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Motor activity is organized by neuronal networks composed of motor neurons 
and a wide variety of pre-motor interneuron populations located in the brainstem 
and spinal cord. Differential expression and single-cell RNA sequencing studies 
recently unveiled that these populations subdivide into multiple subsets. However, 
some interneuron subsets have not been described yet, and the mechanisms 
contributing to this neuronal diversification have only been partly deciphered. In 
this study, we aimed to identify additional markers to further describe the diversity 
of spinal V2 interneuron populations. Here, we compared the transcriptome of V2 
interneurons with that of the other cells of the embryonic spinal cord and extracted 
a list of genes enriched in V2 interneurons, including Arid3c. Arid3c identifies an 
uncharacterized subset of V2 that partially overlaps with V2c interneurons. These 
two populations are characterized by the production of Onecut factors and Sox2, 
suggesting that they could represent a single functional V2 unit. Furthermore, 
we  show that the overexpression or inactivation of Arid3c does not alter V2 
production, but its absence results in minor defects in  locomotor execution, 
suggesting a possible function in subtle aspects of spinal locomotor circuit formation.
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1 Introduction

Motor activity is organized by neuronal networks located in the brainstem and in the 
spinal cord. These circuits are composed of motor neurons (MNs) that directly innervate 
skeletal muscles and of a wide variety of pre-motor interneuron (IN) populations that ensure 
a precise regulation of the MN activity (Sengupta and Bagnall, 2023; Wilson and 
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Sweeney, 2023). Although the first cardinal populations generated in 
the embryonic spinal cord and the mechanisms that regulate their 
production have been extensively described, differential expression 
and single-cell RNA sequencing (scRNAseq) studies more recently 
unveiled that these populations subdivide into multiple subsets 
(Francius et al., 2013; Bikoff et al., 2016; Gosgnach et al., 2017; Hayashi 
et al., 2018; Sweeney et al., 2018; Delile et al., 2019; Harris et al., 2019; 
Russ et al., 2021), some of them containing only a few cells, that can 
display specific identity, location, connectivity, and functions 
(Borowska et  al., 2013; Borowska et  al., 2015; Bikoff et  al., 2016; 
Sweeney et al., 2018; Deska-Gauthier et al., 2024). However, some IN 
subsets have not been described yet, and the mechanisms contributing 
to this neuronal diversification in the developing spinal cord have only 
been partly deciphered.

In the ventral neural tube, different neuronal populations arise 
from specific progenitor domains orderly distributed along the 
dorsoventral axis, from pdI6 and p0–p3 domains for the different IN 
populations and pMN for the MNs (Catela et al., 2015; Lu et al., 2015; 
Gosgnach et al., 2017; Côté et al., 2018; Sengupta and Bagnall, 2023; 
Wilson and Sweeney, 2023). The p2 progenitor domain, characterized 
by the combined expression of Irx3, Nkx6.1, Nkx6.2, and Pax6, gives 
rise to the cardinal V2 IN population (Briscoe et al., 2000; Ulloa and 
Marti, 2010). During neurogenesis, it first produces an intermediate 
population of V2 precursors, characterized by the transient expression 
of the transcriptional repressor Vsx1 (Francius et al., 2016; Debrulle 
et al., 2020; Baudouin et al., 2021). As development proceeds, these 
precursors differentiate into at least five different types of V2 INs: V2a, 
V2b, V2c, V2d, and V2-Pax6. These V2 IN populations are 
characterized by the expression of specific markers and by a specific 
role during motor control. The cardinal V2 population firstly divides 
into V2a INs expressing Chx10 and representing 35% of all V2 INs at 
embryonic day 14.5, namely when the production of ventral INs is 
completed (Sagner and Briscoe, 2019), and into V2b INs expressing 
Gata3 and representing 25% of all V2 INs, upon the regulation of the 
Notch signaling pathway (Li et  al., 2005; Del Barrio et  al., 2007; 
Kimura et al., 2008; Misra et al., 2014). V2a INs contribute to the 
regulation of the left–right alternation during high-speed locomotion 
(Crone et  al., 2008), while V2b INs regulate the alternation of 
contraction of flexor and extensor muscles (Zhang et al., 2014; Britz 
et al., 2015). Second, additional V2 subsets arise from those two initial 
V2 populations. V2d INs expressing Shox2 derive from V2a INs and 
participate in the generation of the locomotor rhythm (Dougherty 
et al., 2013). V2c INs, characterized by the expression of Sox1, are 
reported to derive from V2b but adopt their own identity and migrate 
ventrally near the MNs (Panayi et al., 2010). In zebrafish, similar cells 
called V2s INs are inhibitory glycinergic neurons and appear to 
be involved in rapid motor responses (Gerber et al., 2019). In mice, 
their involvement in locomotion has not been determined. Finally, 
from V2b INs arise a late V2 IN population, V2-Pax6, characterized 
by the expression of Pax6 (Panayiotou et al., 2013). Their function in 
motor control has not been reported. These last three populations only 
represent approximately 10% of V2 INs (Li et  al., 2010), which 
suggests that all the V2 IN subpopulations have not been characterized 
yet. To address this question, we previously generated a Vsx1-CreERT2 
mouse line, enabling us to perform a lineage tracing of all the V2 INs. 
Analyses of this lineage tracing unveiled the existence of a dorsal 
Sox1+ V2 IN population that represents ~10% of total V2 INs but 
confirmed that approximately 25% of V2 INs remain to be described 

(Baudouin et al., 2021). Identification of specific markers for these 
populations would enable to characterize their identity and function.

AT-rich interacting domain 3c (Arid3c) is part of the Arid3 family 
of transcription factors, which also includes Arid3a and Arid3b. These 
regulators act mainly as transcriptional activators (Herrscher et al., 
1995; Numata et al., 1999; Tidwell et al., 2011; Saadat et al., 2021), 
although a transcriptional repressor activity has been reported in 
specific contexts (Wilsker et al., 2002). They are characterized by two 
functional domains that play crucial roles in their functions. On the 
one hand, the Arid domain is a helix-turn-helix motif-based 
DNA-binding domain (Wilsker et al., 2002; Patsialou et al., 2005). On 
the other hand, the REKLES domain, divided into a moderately 
conserved N-terminal REKLES-α region and a highly conserved 
C-terminal REKLES-β domain, is involved in homo- or 
heteromerization, in nuclear import and export and in association of 
the Arid3 factors with the nuclear matrix (Kim et al., 2007; Tidwell 
et al., 2011). In adults, Arid3a is mainly produced by B lymphocytes 
but is more broadly expressed during embryogenesis, especially in the 
early lymphoid progenitors (Herrscher et al., 1995; Wilsker et al., 2002; 
Webb et al., 2011; Ratliff et al., 2014). It regulates gene expression 
programs and alters differentiation and maintenance of cellular 
identity in a variety of tissues, particularly in the hematopoietic system 
(An et al., 2010; Ratliff et al., 2014; Kurkewich et al., 2016; Ward et al., 
2016; Rhee et  al., 2017; Herrscher et  al., 1995). Arid3b is mainly 
expressed in the testes and leukocytes, but its expression can 
be detected in a wide variety of other organs such as the thyroid, 
prostate, and thymus (Wilsker et  al., 2002; Takebe et  al., 2006; 
Samyesudhas et al., 2014). It is required for proper cardiovascular and 
craniofacial development (Takebe et al., 2006; Casanova et al., 2011; 
Uribe et al., 2014) and B lymphocyte differentiation (Kurkewich et al., 
2016) and can bind the same matrix-associated region in the 
regulatory sequences of the immunoglobulin heavy chain genes as 
Arid3a (Numata et  al., 1999). Finally, Arid3c expression is more 
restricted and has mainly been described in the hematopoietic system, 
although some data suggest additional expression in the cerebellum 
and in the brain (Tidwell et  al., 2011; Samyesudhas et  al., 2014). 
Arid3c contributes to B lymphocyte differentiation by co-activating 
the transcription of immunoglobulin heavy chains mediated by 
Arid3a (Tidwell et  al., 2011). Associated with NPM1 for nuclear 
shuttling through its REKLES-β domain, Arid3c directly regulated the 
transcription of STAT3, STAT1, and JUNB, therefore promoting 
monocyte-to-macrophage differentiation (Kim et al., 2024). However, 
in the vertebrate nervous system and more specifically in the spinal 
cord, the expression and roles of these 3 Arid3 genes have never been 
reported, whereas their orthologs in invertebrates regulate some 
aspects of CNS development, including axonal guidance, neuronal 
terminal differentiation, or late development of longitudinal glia in 
C. elegans and Drosophila, respectively (Shandala et al., 2003; Ditch 
et al., 2005; Li et al., 2023).

In this study, using a Vsx1-CreERT2 lineage tracing of V2 INs 
(Baudouin et al., 2021), we compared the transcriptome of V2 INs 
with that of all the other cells of the spinal cord using RNA sequencing. 
Among the genes enriched in V2 INs, we elected to focus on Arid3c. 
Here, we provide evidence that Arid3c identifies a subset of V2 INs 
that partly overlaps with the V2c population and is characterized, as 
V2c INs, by the presence of Sox2 and Onecut transcription factors, 
suggesting that they may constitute a single functional V2 population. 
Furthermore, we show that the inactivation of Arid3c results in minor 
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defects in  locomotor execution, suggesting a possible function in 
subtle aspects of spinal locomotor circuit formation.

