Cepeda-Nieto AC, Pfaff SL, Varela-Echavarria A (2005) Home-
odomain transcription factors in the development of subsets of
hindbrain reticulospinal neurons. Mol Cell Neurosci 28(1):30—
41. https://doi.org/10.1016/j.mcn.2004.06.016

Seredick S, Ryswyk L, Hutchinson SA, Eisen JS (2012) Zebraf-
ish Mnx proteins specify one motoneuron subtype and suppress
acquisition of interneuron characteristics. Neural Dev. 7(1):35.
https://doi.org/10.1186/1749-8104-7-35. 1749-8104-7-35 [pii]
Sheng HZ, Moriyama K, Yamashita T, Li H, Potter SS, Mahon
KA et al (1997) Multistep control of pituitary organogen-
esis. Science 278(5344):1809-1812. https://doi.org/10.1126/
science.278.5344.1809

Sobrier ML, Attie-Bitach T, Netchine I, Encha-Razavi F, Veke-
mans M, Amselem S (2004) Pathophysiology of syndromic com-
bined pituitary hormone deficiency due to a LHX3 defect in light
of LHX3 and LHX4 expression during early human development.
Gene Expr Patterns 5(2):279-284. https://doi.org/10.1016/j.
modgep.2004.07.003

Mullen RD, Colvin SC, Hunter CS, Savage J]J, Walvoord
EC, Bhangoo AP et al (2007) Roles of the LHX3 and LHX4
LIM-homeodomain factors in pituitary development. Mol
Cell Endocrinol 265-266:190-195. https://doi.org/10.1016/j.
mce.2006.12.019

West BE, Parker GE, Savage JJ, Kiratipranon P, Toomey KS,
Beach LR et al (2004) Regulation of the follicle-stimulating
hormone beta gene by the LHX3 LIM-homeodomain transcrip-
tion factor. Endocrinology 145(11):4866-4879. https://doi.
org/10.1210/en.2004-0598

Hutchinson SA, Eisen JS (2006) Isletl and Islet2 have equiva-
lent abilities to promote motoneuron formation and to specify
motoneuron subtype identity. Development 133(11):2137-2147.
https://doi.org/10.1242/dev.02355

Song MR, Sun'Y, Bryson A, Gill GN, Evans SM, Pfaff SL (2009)
Islet-to-LMO stoichiometries control the function of transcription
complexes that specify motor neuron and V2a interneuron iden-
tity. Development 136(17):2923-2932. https://doi.org/10.1242/
dev.037986

Thaler JP, Koo SJ, Kania A, Lettieri K, Andrews S, Cox C et al
(2004) A postmitotic role for isl-class LIM homeodomain pro-
teins in the assignment of visceral spinal motor neuron identity.

@ Springer


https://doi.org/10.1007/s00018-019-03408-7
https://doi.org/10.1007/s00018-019-03408-7
https://doi.org/10.1016/j.neuroscience.2009.09.076
https://doi.org/10.1016/j.neuroscience.2009.09.076
https://doi.org/10.1242/dev.078501
https://doi.org/10.1006/geno.1997.4852
https://doi.org/10.1006/geno.1997.4852
https://doi.org/10.1007/s11033-004-7657-z
https://doi.org/10.1016/j.gep.2013.12.001
https://doi.org/10.1016/j.gep.2013.12.001
https://doi.org/10.1016/j.mcn.2004.06.016
https://doi.org/10.1186/1749-8104-7-35
https://doi.org/10.1126/science.278.5344.1809
https://doi.org/10.1126/science.278.5344.1809
https://doi.org/10.1016/j.modgep.2004.07.003
https://doi.org/10.1016/j.modgep.2004.07.003
https://doi.org/10.1016/j.mce.2006.12.019
https://doi.org/10.1016/j.mce.2006.12.019
https://doi.org/10.1210/en.2004-0598
https://doi.org/10.1210/en.2004-0598
https://doi.org/10.1242/dev.02355
https://doi.org/10.1242/dev.037986
https://doi.org/10.1242/dev.037986
https://doi.org/10.1002/jez.b.22555
https://doi.org/10.1038/srep36491
https://doi.org/10.1038/srep36491
https://doi.org/10.1242/dev.105718
https://doi.org/S0092-8674(
https://doi.org/S0092-8674(
https://doi.org/10.1242/dev.139592
https://doi.org/10.3389/fnmol.2015.00025
https://doi.org/S0092867402008231
https://doi.org/10.1016/j.devcel.2008.03.021
https://doi.org/10.1016/j.celrep.2016.06.100
https://doi.org/10.1073/pnas.1114515109
https://doi.org/10.1073/pnas.1302676110
https://doi.org/10.1073/pnas.1302676110
https://doi.org/10.1242/dev.01179
https://doi.org/10.1242/dev.01179
https://doi.org/S0896627303002964
https://doi.org/10.1038/nn.3467
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=9452425
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=9452425

