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An integrated transcriptomic
approach for identifying enhancers
in limb motor pools

In Seo Yeo?, Dojin Jeong?, Yunjeong Lee?, Jae-Woo Ahn?, Se-Eun Bae? & Mi-Ryoung Song*3**
Motor neurons (MNs), which control body movement, consist of distinct motor pools, that target
specific muscles. The precise delineation of these motor pools necessitates an understanding of their
specialized gene expression profiles. By integrating single-cell transcriptomics and epigenomics, using
scATAC-seq, scRNA-seq and histone modification datasets, we identified cis-regulatory elements
(CREs) specific to five MN-lineage clusters, which exhibit distinct gene ontology terms, transcription
factor (TF) binding motifs, and disease-associated traits across them. Notably, LIM-homeodomain
(LIM-HD) TF motifs and their footprints were differentially enriched in corresponding individual motor
column CREs, including a combined Isl1 and Lhx3 motif consistent with their known role in MN identity
specification. Within the genomic locus of Etv4, a gene essential for limb motor pools, we identified
three enhancer candidates among CREs enriched in LMC neurons. Functional assays demonstrated
that these enhancers exhibited robust and specific activity in ETV4-expressing motor pools when
electroporated into chicken neural tubes. This study demonstrates that an integrated in silico analysis
of epigenetic and transcriptomic data at the single-cell level can predict putative CREs governing

the identity of distinct MN subgroups, providing insights into motor pool diversification and gene
regulation.

Spinal motor neurons (MNs) innervate various target muscles throughout the body, organized into motor columns
and motor pools within the spinal cord. During spinal cord development, MNs arise in the ventral region of the
spinal cord and undergo differentiation driven by complex gene regulatory networks. MN progenitors (pMN)
emerge in response to a gradient of morphogen sonic hedgehog (SHH), which activates transcriptional cascades
to establish the pMN domain where pMNs reside. Newborn postmitotic MNs, originating from the pMN,
first acquire a uniform pan-MN identity before undergoing a diversification process, forming distinct motor
pools, each innervating a specific muscle. A variety of transcription factors (TFs) orchestrate the developmental
progression of MNs. This diversification requires a precisely coordinated interplay between numerous cis- and
trans-regulatory elements among individual differentiating MNs over time. For instance, LIM-homeodomain
(LIM-HD) TFs ISL1 and LHX3 establish a LIM-code that initially provides nascent postmitotic MN fates and
then later defines motor columnar identity, while Erythroblast Transformation Specific (ETS) class TFs such
as ETV1/ER81 and ETV4/PEA3 assign motor pool identities2. Despite our knowledge of key trans-acting
players for MN diversification, our understanding of their counterparts cis-regulatory elements (CREs), such as
enhancers, promoters, silencers, and insulators in developing MNs, remains limited.

Recent advancements in single-cell transcriptomics, including single-cell RNA sequencing (scRNA-seq) and
single-cell ATAC sequencing (scATAC-seq), have enabled the profiling of dynamic changes in gene expression
and chromatin accessibility within individual cells on a genome-wide scale. Integrating single-cell transcriptional
and epigenetic states has broadened our understanding of MN diversification and allowed us to even predict
interactions between cis- and trans-regulatory elements under both developmental and pathological conditions.
Nevertheless, the developmental mechanisms underlying the emergence of MN lineages in the spinal cord,
particularly with respect to epigenetics, remain largely unknown. For instance, it is unclear whether the formation
of motor pools relies on specific epigenetic mechanisms to regulate spatially and temporally restricted gene
expression programs. Given the intricate functional specialization of motor pools in targeting distinct muscles,
understanding how epigenetic landscapes, such as enhancer-promoter interactions and chromatin accessibility
patterns, contribute to this diversification is critical. Motor pools represent a unique system to explore how CREs
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coordinate with TFs to establish precise neuronal identities, bridging developmental biology and epigenetics in
the context of functional neural circuits.