2 Materials and methods

2.1 Mouse lines

All experiments were performed strictly 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 Numbers: 2017/UCL/
MD/008 and 222801). Vsx1-CreERT2 and Rosa26R-tdTomato mice 
have been previously described (Madisen et al., 2010; Baudouin et al., 
2021). The Arid3c−/− null line was generated using CRISPR-Cas9 
mediated homologous recombination. Two ultramers-loxP sequences 
(5’-AAGAGCAGGCTGAGCCATGGAAATACTTCCCTGATTCTC 
CTCTCCCTGTATTTGCCACGTGCTAGCATAACTTCGTATAAT 
GTATGCTATACGAAGTTATGCAAGGTCTGAGCTACCTAGAGG 
CACCACTAGCTAGGACAGGTCGCGTAGATAGATTAGA-3′ and 
5’-CCTGTCCTGCAGCAGGAGGGAATACAGTTAGACTGAAGG 
AAGGCTTTCCTGAAGGATGGGGAATTCATAACTTCGTATAAT 
GTATGCTATACGAAGTTATCCGGGGCCTTGTGAATTGGGTAG 
TGGAGAAGGGATTTCTCCCTAGAAAATTTCAGTATTG-3′), two 
Arid3c-crRNA (5’-GGTAGCTCAGACCTTGCACG-3′ and 5’-CTTT 
CCTGAAGGATGGGCCG-3′) and Cas9 were injected in male 
pronuclei to target the exon 2 of the Arid3c gene. This enabled the 
simultaneous obtention of Arid3+/− mice and of Arid3c+/flox conditional 
mice (Supplementary Figure S1A). The removal of the second exon of 
Arid3c leads to a frameshift in the ORF and the creation of an early 
STOP codon, which causes a loss of 74% of the C-terminal part of the 
protein, including the ARID and REKLES domains. The Arid3c+/− 
knockout (223 bp) or wild type (961 bp) alleles were identified by PCR 
using primers 1 and 2: 5’-GGCTCTGAGTGTCCATCCTC-3′ and: 
5’-CGGAAGTGATGGACTGCTGC-3′. The Arid3cflox allele (858 bp) 
was identified by PCR using primers 3 and 4: 5’-TGTATTTGCCACGT 
GCTAGCATAACTTCGTATAAT-3′ and 5’-CCCAATTCACAAGG 
CCCCGGATAACTTCGTATAGC-3′ (Supplementary Figure S1B). 
Further details are available upon request. Arid3c+/− mice were then 
crossed to generate Arid3c−/− constitutive knockout embryos, using 
Arid3c+/+ embryos as controls. The Arid3c protein was undetectable in 
the spinal cord of Arid3c−/− embryos (Supplementary Figure S1C). The 
morning of the vaginal plug was considered embryonic day (E)0.5. 
The embryos were collected at embryonic day E 10.5, 11.5, 12.5, 14.5, 
16.5, or 18.5. For crossings with Vsx1-CreERT2 transgenic mice, 
pregnant females were injected intraperitoneally with tamoxifen 
(100 mg/kg) twice at E9.5 to activate CreERT2 activity.

2.2 FACS, RNA purification, and 
RNA-sequencing

Six spinal cords from E14.5 Vsx1|tdTomato embryos were 
dissected and dissociated using a neural tissue dissociation kit (MACS; 
Miltenyi Biotec #130-092-628) according to the manufacturer’s 
instructions. Dissociated cells were sorted by FACS (BD FACSAria III) 

to separate tdTomato+ cells (V2 INs) from tdTomato- cells (all the 
other cells of the spinal cord). Sorted cells were collected in TRIzol 
reagent, and RNA was purified with the RNeasy micro kit (QIAGEN 
#74004). RNA concentration and quality were assessed using a 
Bioanalyzer (Agilent) and submitted to Genewiz to prepare an 
ultra-low input RNA-seq library before sequencing with an Illumina 
HiSeq. Preliminary data were analyzed by Genewiz using the standard 
RNA-seq data analysis package.

2.3 scRNAseq re-analysis

The raw data were already normalized and were further log2 
transformed with a pseudo count of 1. Since the focus of the analysis 
was to compare cells expressing Arid3c versus cells expressing Gata3 or 
Chx10, the 33 clusters grouping from Delile et al. (2019) were subjected 
to filtering with the following rules: a cluster was included if it contained 
at least either 5 cells expressing Arid3c, or 10 cells expressing Gata3 or 
Chx10. Cells expressing both Gata3 and Chx10 were excluded and cells 
expressing Arid3c were grouped as a new additional cluster. Then, 
pairwise cluster comparisons were performed with the scoreMarkers 
function from the R (version 4.3.3)1 package scran [version 1.30 (Lun 
et al., 2016)], with a blocking effect of the developmental stage of the 
cell. The value of the “log Fold Change detected” (logFC.detected) for 
all the pairwise comparisons of Arid3c+ cells versus each of the other 
clusters of cells was measured to rank candidate markers as it measures 
the log-fold change in the proportion of cells with detected expression 
between clusters (Amezquita et al., 2020). A positive value indicates that 
a greater proportion of Arid3c+ cells express the gene of interest 
compared to the other cluster. The minimum value of the logFC.
detected (min.logFC.detected) across the pairwise comparisons was 
used to rank candidate markers as it corresponds to the most stringent 
value to find upregulated genes in the Arid3c+ cluster versus all of the 
other clusters (Amezquita et al., 2020).

2.4 In ovo electroporation

In ovo electroporation was performed at Hamburger–Hamilton 
(HH) stage 15-16 and embryos were collected at HH26 (72 h after 
electroporation). The electroporated plasmid was pCIG-Arid3c-IRES-
EGFP (1 μg/μl). Details about plasmids are available upon request.

2.5 In situ hybridization

Collected embryos were fixed in ice-cold PBS/4% 
paraformaldehyde (PFA) overnight. After washes in PBS, the fixed 
embryos were incubated in PBS/30% sucrose overnight at 4°C, 
embedded and frozen in PBS/15% sucrose/7.5% gelatin in isopentane 

1 https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww. 

r-project.org%2F&data=05%7C02%7Cestelle.renaux%40uclouvain.be%7Ccbccc 

79f7f534befefb408dca2531de9%7C7ab090d4fa2e4ecfbc7c4127b4d582ec% 

7C1%7C0%7C638563725068922756%7CUnknown%7CTWFpbGZsb3d8eyJW 

IjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7 

C0%7C%7C%7C&sdata=XzgKHMeZqhDIu4SH8BST30o2JGaV9WwQhDXw3j 

eIa6w%3D&reserved=0
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at −55°C. In situ hybridization was performed on 14–20 μm serial 
cryosections. On the first day, slides were post-fixed in PBS/4% 
paraformaldehyde for 10 min and then acetylated in a 0.1 M 
triethanolamine–HCl–acetic anhydride (pH8) solution for 10 min. 
After blocking non-specific hybridization for 2 h at RT in hybridization 
buffer (50% formamide/10% dextran sulfate/10% salt 10x (NaCl 2 M/
Tris–HCl 0.1 M pH7.5/NaH2PO4, 2H2O 50 mM/Na2HP O4 20 mM/
EDTA 50 mM)/2% Denhardt’s 50x/1 mg/mL of tRNA), slides were 
incubated with 300 ng of DIG-labeled probe diluted in hybridization 
buffer overnight at 65°C. The next day, slides were washed four times 
for 45 min in a 1xSSC/50% formamide/0.1% Tween 20 washing buffer 
at 65°C and three times for 30 min in a 20% MAB5x (maleic acid 
100 mM/NaCl 150 mM pH7.5)/0.1% Tween 20 buffer.

Slides were then subjected to an RNase treatment with 1:2000 
diluted RNase T1 (Roche #10109193001) in an RNase buffer (Tris–
HCl 10 mM pH7.5/400 mM NaCl/5 mM EDTA) for 30 min at 
37°C. After a last 30 min wash in MABT buffer, slides were incubated 
with a 1:4000 anti-digoxigenin antibody (Roche #11093274910) in a 
blocking solution (1x MAB/0.1% Tween 20/2% Boehringer 
reagent/20% Horse serum) overnight at 4°C after a blocking step of 
1 h in the same solution. On the last day, slides were washed three 
times for 30 min in MABT buffer and two times for 15 min in an 
alkaline phosphatase buffer (100 mM Tris–HCl pH9.5/100 mM 
NaCl/50 mM MgCl2/0.1% Tween 2). For the detection of the probe, 
slides were incubated with 1:2000 diluted NBT (Roche #11383213001) 
and 1:350 diluted BCIP (Roche #11383221001) in alkaline 
phosphatase buffer. This solution was changed every 2 h until the 
staining was complete. Finally, the staining was stopped by washes in 
1x PBS/0.1% Triton. Slides were washed in 1x PBS and mounted with 
Dako Fluorescence Mounting Medium (Dako #S3023). The probes 
used were DIG-conjugated Arid3c antisense (primer pair: 
5′-CCCCAAGAGGAAGGAGTTTC-3′ and 5′-GCGTCGAGCAAAG 
AGGATAC-3′), Arid3a (primer pair: 5′-CTGTCTTAGCCGCAC 
AATCA-3′ and 5′-AGGGTGACCAGGAAGGTTCT-3′) and  
Arid3b [primer pair: 5′-CAAGAACCCAGAGCAACACC-3′ and 
5′-GAGTAGAGCCCGCAATGAGG-3′(Casanova et al., 2011)] RNA  
probes.

2.6 Immunofluorescence labeling

Collected embryos were fixed in ice-cold PBS/4% 
paraformaldehyde (PFA) for 15–25 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/15% sucrose/7.5% gelatin in isopentane at 
−55°C. Immunolabeling was performed on 14 μm serial cryosections 
as previously described (Espana and Clotman, 2012). Primary 
antibodies against the following proteins were used: rabbit anti-Arid3c 
(Tidwell et al., 2011) at 1:1000, sheep anti-Chx10 (Exalpha Biologicals 
#X1179P) at 1:200, goat anti-Foxp1 (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, guinea pig anti-OC1/HNF6 (Espana and Clotman, 
2012) at 1:6000, goat anti-Isl1 (R&D #AF1837) at 1:1000, rat anti-OC2 
(Clotman et al., 2005) at 1:40, guinea pig anti-OC3 (Pierreux et al., 
2004) at 1:6000, goat anti-Sox1 (R&D # AF3369) at 1:500 and mouse 
anti-Sox2 (Invitrogen # 20G5) at 1:250. Following secondary 

antibodies were used: donkey anti-chicken/Alexa Fluor 488, donkey 
anti-goat/Alexa Fluor 594, donkey anti-goat/Alexa Fluor 488, donkey 
anti-goat/Alexa Fluor 647, donkey anti-mouse/Alexa Fluor 594, 
donkey anti-mouse/Alexa Fluor 488, donkey anti-rabbit/Alexa Fluor 
594, donkey anti-rabbit/Alexa Fluor 488, donkey anti-rabbit/Alexa 
Fluor 647, donkey anti-rat/Alexa Fluor 594, donkey anti-rat/Alexa 
Fluor 488, donkey anti-guinea pig/Alexa fluor 488 purchased from 
Thermo Fisher Scientific or Jackson Laboratories and used at 
dilution 1:500.