286

Page 16 of 17

E. Renaux et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Neuron 41(3):337-350.
[pii]

Gadd MS, Bhati M, Jeffries CM, Langley DB, Trewhella J, Guss
JM et al (2011) Structural basis for partial redundancy in a class
of transcription factors, the LIM homeodomain proteins, in neu-
ral cell type specification. J Biol Chem 286(50):42971-42980.
https://doi.org/10.1074/jbc.M111.248559

Robertson NO, Smith NC, Manakas A, Mahjoub M, McDon-
ald G, Kwan AH et al (2018) Disparate binding kinetics by an
intrinsically disordered domain enables temporal regulation of
transcriptional complex formation. Proc Natl Acad Sci U S A
115(18):4643-4648. https://doi.org/10.1073/pnas. 1714646115
Francius C, Clotman F (2014) Generating spinal motor neuron
diversity: a long quest for neuronal identity. Cell Mol Life Sci
71(5):813-829. https://doi.org/10.1007/s00018-013-1398-x

Lee Y, Yeo IS, Kim N, Lee DK, Kim KT, Yoon J et al (2023)
Transcriptional control of motor pool formation and motor cir-
cuit connectivity by the LIM-HD protein Isl2. Elife. https://doi.
org/10.7554/eLife.84596

Dong X, Yang H, Zhou X, Xie X, Yu D, Guo L et al (2020) LIM-
Homeodomain transcription factor LHX4 is required for the dif-
ferentiation of Retinal Rod Bipolar cells and OFF-Cone bipolar
subtypes. Cell Rep 32(11):108144. https://doi.org/10.1016/].
celrep.2020.108144

Sharma K, Leonard AE, Lettieri K, Pfaff SL (2000) Genetic and
epigenetic mechanisms contribute to motor neuron pathfinding.
Nature 406(6795):515-519. https://doi.org/10.1038/35020078
Dessaud E, Yang LL, Hill K, Cox B, Ulloa F, Ribeiro A et al
(2007) Interpretation of the sonic hedgehog morphogen gradient
by a temporal adaptation mechanism. Nature 450(7170):717—
720. https://doi.org/10.1038/nature06347. nature06347 [pii]
Dong X, Xie X, Guo L, Xu J, Xu M, Liang G et al (2019) Gen-
eration and characterization of Lhx4(tdT) reporter knock-in and
Lhx4(loxP) conditional knockout mice. Genesis 57(10):¢23328.
https://doi.org/10.1002/dvg.23328

Baudouin C, Pelosi B, Courtoy GE, Achouri Y, Clotman F (2021)
Generation and characterization of a tamoxifen-inducible Vsx1-
CreER(T2) line to target V2 interneurons in the mouse develop-
ing spinal cord. Genesis 59(7-8):€23435. https://doi.org/10.1002/
dvg.23435

Lallemand Y, Luria V, Haffner-Krausz R, Lonai P (1998) Mater-
nally expressed PGK-Cre transgene as a tool for early and uni-
form activation of the cre site-specific recombinase. Transgenic
Res 7(2):105-112. https://doi.org/10.1023/a:1008868325009
Watanabe T, Saito D, Tanabe K, Suetsugu R, Nakaya Y, Nak-
agawa S et al (2007) Tet-on inducible system combined with in
ovo electroporation dissects multiple roles of genes in somitogen-
esis of chicken embryos. Dev Biol 305(2):625-636. https://doi.
org/10.1016/j.ydbi0.2007.01.042