In this study, we combined transcriptional and epigenetic data of developing MNs at single-cell resolution to
identify a set of CREs specific to developing MNs. CREs differentially accessible in different motor columns were
enriched with TF binding motifs and gene ontology (GO) terms consistent with individual MN clusters. These
MN-specific CREs were precise enough to predict putative motor pool enhancers for representative marker
genes, showing a strong correlation with other epigenetic and transcriptomic data from embryonic spinal cord
tissues and stem cell-derived MNs. The activities of the candidate motor pool enhancers were validated both in
vitro and in vivo, supporting the robustness of our approach. Together, our analyses provide compelling evidence
that specialized MN enhancers play a crucial role in MN diversification. These enhancers can be accurately
predicted in silico based on spatiotemporal dynamics of large-scale single-cell transcriptomic and epigenetic
data. This study enhances our understanding of the gene regulatory networks involved in MN development and
potentially progression of MN diseases as well.

Results

Single-cell analysis of chromatin accessibility in developing mouse MNs

Recent advancements in transcriptomics technology have enabled the simultaneous exploration of chromatin
landscapes and transcription profiles at the single-cell level across a variety of tissues using scATAC-seq and
scRNA-seq in identical samples. However, applying this technology to dynamic and rare populations, such as
developing MNs in the spinal cord, has been challenging. As an alternative strategy, comparing and integrating
scATAC-seq and scRNA-seq data from two different sources can provide a similar extent of information. To
investigate into chromatin accessibility in developing MNs, we examined a previously published integrated
scATAC-seq and scRNA-seq dataset from the cervical and thoracic regions of mouse neural tubes at E9.5 to
E13.5°. The scATAC-seq data obtained from 18,779 cells underwent dimensional reduction and clustering using
Signac, resulting in a total of seven cell clusters (Supplementary Fig. 1, Supplementary Fig. 2a, Supplementary
Data 1). We then adopted cell type labels from another previously published scRNA-seq dataset analyzed from
E9.5 to E13.5 mouse cervical and thoracic spinal cords®. Integration of scATAC-seq with the scRNA-seq dataset
using the Seurat package successfully defined individual cell clusters as neural progenitors, neurons, neural crest,
mesoderm, dorsal root ganglia and blood cells>%. Accordingly, scATAC-seq peaks around cell-type markers
such as Sox2 (neural progenitors), Tubb3 and ElavI3 (neurons) were specifically defined in certain clusters
(Supplementary Fig. 2b, d). To focus on our study on developing spinal cords, we further divided the neuronal
progenitors and neurons into 23 cell clusters and transferred cell subtype annotations obtained from scRNA-
seq data to them, identifying 11 progenitors and 12 neuronal subtypes including pMNs and MNs within the
developing spinal cords (Supplementary Fig. 2¢, Supplementary Data 1, Supplementary Data 2). Comparisons
between the scRNA-seq and scATAC-seq datasets revealed similar overall cell composition and cluster
transcriptional and chromatin accessibility profiles. Notably, gene activity scores and imputed gene expression
levels displayed a robust correlation (Supplementary Fig. 2e).

Further, we subdivided a total of 1,004 MNs into five clusters including pMN, early differentiated MN
(early MN), medial motor column (MMC)/phrenic motor column (PMC), lateral motor column (LMC) and
preganglionic motor column (PGC) identities*” (Fig. la, b, Supplementary Data 1). We eliminated pMN
progenitors from E12.5 and E13.5 mouse embryos for our analysis since this stage is beyond the peak period of
MN production (E9.5 to E10.0) and these remnant progenitors mainly produce oligodendrocytes starting around
E12.5 139 Thus, we successfully defined the chromatin landscapes of major developing cell types comprising
MNs. The scaled imputed RNA expression of representative markers for each MN cluster was consistent with the
corresponding scATAC-seq signal (Fig. 1c). Cell type markers examined were as follows: Sox2, Olig2, Hes5, Hes6,
Neurog2, Neurod4 for pMN; Cldn3, Pou2f2 for early MN; Foxpl, Aldhla2, Hoxc4, Hoxc5 for LMC; Foxpl, Hoxc9,
Nosl for PGC; Alcam, Pou3f1, Lhx3, Mecom for MMC/PMC (Supplementary Data 2). A UMAP of scATAC-seq
data by developmental stages showed that MNs sequentially arose from pMN progenitors from E9.5 to E13.5
(Fig. 1d). We next examined the chromatin landscapes near major cell type markers (Fig. 1e). The CREs around
Olig2 were selectively accessible in pMNs. Similarly, cell type-specific accessibility was found in other cell type
marker genes including Cldn3 in early MNs, Lhx3 in MMC/PMC, Aldhla2 in LMC, and Nos1 in PGC.