2.7 Imaging

Immunofluorescence or in situ hybridization images of 
cryosections were acquired on an epifluorescence microscope EVOS 
FL Auto Imaging System (Thermo Fisher Scientific), on a Zeiss AXIO 
Observer Z1 Inverted LED Fluorescence Motorized Microscope using 
ZEN Blue Zeiss software, on a Leica DM2500 microscope with a Leica 
DFC420C camera, 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 software to match the brightness and contrast with 
the observations.

2.8 Motor behavior tests in adult mice

Motor behavior tests were performed on Arid3c+/+ control mice 
(two males and nine females) or Arid3c−/− null mice (four males and 
five females) at approximately 2 months of age. All mice had a week of 
acclimation before starting experiments and were weighed each day. 
For physiocage testing, each animal was housed for 48 h in a metabolic 
cage in which its motor activity (horizontal and rearing) and its food 
and water intake were measured by weight or infrared sensors. For the 
open-field test, each animal was placed in a new environment 
(Plexiglass box, 60 cm square), and its general activity and motor 
behavior were analyzed for 20 min. The grip strength test, balance 
beam test, rotarod, and catwalk test were performed as previously 
described (Audouard et al., 2012).

2.9 Experimental design and statistical 
analyses

For the quantifications of in ovo electroporation experiments, 
labeled cells were counted on 8–12 sections on each side of the spinal 
cord in three independent embryos using the count analysis tool of 
Adobe Photoshop CC 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 embryos, the different levels of the spinal cord 
(brachial, thoracic, and lumbar) were determined using immunolabeling 
for Foxp1, which enables the visualization of the lateral motor columns 
in brachial or lumbar regions. At E12.5, labeled cells were counted on 
both sides of the spinal cord on 4–11 sections at the brachial level, 6–12 
sections at the thoracic level, and 6–13 sections at the lumbar level for 
each of the 5–6 embryos analyzed per genotype using the count analysis 
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tool of Fiji-ImageJ software. At E14.5, labeled cells were counted on both 
sides of the spinal cord on 4–11 sections at the brachial level, 3–18 
sections at the thoracic level, and 4–10 sections at the lumbar level for 
each of the 3–6 embryos analyzed per genotype using the count analysis 
tool of Fiji-ImageJ software. Quantifications in the Arid3c−/− null mutant 
embryos were compared with quantifications of Arid3c+/+ control 
embryos from the same litters. Statistical analyses and graph production 
were conducted using JMP Pro 17 software. For mouse embryo 
analyses, differences in cell numbers between two different groups were 
evaluated using either a Wilcoxon–Mann–Whitney’s non-parametrical 
test, a Welch’s t-test, or a Student’s t-test, depending on the normality 
and the homoscedasticity of the data. For motor behavior analyses, tests 
were performed on 9 Arid3c−/− null mice (4 males, 5 females) and 11 
Arid3c+/+ control mice (2 males, 9 females). Statistical analyses and 
graph production were conducted using JMP Pro 17 Software. For the 
open-field, physiocage, balance beam, rotarod, grip strength test, and 
catwalk, differences between the two experimental groups were 
evaluated using either a Wilcoxon–Mann–Whitney’s non-parametrical 
test, a Welch’s t-test, or a Student’s t-test, depending on the normality 
and the homoscedasticity of the data. For the catwalk test, the calculated 
p-values were adjusted using the Benjamini–Hochberg p-value 
correction, and some parameters (print maximum area, print intensity, 
print width, and print length) were adjusted according to the weight of 
each animal in order to avoid any weight-related bias. In all statistical 
analyses, a p < 0.05 was defined as significant.

3 Results

3.1 Arid3c is enriched in V2 INs during 
spinal cord development

Given that our and other studies evidenced that approximately 
25% of V2 INs remain to be characterized (Li et al., 2010; Baudouin 
et al., 2021), we performed an RNA-seq experiment to identify genes 

enriched in V2 INs during spinal cord development using embryos 
wherein tdTomato is specifically produced in all the V2 populations 
[Vsx1|tdTomato embryos; Figure 1 (Baudouin et al., 2021)]. Spinal 
cords of six E14.5 Vsx1|tdTomato embryos were dissected and 
dissociated. Dissociated cells were sorted by FACS to separate the 
tdTomato+ V2 INs from the tdTomato- cells to compare the 
transcriptome of V2 INs with that of all the other cells of the spinal 
cord, thereby identifying V2-enriched transcripts (Figures 1A,B). The 
sequencing results showed a significant enrichment in known V2 
markers, including markers of V2 precursors (Sox14, Gata2) (Zhou 
et al., 2000; Karunaratne et al., 2002; Francius et al., 2014; Clovis et al., 
2016), of V2a (Vsx2/Chx10, Lhx3 and Lhx4) (Ericson et al., 1997; 
Briscoe et al., 2000; Renaux et al., 2024) and of V2b (Gata3, Tal1, also 
known as SCL) (Karunaratne et al., 2002; Smith et al., 2002; Muroyama 
et al., 2005) INs with a fold-change superior to 67.8 (adj p ≤ 0.0001), 
which confirms their relevance (Figure 1C). Interestingly, we could 
also identify genes expressed in very small V2 IN populations such as 
Sox1 (V2c INs and dorsal V2 population) (Panayi et  al., 2010; 
Baudouin et al., 2021) and Pax6 (V2-Pax6 INs) (Panayiotou et al., 
2013), or present in V2 subpopulations like Onecut factors (Francius 
et al., 2013; Harris et al., 2019), which further validates our analysis 
(Figure 1C). Here, we decided to focus our study on Arid3c, which 
displayed a 22.6-fold enrichment in V2 INs versus the other cells of 
the spinal cord (Figure 1C, adj. p-value of 0.000301), and which had 
never been described in V2 INs yet.

3.2 Arid3c is expressed exclusively in V2 
INs, while Arid3a and Arid3b are not

To confirm the potential expression of Arid3c in V2 INs, we first 
performed in situ hybridization experiments. Using Vsx1|tdTomato 
embryos at E12.5 or E14.5, Arid3c expression could be detected in 
tdTomato+ cells, i.e., V2 INs (Baudouin et al., 2021). Arid3c seemed 
expressed in a ventrolateral subpopulation of V2 INs, located in the 

FIGURE 1

Identification of genes enriched in V2 interneurons (INs) during spinal cord development. (A) Schematic representation of the experimental design for 
RNA-seq experiment on V2 INs. Spinal cords of Vsx1|tdTomato embryos were collected at embryonic day (E)14.5 from females injected twice with 
tamoxifen (100  mg/kg) at E9.5 and were dissected and dissociated. FACS sorting of tdTomato+ cells enabled the separation of V2 INs from the other 
cells of the spinal cord. (B) Heat map showing differentially expressed genes across two comparisons (tdT+ versus tdT−) from each spinal cord sample 
(n  =  6). Each row represents the transformed z-score of one differentially expressed gene across all samples (blue, low expression; red, high 
expression). (C) Fold-change comparison between V2 INs (tdTomato+ cells) and all the other cells of the spinal cord for known V2 IN markers and for a 
new candidate gene, Arid3c.
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vicinity of the motor columns (Figure  2A). Arid3c expression  
could also be  observed at E10.5 and E16.5  in the same location, 
although it seemed more restricted at later stages (Figure  2B). 
Coimmunofluorescence for Arid3c and tdTomato confirmed that all 
the Arid3c-producing cells also contained tdTomato, i.e., are V2 INs 
(Figure 3A). Although this is the first report of Arid3c expression in 
the CNS, published data suggested the expression of its two paralogs, 
Arid3a and Arid3b, in the embryonic spinal cord. Therefore, we also 
assessed the presence of Arid3a or Arid3b transcripts in this tissue. 
Arid3a was broadly expressed in the developing ventral spinal cord at 
E10.5 and E11.5 but its expression steadily decreased with time and 
became undetectable at E14.5, which indicates a more transient 
expression than Arid3c (Figure  2C). Arid3a also seemed to 
be transiently expressed in the dorsal root ganglia at E10.5 and E11.5 
(Figure  2C). Regarding Arid3b, its expression at E10.5 and E11.5 
seemed restricted to a population corresponding to MNs in the ventral 
spinal cord. It was also detected in the dorsal root ganglia, the 
notochord, and the presumptive sympathetic chain (Figure  2D). 
Starting from E12.5, its expression became weaker and more diffuse 

and was completely undetectable at E14.5 (Figure 2D). As for Arid3a, 
these results indicate a transient and less restricted expression of 
Arid3b than Arid3c. Altogether, these results show that the 3 Arid3 
genes are expressed in the embryonic spinal cord, but only Arid3c is 
specific to V2 INs.

3.3 Arid3c is produced in some V2c INs and 
identifies an uncharacterized population of 
V2 INs

To assess in which V2 population Arid3c is produced, 
we  performed immunofluorescence experiments for Arid3c and 
different V2 IN population markers. We  never observed any 
colocalization of Arid3c with Chx10 (V2a), Shox2 (V2a/d), or Gata3 
(V2b). Furthermore, despite their distribution in the vicinity of the 
motor columns, Arid3c+ cells did not contain Isl1, confirming that 
these are not MNs (data not shown). In contrast, Arid3c was detected 
from E12.5 onward in cells containing Sox1 located ventrally and 