Espana A, Clotman F (2012) Onecut transcription factors are
required for the second phase of development of the A13 dopami-
nergic nucleus in the mouse. J] Comp Neurol 520(7):1424-1441.
https://doi.org/10.1002/cne.22803

Wang W, Cho H, Lee JW, Lee SK (2022) The histone demeth-
ylase Kdmo6b regulates subtype diversification of mouse spinal
motor neurons during development. Nat Commun 13(1):958.
https://doi.org/10.1038/s41467-022-28636-7

Gierl MS, Karoulias N, Wende H, Strehle M, Birchmeier C (2006)
The zinc-finger factor Insm1 (IA-1) is essential for the develop-
ment of pancreatic beta cells and intestinal endocrine cells. Genes
Dev 20(17):2465-2478. https://doi.org/10.1101/gad.381806
Clotman F, Jacquemin P, Plumb-Rudewiez N, Pierreux CE, Van
der Smissen P, Dietz HC et al (2005) Control of liver cell fate
decision by a gradient of TGF beta signaling modulated by One-
cut transcription factors. Genes Dev 19(16):1849-1854. https://
doi.org/10.1101/gad.340305

https://doi.org/S089662730400011X

Springer

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

S8.

59.

60.

Delile J, Rayon T, Melchionda M, Edwards A, Briscoe J, Sagner
A (2019) Single cell transcriptomics reveals spatial and tempo-
ral dynamics of gene expression in the developing mouse spinal
cord. Development 146(12). https://doi.org/10.1242/dev.173807

Francius C, Harris A, Rucchin V, Hendricks TJ, Stam FJ, Barber
M et al (2013) Identification of multiple subsets of ventral inter-
neurons and differential distribution along the rostrocaudal axis
of the developing spinal cord. PLoS ONE 8(8):e70325. https://
doi.org/10.1371/journal.pone.0070325

Harris A, Masgutova G, Collin A, Toch M, Hidalgo-Figueroa
M, Jacob B et al (2019) Onecut factors and Pou2f2 regulate the
distribution of V2 interneurons in the mouse developing spi-
nal cord. Front Cell Neurosci 13:184. https://doi.org/10.3389/
fncel.2019.00184

Arber S, Han B, Mendelsohn M, Smith M, Jessell TM, Socka-
nathan S (1999) Requirement for the homeobox gene Hb9 in the
consolidation of motor neuron identity. Neuron 23(4):659-674.
https://doi.org/10.1016/50896-6273(01)80026-x [pii]

Thaler J, Harrison K, Sharma K, Lettieri K, Kehrl J, Pfaff SL
(1999) Active suppression of interneuron programs within devel-
oping motor neurons revealed by analysis of homeodomain
factor HB9. Neuron. ;23(4):675-87. https://doi.org/10.1016/
s0896-6273(01)80027-1 [pii]

Agalliu D, Takada S, Agalliu I, McMahon AP, Jessell TM (2009)
Motor neurons with axial muscle projections specified by Wnt4/5
signaling. Neuron 61(5):708-720. https://doi.org/10.1016/j.neu-
ron.2008.12.026. S0896-6273(09)00005-1 [pii]

Rhee HS, Closser M, Guo Y, Bashkirova EV, Tan GC, Gifford
DK et al (2016) Expression of terminal effector genes in mam-
malian neurons is maintained by a dynamic relay of transient
enhancers. Neuron 92(6):1252—1265. https://doi.org/10.1016/j.
neuron.2016.11.037

Velasco S, Ibrahim MM, Kakumanu A, Garipler G, Aydin B, Al-
Sayegh MA et al (2017) A multi-step transcriptional and Chro-
matin State Cascade Underlies Motor Neuron Programming from
embryonic stem cells. Cell Stem Cell 20(2):205-217. https://doi.
org/10.1016/j.stem.2016.11.006