Identification and characterization of putative MN-specific cis-regulatory elements in
developing MNs
To investigate the gene regulatory mechanisms underlying MN development, we sought to identify MN-specific
CREs. We began by analyzing a scRNA-seq dataset from Delile et al.* performing marker gene analysis to
identify 3,509 genes with transcripts enriched in MN-lineage cells, including pMN and MN subtypes, as defined
by differential gene expression analysis (Supplementary Data 3). We next identified 48,922 putative CREs located
within the loci of these 3,509 MN-enriched genes. To define regulatory elements with MN-specific activity,
we compared chromatin accessibility at these CREs between MN-lineage cells and other neural clusters®. This
analysis uncovered a total of 19,269 MN-specific CREs (referred to as MN-CREs hereafter) summing all CREs
enriched in pMN (6,252 CREs), early MN (3,601 CREs), LMC (2,157 CREs), PGC (3,422 CREs) and MMC/PMC
(3,837 CREs) (Supplementary Fig. 1, Supplementary Data 4). Most MN-CREs (84.43%) were located distal to
the promoter, more than 2 kb away from the nearest transcription start site (TSS), primarily within intronic and
distal intergenic regions. This distal positioning suggests that MN-CREs are predominantly enhancers rather
than proximally located promoter elements (Fig. 1f)>!°. These findings align with the established importance of
enhancers in fine-tuning gene expression during MN differentiation and lineage specification.

GO analysis and the enriched motif analysis revealed significant enrichment of functions and TF motifs
related to MN development in these clusters (Fig. 2a, Supplementary Data 5, 6). The TF motifs identified
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Fig. 1. Single-cell transcriptional and chromatin accessibility profiling on the developing mouse MNs. (a)
UMAP plots of scRNA-seq dataset showing timepoint and pseudotime trajectory, identifying 5 clusters (1,004
cells). (b) UMAP plots of integrated scATAC-seq dataset showing developmental stages and pseudotime
trajectory with gene activities-based cell type assignments from 1,004 MNs, identifying 5 clusters (726 cells).
(c, d) The gene activity score, scaled imputed RNA expression and feature plots showing gene expression of
marker genes are colored in UMAP. (e) Aggregated scATAC-seq tracks showing chromatin accessiblility peaks
around the marker genes for each cluster. The scale bar (2 kb) applies to all gene panels. (f) Distribution of
primary MN-CRE peaks in genomic features and around transcription start sites (TSS).
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Fig. 2. Identification and characterization of cis-regulatory elements (CREs) associated with MN genes. (a)
Heatmap showing the association of five MN clusters (columns) with corresponding MN-CRE modules (rows).
The representative GO terms and TF motifs highly enriched in each MN-CRE module are shown on the right.
(b) Most enriched TF motifs in the MN-CRE peak set were determined through analysis using TFBSTools,
with motif data obtained from the JASPAR database. ChromVAR was used to visualize motif activity across
single cells, and representative motif logos are shown. (¢) Heatmap showing enriched TF binding motifs
grouped by TF families in MN-CRE modules. (d) Heatmap showing scaled enrichment of sequence variants
associated with the indicated neurological traits/diseases in the human orthologs of CREs.