FIGURE 2

Arid3c is expressed specifically in V2 INs, while Arid3a and Arid3b are not. (A) In situ hybridization for Arid3c on transverse cryosections of the spinal 
cord of E12.5 or E14.5 Vsx1|tdTomato embryos, wherein V2 INs produce tdTomato. Cells expressing Arid3c are located in a ventrolateral position close 
to the motor columns. Overlay with the tdTomato fluorescence demonstrates specific expression in V2 INs, in the ventral-most population that affixes 
on the medial boundaries of the motor columns. (B) Arid3c expression is detected by in situ hybridization from E10.5 to E16.5 in a similar location, 
although it is progressively more restricted at later stages. (C) Arid3a expression is detected by in situ hybridization in the ventral part of the spinal cord 
from E10.5 to E12.5. Arid3a is broadly expressed in the spinal cord and in the dorsal root ganglia at E10.5 and E11.5 but its expression decreases from 
E11.5 and becomes undetectable at E14.5. (D) Arid3b expression is detected by in situ hybridization in the ventral part of the spinal cord from E10.5 to 
E14.5. It is expressed in MNs (black arrowheads), in the dorsal root ganglia (red arrowheads), and in the notochord (green arrowheads) at E10.5 and 
E11.5. At E12.5, its expression becomes weaker and more diffuse in the spinal cord and the dorsal root ganglia but is detected in the ventral 
sympathetic chain (blue arrowheads), while it becomes undetectable at E14.5. Scale bars  =  400  μm.
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laterally, corresponding to V2c INs (Panayi et al., 2010) (Figure 3B). 
However, the distribution of those two proteins was not entirely 
overlapping. Indeed, at E12.5, cells that contained only Arid3c (mean 
value of 7.2 cells/section, 45.4%), cells showing a co-labeling for 
Arid3c and Sox1 (4.7 cells/section, 29.3%) and cells producing only 
Sox1 (4.0 cells/section, 25.2%) could be  identified. At E14.5, the 
proportion of cells containing only Arid3c decreased (2.9 cells/section, 
29.0%) at the benefit of Sox1+ only cells (3.9 cells/section, 38.4%), 
while the proportion of Arid3c+Sox1+ cells remained similar (3.2 cells/
section, 32.6%) (Figures 3B,C). At both stages, the proportion between 
these cell categories was similar between the different levels of the 
spinal cord (Figure 3C). Similarly, the total number of Arid3c+ cells 
remained constant between the different spinal cord levels, varying 
between mean values of 9.65, 11.65, and 13.57 cells/section at E12.5 at 
brachial, thoracic, or lumbar levels respectively, and between 6.88, 
5.95, and 6.41 cells/section at E14.5.

This led us to raise three hypotheses regarding the identity of 
the Arid3c+ cells, which could either represent an intermediate 
differentiation state between V2b and V2c INs, i.e., cells having lost 
the expression of Gata3 and transiently expressing Arid3c before 
reactivating Sox1, or cells that correspond to another 
uncharacterized V2 IN population, or complement V2c INs to 
constitute a single functional V2 subset. To address these 
hypotheses, we analyzed the colocalization of Arid3c and Sox1 at 
later developmental stages. Even though the number of cells was 
very low at E16.5 and E18.5, we were still able to detect the same 
three cell categories (Figure  3B). In contrast, Arid3c was not 
detectable in the adult spinal cord (data not shown). Altogether, 
these results suggest that Arid3c identifies an embryonic population 
of V2 INs that has not been characterized yet but partly overlaps 
with the V2c INs characterized by the presence of Sox1. Whether 
these combined populations constitute a functional subset of V2 
INs remains to be investigated.

The diversity of cell populations in the embryonic or postnatal 
spinal cord has been recently investigated in different scRNAseq 
studies (Delile et al., 2019; Osseward et al., 2021; Russ et al., 2021). In 
an attempt to characterize spinal Arid3c+ cells, we re-analyzed an 
embryonic spinal cord scRNAseq dataset (E9.5–13.5) to identify genes 
that could be specifically co-expressed with Arid3c in V2 INs (Delile 
et  al., 2019). V2 subclustering and cluster transcriptome analysis 
unveiled a list of genes specifically enriched in Arid3c+ cells as 
compared to V2b-Gata3+ INs, V2a-Chx10+ INs, and the other cells of 
the spinal cord, although their expression level was lower than that of 
Arid3c (Figure 4A). GO analysis did not significantly associate these 
genes with specific pathways or biological processes (data not shown). 
To validate this list of genes and assess if some of these factors could 
constitute additional markers of this population, we addressed the 
distribution of corresponding proteins using immunofluorescence. 
However, none of the tested proteins were exclusively present in 
Arid3c+ cells, although some were enriched in this population. Indeed, 
a majority of Arid3c+ cells and V2c INs were characterized by the 
presence of OC1, and all of them were producing OC2, OC3, and 
Sox2 (Figure 4B). Regarding calcium storage proteins, Arid3c+ cells 
were not producing calbindin or calretinin (Figure 4C). Thus, no 
additional markers of the Arid3c+ cells could be identified. However, 
markers shared with V2c INs added to their similar location reinforce 
the hypothesis that Arid3c+ cells and V2c could represent a single 
functional V2 population.

3.4 Overexpression or loss of Arid3c does 
not impact the proper production of V2a, 
V2b, or V2c INs nor the general locomotor 
behavior

Arid3c was detected in part of the V2c INs and in a restricted 
number of cells located in their direct vicinity, but not in V2a or V2b 
populations, suggesting that it may stimulate the differentiation of 
small V2 populations at the expense of the major ones. To test this 
hypothesis, we analyzed V2 differentiation in HH26 chicken embryos 
electroporated with an expression vector for Arid3c. Ectopic Arid3c 
expression alongside the dorsoventral axis of the spinal cord had no 
significant impact on the production of V2a or V2b INs (Figure 5; 
p = 0.2071 and 0.0505, respectively). Unfortunately, we  could not 
analyze V2c INs differentiation as we observed that the electroporation 
process seems to disrupt the organization of some Sox1+ progenitors 
that are displaced laterally from the ventricular zone to the mantle 
layer, making it impossible to distinguish the Sox1+ V2c INs from 
these artifactually located Sox1 progenitors (data not shown). 
Nevertheless, these observations indicate that Arid3c is not sufficient 
to impose an alternative identity on major V2 IN populations.

Alternatively, Arid3c may be necessary for the proper production 
of smaller V2 IN populations, including V2c (Figures 3, 4). To address 
the potential roles of Arid3c in V2 IN development and in the 
formation of the locomotor circuits, we analyzed the phenotype of V2 
INs in Arid3c−/− null mutant mouse embryos (Supplementary Figure S1) 
at E12.5 and E14.5. The constitutive loss of Arid3c had no impact on 
the number of V2c INs, whatever the embryonic stage or the level of 
the spinal cord analyzed (Figures 6A,B). Previous studies suggested 
that V2c derived from V2b INs (Panayi et  al., 2010) and our 
observations suggest that Arid3c+ cells relate to V2c (Figures 3, 4). 
We assessed whether the loss of Arid3c could impact the amount of 
V2b INs. However, we could not detect any change in the number of 
V2b cells regardless of the embryonic stage or the spinal cord level 
(Figures  6A,B). Consistently, the production of V2a INs was not 
altered (Figures 6A,B). Taken together, these observations suggest that 
Arid3c is not necessary for proper production of the V2c INs or for 
further subdivision of V2b or V2a INs.

Although the production of the described V2 IN populations was 
not altered in the absence of Arid3c, later steps of development could 
be  affected, a question difficult to address given the absence of 
additional specific markers of the V2c and of the Arid3c+ INs. To get 
around this limitation and assess the functional output of the spinal 
motor circuitry that these cells likely participate in, we characterized 
the general locomotor behavior of the Arid3c−/− null mutants. First, a 
physiocage and an open-field test were performed to analyze the 
general activity of these mice. Although the loss of Arid3c did not 
impact any of the parameters analyzed in the open field (total distance, 
velocity, duration, and frequency in the peripheral or central zones, 
latency before the first center exploration; Figure 7A and data not 
shown), the Arid3c−/− null mice displayed an increased horizontal 
activity as compared to Arid3c+/+ control mice (Figure 7B; p = 0.0008) 
and a trend to increased rearing (Figure 7B; p = 0.0822) that is not 
explained by an extra intake of food or water (data not shown). 
However, these observations point to a possible mild anxiety in 
Arid3c−/− null mice (Seibenhener and Wooten, 2015), rather than an 
intrinsic locomotor defect. Consistently, their general motor 
coordination was comparable to that of Arid3c+/+ control mice in the 

https://doi.org/10.3389/fncel.2024.1466056
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Renaux et al. 10.3389/fncel.2024.1466056

Frontiers in Cellular Neuroscience 08 frontiersin.org

FIGURE 3

Arid3c is produced in V2c INs and identifies an uncharacterized V2 population. (A) Immunolabeling for Arid3c on transverse cryosections of E12.5 or 
E14.5 Vsx1|tdTomato embryos. All the Arid3c+  cells are V2 INs, characterized by the production of tdTomato (arrowheads). (B) Immunolabeling for Sox1 
and Arid3c on transverse cryosections of E12.5, E14.5, E16.5, or E18.5 embryos or fetuses. Arid3c is detected in some V2c INs, large cells ventrolaterally 
located and producing high Sox1 levels. Moreover, Arid3c is produced in Sox1− cells located in the vicinity of V2c INs. Arrowheads indicate Arid3c+ cells 
that lack Sox1. Note that Sox1 is also produced in the progenitor cells of the ventricular zone (arrows). (C) Quantification of the proportion of cells that 
contain only Arid3c, only Sox1, or both Sox1 and Arid3c at E12.5 or E14.5 at brachial, thoracic, or lumbar levels of the spinal cord. n  ≥  5. Scale 
bars  =  50  μm.
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balance beam (latency to cross the beam and number of foot slips; 
Figure  7C) or rotarod tests (time of latency before the fall of the 
animal; Figure  7D), with similar performance improvement with 
repetitions (Figures 7C,D). As alterations in motor circuit activity can 
result in reduced muscle strength, this parameter was evaluated in a 
grip-strength test. However, both Arid3c−/− null mice and Arid3c+/+ 
control mice exerted similar forelimb or combined forelimb and 
hindlimb grip strength (Figure 7E). Finally, possible gait defects of 
Arid3c−/− null mice were assessed using a catwalk test. The general 
locomotion of these mice (regularity index, base of support of the 
paws, print positions, percentage of support on one, two, three, or four 
paws) was not altered by the loss of Arid3c (Figure 7F, and data not 
shown). Consistently, the different locomotion phases that were 
analyzed (diagonal, girdle, or ipsilateral phases) were similar between 
mutant or control mice (Figure  7G). However, when looking 
individually at the front or hind paws, the maximum area and the 
width of the hind paw prints were increased in Arid3c−/− null mice 
(Figure 7H; adj. p = 0.0044 and 0.0144, respectively). Similarly, the 

duty cycle, which expresses stance duration as a percentage of the 
duration of the step cycle of the hind paws, was higher in Arid3c−/− 
null mice (Figure 7H; adj. p = 0.0112). Differences in the stand index 
(measure for the speed at which the paw loses contact with the glass 
plate), stand (duration of contact of a paw with the glass plate in a step 
cycle), swing (duration of absence of contact with the glass plate in a 
step cycle), and swing speed (speed of the paw during swing) of the 
hind paws were also observed in mice lacking Arid3c (Figure 7H; adj. 
p = 0.0112, 0.0196, 0.0112, 0.0208, 0.04438, respectively). Altogether, 
those results indicate that even though the general motor behavior of 
the mice was not impacted by the loss of Arid3c, some subtle aspects 
of the locomotor execution seem to be altered.