Francius C, Hidalgo-Figueroa M, Debrulle S, Pelosi B, Ruc-
chin V, Ronellenfitch K et al (2016) Vsx1 transiently defines an
early intermediate V2 Interneuron Precursor Compartment in the
mouse developing spinal cord. Front Mol Neurosci 9:145. https://
doi.org/10.3389/fnmol.2016.00145

Li S, Misra K, Matise MP, Xiang M (2005) Foxn4 acts synergisti-
cally with Mash1 to specify subtype identity of V2 interneurons in
the spinal cord. Proc Natl Acad Sci U S A 102(30):10688—10693.
https://doi.org/10.1073/pnas.0504799102

Misra K, Luo H, Li S, Matise M, Xiang M (2014) Asymmetric
activation of DI14-Notch signaling by Foxn4 and proneural fac-
tors activates BMP/TGFbeta signaling to specify V2b interneu-
rons in the spinal cord. Development 141(1):187-198. https://doi.
org/10.1242/dev.092536

Peng CY, Yajima H, Burns CE, Zon LI, Sisodia SS, Pfaff SL et al
(2007) Notch and MAML signaling drives scl-dependent inter-
neuron diversity in the spinal cord. Neuron 53(6):813—.https://
doi.org/10.1016/j.neuron.2007.02.019. S0896-6273(07)00139-0
[pii]

Zou M, Luo H, Xiang M (2015) Selective neuronal lineages
derived from DIl4-expressing progenitors/precursors in the retina
and spinal cord. Dev Dyn 244(1):86-97. https://doi.org/10.1002/
dvdy.24185

Del Barrio MG, Taveira-Marques R, Muroyama Y, Yuk DI, Li S,
Wines-Samuelson M et al (2007) A regulatory network involving
Foxn4, Mashl and delta-like 4/Notchl generates V2a and V2b
spinal interneurons from a common progenitor pool. Develop-
ment. ;134(19):3427-3436. https://doi.org/10.1242/dev.005868
[pii]


https://doi.org/10.1242/dev.173807
https://doi.org/10.1371/journal.pone.0070325
https://doi.org/10.1371/journal.pone.0070325
https://doi.org/10.3389/fncel.2019.00184
https://doi.org/10.3389/fncel.2019.00184
https://doi.org/10.1016/s0896-6273(01)80026-x
https://doi.org/10.1016/s0896-6273(01)80027-1
https://doi.org/10.1016/s0896-6273(01)80027-1
https://doi.org/10.1016/j.neuron.2008.12.026
https://doi.org/10.1016/j.neuron.2008.12.026
https://doi.org/10.1016/j.neuron.2016.11.037
https://doi.org/10.1016/j.neuron.2016.11.037
https://doi.org/10.1016/j.stem.2016.11.006
https://doi.org/10.1016/j.stem.2016.11.006
https://doi.org/10.3389/fnmol.2016.00145
https://doi.org/10.3389/fnmol.2016.00145
https://doi.org/10.1073/pnas.0504799102
https://doi.org/10.1242/dev.092536
https://doi.org/10.1242/dev.092536
https://doi.org/10.1016/j.neuron.2007.02.019
https://doi.org/10.1016/j.neuron.2007.02.019
https://doi.org/10.1002/dvdy.24185
https://doi.org/10.1002/dvdy.24185
https://doi.org/10.1242/dev.005868
https://doi.org/S089662730400011X
https://doi.org/10.1074/jbc.M111.248559
https://doi.org/10.1073/pnas.1714646115
https://doi.org/10.1007/s00018-013-1398-x
https://doi.org/10.7554/eLife.84596
https://doi.org/10.7554/eLife.84596
https://doi.org/10.1016/j.celrep.2020.108144
https://doi.org/10.1016/j.celrep.2020.108144
https://doi.org/10.1038/35020078
https://doi.org/10.1038/nature06347
https://doi.org/10.1002/dvg.23328
https://doi.org/10.1002/dvg.23435
https://doi.org/10.1002/dvg.23435
https://doi.org/10.1023/a:1008868325009
https://doi.org/10.1016/j.ydbio.2007.01.042
https://doi.org/10.1016/j.ydbio.2007.01.042
https://doi.org/10.1002/cne.22803
https://doi.org/10.1038/s41467-022-28636-7
https://doi.org/10.1101/gad.381806
https://doi.org/10.1101/gad.340305
https://doi.org/10.1101/gad.340305

Lhx4 surpasses its paralog Lhx3 in promoting the differentiation of spinal V2a interneurons

Page 17 0of 17 286

61.