4 Discussion

Unraveling the complexity of neuronal diversity and its 
relationship to CNS functions is a great challenge. Although neuronal 

FIGURE 4

Arid3c+ cells display molecular characteristics similar to V2c INs. (A) Re-analysis of E9.5–13.5 spinal cord scRNAseq dataset (Delile et al., 2019). 
Heatmap showing the 100 first genes with the highest min.logFC. detected in Arid3c+ clusters as compared to V2a IN (Chx10), V2b IN (Gata3), and the 
other cells of the spinal cord (others). (B) Immunolabeling for Arid3c, Sox1, and OC1, OC2, OC3, or Sox2 on transverse cryosections at E14.5. OC1 is 
present in a majority of Arid3c+ cells or V2c INs (white and yellow arrows), but not all of them (pink and purple arrows), while OC2 and OC3 are 
produced in all of them (white, yellow, or cyan arrows). Sox2 is detected with Sox1 in V2c INs and in Arid3c+ cells. Note that Sox1 and Sox2 are also 
produced in the progenitor cells of the ventricular zone. (C) Immunolabeling for Arid3c and calbindin or calretinin on transverse cryosections at E14.5. 
Arid3c does not colocalize with calbindin or calretinin. Scale bars  =  50  μm.
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FIGURE 5

Overexpression of Arid3c does not alter V2a or V2b IN production. (A,B) Immunolabeling for V2a (Chx10) or V2b (Gata3) INs on transverse cryosections 
of chicken embryonic spinal cord electroporated with the pCIG-Arid3c-IRES-EGFP expression vector at HH15-16 and collected at HH26. GFP in the 
insets demonstrates electroporation all along the dorsoventral axis. (C) Quantification of the number of V2a or V2b INs on the electroporated side 
(pCIG-Arid3c-IRES-EGFP, +) of the spinal cord as compared to the control side (−). The overexpression of Arid3c does not significantly impact V2a or 
V2b IN production. n  =  3. Scale bars  =  50  μm.

FIGURE 6

Loss of Arid3c does not alter the number of V2a, V2b, or V2c INs. (A) Immunolabeling of transverse cryosections of the spinal cord of Arid3c+/+ control 
or Arid3c−/− mutant embryos at E12.5 or E14.5. The loss of Arid3c does not alter the number of V2c (ventrolaterally located Sox1+ cells), V2b (Gata3), or 
V2a (Chx10) INs. Note that Sox1 is also produced in the progenitor cells of the ventricular zone. (B) Quantification of the number of V2c, V2b, or V2a 
INs in Arid3c+/+ control or Arid3c−/− mutant embryos at E12.5 or E14.5 at brachial, thoracic, or lumbar levels of the spinal cord. The loss of Arid3c has no 
impact on the proper production of V2a, V2b, or V2c INs. n  ≥  3. Scale bars  =  50  μm.
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FIGURE 7

Loss of Arid3c has no impact on the general locomotor behavior. Behavioral analysis of general or specific motor functions of Arid3c+/+ control or 
Arid3c−/− mutant mice assessed by (A) physiocage, (B) open-field, (C) balance beam, (D) rotarod, (E) grip strength, or (F–H) catwalk tests. (A) The loss of 
Arid3c results in an increase in the general activity of the mice. (B–G) Mice lacking Arid3c show no alteration in general locomotion but (H) display 
some minor defects of the hind paw steps. *  =  adj. p  <  0.05; ***  =  adj. p  <  0.001.
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populations can be partitioned into multiple subsets based on the 
specific combination of cell markers, how far does this fragmentation 
remain biologically significant and which level of granulation 
corresponds to functional units remains unclear. Here, in an attempt 
to complete the repertoire of V2 IN populations in the developing 
spinal cord, we identified a list of genes enriched in V2 INs, including 
Arid3c. We showed that Arid3c identifies a subset of V2 INs that was 
not characterized yet, whereas Arid3a and Arid3b are more broadly 
and transiently expressed in the ventral spinal cord. We observed that 
this Arid3c+ subset partially overlaps with V2c INs and is maintained 
during development. Moreover, we demonstrated that these cells as 
well as V2c INs are characterized by the presence of the Onecut factors 
and of Sox2, suggesting that these two overlapping subsets may 
constitute a functional unit. However, Arid3c seems to be dispensable 
for proper production of the V2 IN populations and for the general 
control of locomotion.

The Arid3 transcription factor family displays a high sequence 
conservation in their Arid DNA-binding domain (~75%) and in their 
REKLES-β domain (approximately 60%), while the REKLES-α region 
is less conserved (Tidwell et al., 2011). These factors are expressed in 
the same tissues, such as the hemopoietic and lymphopoietic systems 
(Herrscher et al., 1995; Wilsker et al., 2002; Tidwell et al., 2011; Webb 
et al., 2011; Ratliff et al., 2014), and exert partly identical functions, 
such as the regulation of the expression of the immunoglobulin heavy 
chain genes (Herrscher et al., 1995; Numata et al., 1999; Kim and 
Tucker, 2006; Tidwell et al., 2011) or of the cell cycle (Numata et al., 
1999; Arman et al., 2020; Saadat et al., 2021). Moreover, the Arid3 
proteins are able to collaborate and associate via their REKLES domain 
in order to achieve those functions (Kim and Tucker, 2006; Tidwell 
et al., 2011). Accordingly, we detected transcripts of the 3 Arid3 genes 
in the developing spinal cord. However, expression of Arid3a and 
Arid3b is transient at early stages of neuronal differentiation and is not 
as restricted as that of Arid3c, which is expressed only in V2 INs. This 
suggested a possible specific role of Arid3c in a V2 population that 
remained to be characterized, without excluding cooperation of the 
Arid3 factors at early stages of spinal development.

V2c INs are described to derive from V2b INs, or from cells 
transiently activating expression from the Gata3 locus, before 
becoming a distinct and separate neuronal population (Panayi et al., 
2010). Those cells then migrate ventrally to finally locate in the 
vicinity of the MNs. Sox1 is involved in V2c IN differentiation and 
segregation from V2b cells, as its inactivation results in a reduction 
in the number of V2c and ectopic expression or maintenance of 
Gata3 (Panayi et  al., 2010), but the mechanisms regulating this 
segregation remain poorly understood. Similarly, the role of this V2 
population has not been elucidated in mice, even though in zebrafish 
V2s INs that very likely constitute the V2c counterpart are involved 
in rapid motor responses (Gerber et  al., 2019). V2b INs are 
GABAergic and glycinergic neurons (Zhang et al., 2014). The nature 
of V2c INs has never been described but zebrafish V2s INs are 
glycinergic (Gerber et al., 2019; Chen et al., 2023), suggesting that 
V2c INs may also be inhibitory neurons. Here, we showed that the 
Arid3c+ V2 population partially overlaps with V2c INs. Whether 
those cells are inhibitory could not be  assessed because of the 
impossibility of obtaining immunofluorescence labeling for Arid3c 
after in situ hybridization (data not shown), and the re-analysis of 
scRNAseq data did not provide additional indication (data not 

shown), probably because of the earliness of the embryonic stages 
analyzed in this study (Delile et  al., 2019). The partial overlap 
between V2c INs and Arid3c+ cells could indicate that Arid3c 
identifies cells in a transition state of differentiation between V2b 
and V2c INs or a V2 population that may complement V2c. As 
Arid3c+Sox1- cells are maintained at later developmental stages, long 
after the completion of spinal neurogenesis, our data rather suggest 
that Arid3c identifies a definitive population of V2 INs. However, 
they could be part of a larger functional V2 IN unit, including Sox1+ 
cells and Arid3c+ cells, functionally independent from the other 
described V2 populations. Indeed, those two populations share 
identical characteristics, including the most ventral location for V2 
INs and the common expression of Sox2 and Onecut factors. 
However, studies previously demonstrated that small populations 
arising from common precursors can acquire molecularly and 
functionally distinct phenotypes. For example, the small V0C and 
V0G IN populations both arise from Pitx2-expressing cells but are 
molecularly and functionally different (Zagoraiou et  al., 2009; 
Siembab et al., 2010). Therefore, we cannot exclude that Arid3c+ INs, 
Sox1+Arid3c+ INs, and V2c (Sox1+) INs exert distinct functions, a 
hypothesis that the tools currently available do not enable to address.

Sox1 is involved in the proper differentiation of V2c INs (Panayi 
et  al., 2010). Therefore, we  hypothesized that Arid3c could also 
be  necessary or sufficient to promote V2c fate. However, ectopic 
Arid3c production in chicken embryonic spinal cord does not reorient 
the fate of V2a or V2b INs, and the constitutive loss of Arid3c has no 
impact on the production of a proper number of V2c INs. This does 
not exclude that Arid3c is implicated in proper differentiation, 
localization, or function of V2c or Arid3c+ INs at later stages of 
development. Accordingly, the Arid3 ortholog in Drosophila is 
involved in the axonal guidance of specific neuron subtypes, while its 
C. elegans ortholog controls the terminal differentiation of distinct 
neuronal subtypes, including motor neurons (Ditch et al., 2005; Li 
et al., 2023). This hypothesis is further supported by alterations of 
subtle aspects of locomotion in the absence of Arid3c. Unfortunately, 
the lack of additional markers of V2c or Arid3c+ populations currently 
prevents addressing this question. Furthermore, we do not rule out 
the possibility of a transient cooperation between Arid3c and its 
paralog factors, most likely Arid3a, which is also expressed in these 
two populations at the early stages of their differentiation and may 
compensate for the absence of Arid3c. Analysis of conditional 
compound mutants for the Arid3 factors should enable to address 
this possibility.

Data availability statement

The raw data supporting the conclusions of this article, 
including RNAseq data, will be made available by the authors, 
without undue reservation.