62.

63.

64.

Karunaratne A, Hargrave M, Poh A, Yamada T (2002) GATA pro-
teins identify a novel ventral interneuron subclass in the develop-
ing chick spinal cord. Dev Biol 249(1):30—43. http://www.ncbi.
nlm.nih.gov/pubmed/12217316

Butts JC, McCreedy DA, Martinez-Vargas JA, Mendoza-Cama-
cho FN, Hookway TA, Gifford CA et al (2017) Differentiation of
V2a interneurons from human pluripotent stem cells. Proc Natl
Acad Sci U S A 114(19):4969-4974. https://doi.org/10.1073/
pnas.1608254114

Chen M, Maimaitili M, Habekost M, Gill KP, Mermet-Joret N,
Nabavi S et al (2020) Rapid generation of regionally specified
CNS neurons by sequential patterning and conversion of human
induced pluripotent stem cells. Stem Cell Res 48:101945. https://
doi.org/10.1016/j.s¢r.2020.101945

Shi Y, Lin S, Staats KA, Li Y, Chang WH, Hung ST et al (2018)
Haploinsufficiency leads to neurodegeneration in C9ORF72
ALS/FTD human induced motor neurons. Nat Med 24(3):313—
325. https://doi.org/10.1038/nm.4490

65.

66.

67.

68.

Ewen-Campen B, Mohr SE, Hu Y, Perrimon N (2017) Access-
ing the phenotype gap: enabling systematic investigation of Para-
log Functional Complexity with CRISPR. Dev Cell 43(1):6-9.
https://doi.org/10.1016/j.devcel.2017.09.020

Delas MJ, Briscoe J (2020) Repressive interactions in gene regu-
latory networks: when you have no other choice. Curr Top Dev
Biol 139:239-266. https://doi.org/10.1016/bs.ctdb.2020.03.003
Gerard C, Tys J, Lemaigre FP (2017) Gene regulatory net-
works in differentiation and direct reprogramming of hepatic
cells. Semin Cell Dev Biol 66:43-50. https://doi.org/10.1016/j.
semcdb.2016.12.003

Joshi P, Skromne 1 (2020) A theoretical model of neural maturation
in the developing chick spinal cord. PLoS ONE 15(12):e0244219.
https://doi.org/10.1371/journal.pone.0244219

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.devcel.2017.09.020
https://doi.org/10.1016/bs.ctdb.2020.03.003
https://doi.org/10.1016/j.semcdb.2016.12.003
https://doi.org/10.1016/j.semcdb.2016.12.003
https://doi.org/10.1371/journal.pone.0244219
http://www.ncbi.nlm.nih.gov/pubmed/12217316
http://www.ncbi.nlm.nih.gov/pubmed/12217316
https://doi.org/10.1073/pnas.1608254114
https://doi.org/10.1073/pnas.1608254114
https://doi.org/10.1016/j.scr.2020.101945
https://doi.org/10.1016/j.scr.2020.101945
https://doi.org/10.1038/nm.4490

	﻿Lhx4 surpasses its paralog Lhx3 in promoting the differentiation of spinal V2a interneurons
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Mouse lines
	﻿Plasmids
	﻿Cell culture
	﻿Co-immunoprecipitation
	﻿Immunoblotting
	﻿Luciferase assay
	﻿In ovo electroporation
	﻿Immunofluorescence labeling
	﻿Imaging
	﻿Experimental design and statistical analyses

	﻿Results
	﻿Lhx4 is expressed in V2a INs and MNs in chicken and mouse embryonic spinal cord
	﻿Lhx4 can bind Isl1, Isl2 and NLI, and stimulate TeRE and HxRE
	﻿Lhx4 is more efficient than Lhx3 in promoting V2a IN differentiation
	﻿Lhx4 is necessary for a proper differentiation of V2a interneurons

	﻿Discussion
	﻿References