Ethics statement

The animal study was approved by the Animal Welfare Committee 
of Université catholique de Louvain. The study was conducted in 
accordance with the local legislation and institutional requirements.

https://doi.org/10.3389/fncel.2024.1466056
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Renaux et al. 10.3389/fncel.2024.1466056

Frontiers in Cellular Neuroscience 13 frontiersin.org

Author contributions

ER: Conceptualization, Formal analysis, Funding acquisition, 
Investigation, Methodology, Visualization, Writing – original draft, 
Writing – review & editing. CB: Writing – review & editing, 
Methodology, Investigation, Funding acquisition, Formal analysis, 
Conceptualization. OS: Formal analysis, Investigation, Writing – 
review & editing. OG: Formal analysis, Investigation, Writing – review 
& editing. MM: Formal analysis, Visualization, Writing – review & 
editing. DM: Formal analysis, Writing – review & editing. YA: 
Investigation, Methodology, Writing – review & editing. RR: Writing 
– review & editing. FG: Writing – review & editing. FC: 
Conceptualization, Funding acquisition, Methodology, Resources, 
Supervision, Writing – original draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. 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) » funding #T.0039.21 of the Fonds de la Recherche 
Scientifique (F.R.S.-FNRS, Belgium), by the « Actions de Recherche 
Concertées (ARC) » #17/22-079 of the « Direction générale de 
l’Enseignement non obligatoire et de la Recherche scientifique – 
Direction de la Recherche scientifique – Communauté française de 
Belgique » and granted by the « Académie universitaire ‘Louvain’ » 
and by the Association Belge contre les Maladies neuro-Musculaires 
(ABMM). E.R. held an FSR grant from the UCLouvain and a PhD 
grant from the “Fonds pour la Recherche dans l’Industrie et 
l’Agriculture » (F.R.S-FNRS), C.B. held a PhD grant from the « Fonds 
pour la Recherche dans l’Industrie et l’Agriculture » (F.R.S.-FNRS, 
Belgium). F.C. is a Research Director of the F.R.S.-FNRS.

Acknowledgments

We thank members of the NEDI and AMCB groups for material, 
technical support, and discussions. We deeply thank C. Piget for her 
support in laboratory animal housing and management at the ANCA 
animal facility platform (UCLouvain), the IMABIOL platform 
(UCLouvain) for their expertise in imaging, and D. Brusa at the 
CytoFlux platform (UCLouvain) for FACS sorting.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fncel.2024.1466056/
full#supplementary-material

References
Amezquita, R. A., Lun, A. T. L., Becht, E., Carey, V. J., Carpp, L. N., Geistlinger, L., 

et al. (2020). Orchestrating single-cell analysis with bioconductor. Nat. Methods 17, 
137–145. doi: 10.1038/s41592-019-0654-x

An, G., Miner, C. A., Nixon, J. C., Kincade, P. W., Bryant, J., Tucker, P. W., et al. (2010). 
Loss of bright/ARID3a function promotes developmental plasticity. Stem Cells 28, 
1560–1567. doi: 10.1002/stem.491

Arman, K., Saadat, K., Igci, Y. Z., Bozgeyik, E., Ikeda, M. A., Cakmak, E. A., et al. 
(2020). Long noncoding RNA ERICD interacts with ARID3A via E2F1 and regulates 
migration and proliferation of osteosarcoma cells. Cell Biol. Int. 44, 2263–2274. doi: 
10.1002/cbin.11434

Audouard, E., Schakman, O., René, F., Huettl, R. E., Huber, A. B., Loeffler, J. P., et al. 
(2012). The Onecut transcription factor HNF-6 regulates in motor neurons the 
formation of the neuromuscular junctions. PLoS One 7:e50509. doi: 10.1371/journal.
pone.0050509

Baudouin, C., Pelosi, B., Courtoy, G. E., Achouri, Y., and Clotman, F. (2021). 
Generation and characterization of a tamoxifen-inducible Vsx1-CreER(T2) line to target 
V2 interneurons in the mouse developing spinal cord. Genesis 59:e23435. doi: 10.1002/
dvg.23435

Bikoff, J. B., Gabitto, M. I., Rivard, A. F., Drobac, E., Machado, T. A., Miri, A., et al. 
(2016). Spinal inhibitory interneuron diversity delineates variant motor microcircuits. 
Cell 165, 207–219. doi: 10.1016/j.cell.2016.01.027

Borowska, J., Jones, C. T., Deska-Gauthier, D., and Zhang, Y. (2015). V3 interneuron 
subpopulations in the mouse spinal cord undergo distinctive postnatal maturation 
processes. Neuroscience 295, 221–228. doi: 10.1016/j.neuroscience.2015.03.024

Borowska, J., Jones, C. T., Zhang, H., Blacklaws, J., Goulding, M., and Zhang, Y. (2013). 
Functional subpopulations of V3 interneurons in the mature mouse spinal cord. J. 
Neurosci. 33, 18553–18565. doi: 10.1523/jneurosci.2005-13.2013

Briscoe, J., Pierani, A., Jessell, T. M., and Ericson, J. (2000). A homeodomain protein 
code specifies progenitor cell identity and neuronal fate in the ventral neural tube. Cell 
Press 101, 435–445. doi: 10.1016/S0092-8674(00)80853-3

Britz, O., Zhang, J., Grossmann, K. S., Dyck, J., Kim, J. C., Dymecki, S., et al. (2015). 
A genetically defined asymmetry underlies the inhibitory control of flexor-extensor 
locomotor movements. eLife 4:04718. doi: 10.7554/eLife.04718

Casanova, J. C., Uribe, V., Badia-Careaga, C., Giovinazzo, G., Torres, M., and 
Sanz-Ezquerro, J. J. (2011). Apical ectodermal ridge morphogenesis in limb development 
is controlled by Arid3b-mediated regulation of cell movements. Development 138, 
1195–1205. doi: 10.1242/dev.057570

Catela, C., Shin, M. M., and Dasen, J. S. (2015). Assembly and function of spinal 
circuits for motor control. Annu. Rev. Cell Dev. Biol. 31, 669–698. doi: 10.1146/annurev-
cellbio-100814-125155

Chen, F., Köhler, M., Cucun, G., Takamiya, M., Kizil, C., Cosacak, M. I., et al. (2023). 
sox1a:eGFP transgenic line and single-cell transcriptomics reveal the origin of zebrafish 
intraspinal serotonergic neurons. iScience 26:107342. doi: 10.1016/j.isci.2023.107342

Clotman, F., Jacquemin, P., Plumb-Rudewiez, N., Pierreux, C. E., Van der Smissen, P., 
Dietz, H. C., et al. (2005). Control of liver cell fate decision by a gradient of TGF beta 
signaling modulated by Onecut transcription factors. Genes Dev. 19, 1849–1854. doi: 
10.1101/gad.340305

https://doi.org/10.3389/fncel.2024.1466056
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fncel.2024.1466056/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2024.1466056/full#supplementary-material
https://doi.org/10.1038/s41592-019-0654-x
https://doi.org/10.1002/stem.491
https://doi.org/10.1002/cbin.11434
https://doi.org/10.1371/journal.pone.0050509
https://doi.org/10.1371/journal.pone.0050509
https://doi.org/10.1002/dvg.23435
https://doi.org/10.1002/dvg.23435
https://doi.org/10.1016/j.cell.2016.01.027
https://doi.org/10.1016/j.neuroscience.2015.03.024
https://doi.org/10.1523/jneurosci.2005-13.2013
https://doi.org/10.1016/S0092-8674(00)80853-3
https://doi.org/10.7554/eLife.04718
https://doi.org/10.1242/dev.057570
https://doi.org/10.1146/annurev-cellbio-100814-125155
https://doi.org/10.1146/annurev-cellbio-100814-125155
https://doi.org/10.1016/j.isci.2023.107342
https://doi.org/10.1101/gad.340305


Renaux et al. 10.3389/fncel.2024.1466056

Frontiers in Cellular Neuroscience 14 frontiersin.org

Clovis, Y. M., Seo, S. Y., Kwon, J. S., Rhee, J. C., Yeo, S., Lee, J. W., et al. (2016). Chx10 
consolidates V2a interneuron identity through two distinct gene repression modes. Cell 
Rep. 16, 1642–1652. doi: 10.1016/j.celrep.2016.06.100

Côté, M. P., Murray, L. M., and Knikou, M. (2018). Spinal control of locomotion: 
individual neurons, their circuits and functions. Front. Physiol. 9:784. doi: 10.3389/
fphys.2018.00784

Crone, S. A., Quinlan, K. A., Zagoraiou, L., Droho, S., Restrepo, C. E., Lundfald, L., 
et al. (2008). Genetic ablation of V2a ipsilateral interneurons disrupts left-right 
locomotor coordination in mammalian spinal cord. Neuron 60, 70–83. doi: 10.1016/j.
neuron.2008.08.009

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, 4117–4131. doi: 10.1007/
s00018-019-03408-7

Del Barrio, M. G., Taveira-Marques, R., Muroyama, Y., Yuk, D. I., Li, S., 
Wines-Samuelson, M., et al. (2007). A regulatory network involving Foxn4, Mash1 and 
delta-like 4/Notch1 generates V2a and V2b spinal interneurons from a common 
progenitor pool. Development 134, 3427–3436. doi: 10.1242/dev.005868

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

Deska-Gauthier, D., Borowska-Fielding, J., Jones, C., Zhang, H., MacKay, C. S., 
Michail, R., et al. (2024). Embryonic temporal-spatial delineation of excitatory spinal 
V3 interneuron diversity. Cell Rep. 43:113635. doi: 10.1016/j.celrep.2023.113635

Ditch, L. M., Shirangi, T., Pitman, J. L., Latham, K. L., Finley, K. D., Edeen, P. T., et al. 
(2005). Drosophila retained/dead ringer is necessary for neuronal pathfinding, female 
receptivity and repression of fruitless independent male courtship behaviors. 
Development 132, 155–164. doi: 10.1242/dev.01568

Dougherty, K. J., Zagoraiou, L., Satoh, D., Rozani, I., Doobar, S., Arber, S., et al. (2013). 
Locomotor rhythm generation linked to the output of spinal shox2 excitatory 
interneurons. Neuron 80, 920–933. doi: 10.1016/j.neuron.2013.08.015

Ericson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A., van 
Heyningen, V., et al. (1997). Pax6 controls progenitor cell identity and neuronal fate in 
response to graded Shh signaling. Cell 90, 169–180. doi: 10.1016/s0092-8674(00)80323-2

Espana, A., and Clotman, F. (2012). Onecut transcription factors are required for the 
second phase of development of the A13 dopaminergic nucleus in the mouse. J. Comp. 
Neurol. 520, 1424–1441. doi: 10.1002/cne.22803

Francius, C., Harris, A., Rucchin, V., Hendricks, T. J., Stam, F. J., Barber, M., et al. 
(2013). Identification of multiple subsets of ventral interneurons and differential 
distribution along the rostrocaudal axis of the developing spinal cord. PLoS One 
8:e70325. doi: 10.1371/journal.pone.0070325

Francius, C., Hidalgo-Figueroa, M., Debrulle, S., Pelosi, B., Rucchin, 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. doi: 10.3389/fnmol.2016.00145

Francius, C., Ravassard, P., Hidalgo-Figueroa, M., Mallet, J., Clotman, F., and 
Nardelli, J. (2014). Genetic dissection of Gata2 selective functions during specification 
of V2 interneurons in the developing spinal cord. Dev. Neurobiol. 75, 721–737. doi: 
10.1002/dneu.22244

Gerber, V., Yang, L., Takamiya, M., Ribes, V., Gourain, V., Peravali, R., et al. (2019). 
The HMG box transcription factors Sox1a and Sox1b specify a new class of glycinergic 
interneuron in the spinal cord of zebrafish embryos. Development 146:510. doi: 10.1242/
dev.172510

Gosgnach, S., Bikoff, J. B., Dougherty, K. J., El Manira, A., Lanuza, G. M., and 
Zhang, Y. (2017). Delineating the diversity of spinal interneurons in locomotor circuits. 
J. Neurosci. 37, 10835–10841. doi: 10.1523/JNEUROSCI.1829-17.2017

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 spinal cord. Front. Cell. Neurosci. 13:184. doi: 10.3389/fncel.2019.00184

Hayashi, M., Hinckley, C. A., Driscoll, S. P., Moore, N. J., Levine, A. J., Hilde, K. L., 
et al. (2018). Graded arrays of spinal and Supraspinal V2a interneuron subtypes underlie 
forelimb and Hindlimb motor control. Neuron 97, 869–884 e865. doi: 10.1016/j.
neuron.2018.01.023

Herrscher, R. F., Kaplan, M. H., Lelsz, D. L., Das, C., Scheuermann, R., and 
Tucker, P. W. (1995). The immunoglobulin heavy-chain matrix-associating regions are 
bound by bright: a B cell-specific trans-activator that describes a new DNA-binding 
protein family. Genes Dev. 9, 3067–3082. doi: 10.1101/gad.9.24.3067

Karunaratne, A., Hargrave, M., Poh, A., and Yamada, T. (2002). GATA proteins 
identify a novel ventral interneuron subclass in the developing chick spinal cord. Dev. 
Biol. 249, 30–43. doi: 10.1006/dbio.2002.0754

Kim, H. S., Kim, Y. I., and Cho, J. Y. (2024). ARID3C acts as a regulator of monocyte-
to-macrophage differentiation interacting with NPM1. J. Proteome Res. 23, 2882–2892. 
doi: 10.1021/acs.jproteome.3c00509

Kim, D., Probst, L., Das, C., and Tucker, P. W. (2007). REKLES is an ARID3-restricted 
multifunctional domain. J. Biol. Chem. 282, 15768–15777. doi: 10.1074/jbc.
M700397200

Kim, D., and Tucker, P. W. (2006). A regulated nucleocytoplasmic shuttle contributes 
to Bright's function as a transcriptional activator of immunoglobulin genes. Mol. Cell. 
Biol. 26, 2187–2201. doi: 10.1128/mcb.26.6.2187-2201.2006

Kimura, Y., Satou, C., and Higashijima, S. (2008). V2a and V2b neurons are generated 
by the final divisions of pair-producing progenitors in the zebrafish spinal cord. 
Development 135, 3001–3005. doi: 10.1242/dev.024802

Kurkewich, J. L., Klopfenstein, N., Hallas, W. M., Wood, C., Sattler, R. A., Das, C., et al. 
(2016). Arid3b is critical for B lymphocyte development. PLoS One 11:e0161468. doi: 
10.1371/journal.pone.0161468

Li, S., Misra, K., Matise, M. P., and Xiang, M. (2005). Foxn4 acts synergistically with 
Mash1 to specify subtype identity of V2 interneurons in the spinal cord. Proc. Natl. Acad. 
Sci. U. S. A. 102, 10688–10693. doi: 10.1073/pnas.0504799102

Li, S., Misra, K., and Xiang, M. (2010). A Cre transgenic line for studying V2 neuronal 
lineages and functions in the spinal cord. Genesis 48, 667–672. doi: 10.1002/dvg.20669

Li, Y., Smith, J. J., Marques, F., Osuma, A., Huang, H.-C., and Kratsios, P. (2023). Cell 
context-dependent CFI-1/ARID3 functions control neuronal terminal differentiation. 
Cell Rep. 42:112220. doi: 10.1016/j.celrep.2023.112220

Lu, D. C., Niu, T., and Alaynick, W. A. (2015). Molecular and cellular development of 
spinal cord locomotor circuitry. Front. Mol. Neurosci. 8:25. doi: 10.3389/
fnmol.2015.00025

Lun, A. T., McCarthy, D. J., and Marioni, J. C. (2016). A step-by-step workflow for 
low-level analysis of single-cell RNA-seq data with Bioconductor. F1000Res 5:2122. doi: 
10.12688/f1000research.9501.2

Madisen, L., Zwingman, T. A., Sunkin, S. M., Oh, S. W., Zariwala, H. A., Gu, H., et al. 
(2010). A robust and high-throughput Cre reporting and characterization system for the 
whole mouse brain. Nat. Neurosci. 13, 133–140. doi: 10.1038/nn.2467

Misra, K., Luo, H., Li, S., Matise, M., and Xiang, M. (2014). Asymmetric activation of 
Dll4-notch signaling by Foxn4 and proneural factors activates BMP/TGFbeta signaling 
to specify V2b interneurons in the spinal cord. Development 141, 187–198. doi: 10.1242/
dev.092536

Muroyama, Y., Fujiwara, Y., Orkin, S. H., and Rowitch, D. H. (2005). Specification of 
astrocytes by bHLH protein SCL in a restricted region of the neural tube. Nature 438, 
360–363. doi: 10.1038/nature04139

Numata, S., Claudio, P. P., Dean, C., Giordano, A., and Croce, C. M. (1999). Bdp, a 
new member of a family of DNA-binding proteins, associates with the retinoblastoma 
gene product. Cancer Res. 59, 3741–3747.

Osseward, P. J., Amin, N. D., Moore, J. D., Temple, B. A., Barriga, B. K., 
Bachmann, L. C., et al. (2021). Conserved genetic signatures parcellate cardinal spinal 
neuron classes into local and projection subsets. Science 372, 385–393. doi: 10.1126/
science.abe0690

Panayi, H., Panayiotou, E., Orford, M., Genethliou, N., Mean, R., Lapathitis, G., et al. (2010). 
Sox1 is required for the specification of a novel p2-derived interneuron subtype in the mouse 
ventral spinal cord. J. Neurosci. 30, 12274–12280. doi: 10.1523/JNEUROSCI.2402-10.2010

Panayiotou, E., Panayi, E., Lapathitis, G., Francius, C., Clotman, F., Kessaris, N., et al. 
(2013). Pax6 is expressed in subsets of V0 and V2 interneurons in the ventral spinal cord 
in mice. Gene Expr. Patterns 13, 328–334. doi: 10.1016/j.gep.2013.06.004

Patsialou, A., Wilsker, D., and Moran, E. (2005). DNA-binding properties of ARID 
family proteins. Nucleic Acids Res. 33, 66–80. doi: 10.1093/nar/gki145

Pierreux, C. E., Vanhorenbeeck, V., Jacquemin, P., Lemaigre, F. P., and Rousseau, G. G. 
(2004). The transcription factor hepatocyte nuclear factor-6/Onecut-1 controls the 
expression of its paralog Onecut-3 in developing mouse endoderm. J. Biol. Chem. 279, 
51298–51304. doi: 10.1074/jbc.M409038200

Ratliff, M. L., Templeton, T. D., Ward, J. M., and Webb, C. F. (2014). The bright side of 
hematopoiesis: regulatory roles of ARID3a/bright in human and mouse hematopoiesis. 
Front. Immunol. 5:113. doi: 10.3389/fimmu.2014.00113

Renaux, E., Baudouin, C., Marchese, D., Clovis, Y., Lee, S. K., Gofflot, F., et al. (2024). 
Lhx4 surpasses its paralog Lhx3  in promoting the differentiation of spinal V2a 
interneurons. Cell. Mol. Life Sci. 81:286. doi: 10.1007/s00018-024-05316-x

Rhee, C., Edwards, M., Dang, C., Harris, J., Brown, M., Kim, J., et al. (2017). ARID3A 
is required for mammalian placenta development. Dev. Biol. 422, 83–91. doi: 10.1016/j.
ydbio.2016.12.003

Russ, D. E., Cross, R. B. P., Li, L., Koch, S. C., Matson, K. J. E., Yadav, A., et al. (2021). 
A harmonized atlas of mouse spinal cord cell types and their spatial organization. Nat. 
Commun. 12:5722. doi: 10.1038/s41467-021-25125-1

Saadat, K., Lestari, W., Pratama, E., Ma, T., Iseki, S., Tatsumi, M., et al. (2021). Distinct 
and overlapping roles of ARID3A and ARID3B in regulating E2F-dependent 
transcription via direct binding to E2F target genes. Int. J. Oncol. 58:5192. doi: 10.3892/
ijo.2021.5192

Sagner, A., and Briscoe, J. (2019). Establishing neuronal diversity in the spinal cord: a 
time and a place. Development 146:2154. doi: 10.1242/dev.182154

Samyesudhas, S. J., Roy, L., and Cowden Dahl, K. D. (2014). Differential expression of 
ARID3B in normal adult tissue and carcinomas. Gene 543, 174–180. doi: 10.1016/j.
gene.2014.04.007

Seibenhener, M. L., and Wooten, M. C. (2015). Use of the open field maze to measure 
locomotor and anxiety-like behavior in mice. J. Vis. Exp. 96:e52434. doi: 10.3791/52434

https://doi.org/10.3389/fncel.2024.1466056
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.celrep.2016.06.100
https://doi.org/10.3389/fphys.2018.00784
https://doi.org/10.3389/fphys.2018.00784
https://doi.org/10.1016/j.neuron.2008.08.009
https://doi.org/10.1016/j.neuron.2008.08.009
https://doi.org/10.1007/s00018-019-03408-7
https://doi.org/10.1007/s00018-019-03408-7
https://doi.org/10.1242/dev.005868
https://doi.org/10.1242/dev.173807
https://doi.org/10.1016/j.celrep.2023.113635
https://doi.org/10.1242/dev.01568
https://doi.org/10.1016/j.neuron.2013.08.015
https://doi.org/10.1016/s0092-8674(00)80323-2
https://doi.org/10.1002/cne.22803
https://doi.org/10.1371/journal.pone.0070325
https://doi.org/10.3389/fnmol.2016.00145
https://doi.org/10.1002/dneu.22244
https://doi.org/10.1242/dev.172510
https://doi.org/10.1242/dev.172510
https://doi.org/10.1523/JNEUROSCI.1829-17.2017
https://doi.org/10.3389/fncel.2019.00184
https://doi.org/10.1016/j.neuron.2018.01.023
https://doi.org/10.1016/j.neuron.2018.01.023
https://doi.org/10.1101/gad.9.24.3067
https://doi.org/10.1006/dbio.2002.0754
https://doi.org/10.1021/acs.jproteome.3c00509
https://doi.org/10.1074/jbc.M700397200
https://doi.org/10.1074/jbc.M700397200
https://doi.org/10.1128/mcb.26.6.2187-2201.2006
https://doi.org/10.1242/dev.024802
https://doi.org/10.1371/journal.pone.0161468
https://doi.org/10.1073/pnas.0504799102
https://doi.org/10.1002/dvg.20669
https://doi.org/10.1016/j.celrep.2023.112220
https://doi.org/10.3389/fnmol.2015.00025
https://doi.org/10.3389/fnmol.2015.00025
https://doi.org/10.12688/f1000research.9501.2
https://doi.org/10.1038/nn.2467
https://doi.org/10.1242/dev.092536
https://doi.org/10.1242/dev.092536
https://doi.org/10.1038/nature04139
https://doi.org/10.1126/science.abe0690
https://doi.org/10.1126/science.abe0690
https://doi.org/10.1523/JNEUROSCI.2402-10.2010
https://doi.org/10.1016/j.gep.2013.06.004
https://doi.org/10.1093/nar/gki145
https://doi.org/10.1074/jbc.M409038200
https://doi.org/10.3389/fimmu.2014.00113
https://doi.org/10.1007/s00018-024-05316-x
https://doi.org/10.1016/j.ydbio.2016.12.003
https://doi.org/10.1016/j.ydbio.2016.12.003
https://doi.org/10.1038/s41467-021-25125-1
https://doi.org/10.3892/ijo.2021.5192
https://doi.org/10.3892/ijo.2021.5192
https://doi.org/10.1242/dev.182154
https://doi.org/10.1016/j.gene.2014.04.007
https://doi.org/10.1016/j.gene.2014.04.007
https://doi.org/10.3791/52434


Renaux et al. 10.3389/fncel.2024.1466056

Frontiers in Cellular Neuroscience 15 frontiersin.org

Sengupta, M., and Bagnall, M. W. (2023). Spinal interneurons: diversity and 
connectivity in motor control. Annu. Rev. Neurosci. 46, 79–99. doi: 10.1146/annurev-
neuro-083122-025325

Shandala, T., Takizawa, K., and Saint, R. (2003). The dead ringer/retained 
transcriptional regulatory gene is required for positioning of the longitudinal glia 
in the Drosophilaembryonic CNS. Development 130, 1505–1513. doi: 10.1242/
dev.00377

Siembab, V. C., Smith, C. A., Zagoraiou, L., Berrocal, M. C., Mentis, G. Z., and 
Alvarez, F. J. (2010). Target selection of proprioceptive and motor axon synapses on 
neonatal V1-derived Ia inhibitory interneurons and Renshaw cells. J. Comp. Neurol. 518, 
4675–4701. doi: 10.1002/cne.22441

Smith, E., Hargrave, M., Yamada, T., Begley, C. G., and Little, M. H. (2002). 
Coexpression of SCL and GATA3 in the V2 interneurons of the developing mouse spinal 
cord. Dev. Dyn. 224, 231–237. doi: 10.1002/dvdy.10093

Sweeney, L. B., Bikoff, J. B., Gabitto, M. I., Brenner-Morton, S., Baek, M., Yang, J. H., 
et al. (2018). Origin and segmental diversity of spinal inhibitory interneurons. Neuron 
97, 341–355 e343. doi: 10.1016/j.neuron.2017.12.029

Takebe, A., Era, T., Okada, M., Martin Jakt, L., Kuroda, Y., and Nishikawa, S. (2006). 
Microarray analysis of PDGFR alpha+ populations in ES cell differentiation culture 
identifies genes involved in differentiation of mesoderm and mesenchyme including 
ARID3b that is essential for development of embryonic mesenchymal cells. Dev. Biol. 
293, 25–37. doi: 10.1016/j.ydbio.2005.12.016

Tidwell, J. A., Schmidt, C., Heaton, P., Wilson, V., and Tucker, P. W. (2011). 
Characterization of a new ARID family transcription factor (Brightlike/ARID3C) that 
co-activates bright/ARID3A-mediated immunoglobulin gene transcription. Mol. 
Immunol. 49, 260–272. doi: 10.1016/j.molimm.2011.08.025

Ulloa, F., and Marti, E. (2010). Wnt won the war: antagonistic role of Wnt over Shh 
controls dorso-ventral patterning of the vertebrate neural tube. Dev. Dyn. 239, 69–76. 
doi: 10.1002/dvdy.22058

Uribe, V., Badía-Careaga, C., Casanova, J. C., Domínguez, J. N., de la Pompa, J. L., and 
Sanz-Ezquerro, J. J. (2014). Arid3b is essential for second heart field cell deployment and 
heart patterning. Development 141, 4168–4181. doi: 10.1242/dev.109918

Ward, J. M., Ratliff, M. L., Dozmorov, M. G., Wiley, G., Guthridge, J. M., Gaffney, P. M., 
et al. (2016). Human effector B lymphocytes express ARID3a and secrete interferon 
alpha. J. Autoimmun. 75, 130–140. doi: 10.1016/j.jaut.2016.08.003

Webb, C. F., Bryant, J., Popowski, M., Allred, L., Kim, D., Harriss, J., et al. (2011). The 
ARID family transcription factor bright is required for both hematopoietic stem cell and 
B lineage development. Mol. Cell. Biol. 31, 1041–1053. doi: 10.1128/mcb.01448-10

Wilsker, D., Patsialou, A., Dallas, P. B., and Moran, E. (2002). ARID proteins: a diverse 
family of DNA binding proteins implicated in the control of cell growth, differentiation, 
and development. Cell Growth Differ. 13, 95–106

Wilson, A. C., and Sweeney, L. B. (2023). Spinal cords: symphonies of interneurons 
across species. Front. Neural Circ. 17:1146449. doi: 10.3389/fncir.2023.1146449

Zagoraiou, L., Akay, T., Martin, J. F., Brownstone, R. M., Jessell, T. M., and Miles, G. B. 
(2009). A cluster of cholinergic premotor interneurons modulates mouse locomotor 
activity. Neuron 64, 645–662. doi: 10.1016/j.neuron.2009.10.017

Zhang, J., Lanuza, G. M., Britz, O., Wang, Z., Siembab, V. C., Zhang, Y., et al. (2014). 
V1 and v2b interneurons secure the alternating flexor-extensor motor activity mice 
require for limbed locomotion. Neuron 82, 138–150. doi: 10.1016/j.neuron.2014.02.013

Zhou, Y., Yamamoto, M., and Engel, J. D. (2000). GATA2 is required for the generation 
of V2 interneurons. Development 127, 3829–3838. doi: 10.1242/dev.127.17.3829

https://doi.org/10.3389/fncel.2024.1466056
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1146/annurev-neuro-083122-025325
https://doi.org/10.1146/annurev-neuro-083122-025325
https://doi.org/10.1242/dev.00377
https://doi.org/10.1242/dev.00377
https://doi.org/10.1002/cne.22441
https://doi.org/10.1002/dvdy.10093
https://doi.org/10.1016/j.neuron.2017.12.029
https://doi.org/10.1016/j.ydbio.2005.12.016
https://doi.org/10.1016/j.molimm.2011.08.025
https://doi.org/10.1002/dvdy.22058
https://doi.org/10.1242/dev.109918
https://doi.org/10.1016/j.jaut.2016.08.003
https://doi.org/10.1128/mcb.01448-10
https://doi.org/10.3389/fncir.2023.1146449
https://doi.org/10.1016/j.neuron.2009.10.017
https://doi.org/10.1016/j.neuron.2014.02.013
https://doi.org/10.1242/dev.127.17.3829

	Arid3c identifies an uncharacterized subpopulation of V2 interneurons during embryonic spinal cord development
	1 Introduction
	2 Materials and methods
	2.1 Mouse lines
	2.2 FACS, RNA purification, and RNA-sequencing
	2.3 scRNAseq re-analysis
	2.4 In ovo electroporation
	2.5 In situ hybridization
	2.6 Immunofluorescence labeling
	2.7 Imaging
	2.8 Motor behavior tests in adult mice
	2.9 Experimental design and statistical analyses

	3 Results
	3.1 Arid3c is enriched in V2 INs during spinal cord development
	3.2 Arid3c is expressed exclusively in V2 INs, while Arid3a and Arid3b are not
	3.3 Arid3c is produced in some V2c INs and identifies an uncharacterized population of V2 INs
	3.4 Overexpression or loss of Arid3c does not impact the proper production of V2a, V2b, or V2c INs nor the general locomotor behavior

	4 Discussion

	References