in individual CRE clusters corresponded closely with the motif activities of TFs in each cluster (Fig. 2a, b).
In addition, GO terms and TF motifs for motor column-CREs suggested roles in specifying motor column
identity. For example, pMN-specific CREs were enriched for KLF15 and SOX2 motifs, which are linked to
biological processes (BPs) such as the regulation of neurogenesis''!~!4. Early MN-specific CREs were enriched for
NEUROG2 and NEUROD1 motifs, which are key TFs involved in neuronal identity and MN axon guidance!>-'
(Fig. 2a). MMC/PMC-specific CREs were enriched for Lhx3, Lhx4 and POU3F1 motifs, which are essential for
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MMC and PMC differentiation and the associated BP was the regulation of dendrite development!3-20. LMC-
specific CREs were enriched for ONECUT factors and Isl1 motifs, which are critical for assigning LMC fates and
the associated BP was regulation of smoothened signaling pathway?!~*. PGC-specific CREs were enriched for
Creb5 motif and the associated BP was the regulation of heart rate, consistent with its role in regulating internal
organs. Furthermore, each cluster displayed unique TF motif family enrichment, emphasizing the diverse
regulatory mechanisms governing MN differentiation. The enrichment patterns of TF motif families highlight
their distinct roles in MN differentiation. For instance, SOX2-related factors were predominantly enriched in the
PMN cluster, consistent with their role in maintaining progenitor identity'*>!4. HD-LIM factors showed notable
enrichment in the early MN, MMC/PMC and LMC clusters, emphasizing their importance in motor neuron
differentiation and dendrite development?*»*!. HD-CUT factors were specifically enriched in the LMC cluster,
supporting their role in LMC?? (Fig. 2c). Moreover, MN-CREs across motor column clusters were linked to
various central nervous system-related parameters including MN diseases, such as amyotrophic lateral sclerosis,
neuropathy and neuromuscular junction disease (Fig. 2d, Supplementary Data 7). Taken together, these results
highlight the role of distinct TFs in regulating MN-CREs and their contribution to biological functions and
disease mechanisms.

Assessing LIM-HD TF binding among MN-CREs

To investigate how MN-CREs mediate gene regulation, we examined their interaction with trans-acting
elements, especially LIM-HD TF family members ISL1, ISL2, LHX3, and LHX4, which are known to drive
MN identity and differentiation!#1925-27 scRNA-seq and scATAC-seq analyses revealed distinct expression
patterns of LIM-HD TFs across motor columns, consistent with their known developmental roles (Fig. 3a).
For instance, IslI expression was barely detected in pMNs but increased during MN differentiation and motor
column specification. Similar to Isl1, Isl2 was highly expressed in early MN and maintained in other motor
columns. Lhx3 and Lhx4 showed modest expression in the pMN and the highest level in the MMC, aligning
with their roles in specifying MMC identity™!. Thus, we successfully identified column-specific expression
patterns of LIM-HD TFs using scATAC-seq data, which were consistent with their known in vivo expression
and suggested functions.

We next examined whether LIM-HD TFs exhibited distinct motif activity in MN-CREs, potentially driving
column-specific gene regulation. Using suggested TF motifs provided from JASPAR?S, CIS-BP?, and others,
we observed differential enrichment of LIM-HD TF motifs across MN clusters (Fig. 3a—c). The Isl1 and ISL2
motifs showed higher activity in early and other postmitotic MNs, while the Lhx3 and Lhx4 motif activities were
most enriched in MMC-specific CREs. We performed TF footprint analysis on scATAC-seq profiles to assess
the differential occupancy of LIM-HD TF across MN clusters. While Isl1 and ISL2 did not exhibit preferential
binding to LMC-CREs compared to pMNs, Lhx3 and Lhx4 showed the strongest binding in MMC/PMC relative
to pMNss. In contrast, Isl1 and ISL2 binding to CREs showed no significant differences between MMC/PMC and
PMNss (Fig. 3d). These findings highlight the distinct regulatory roles of LIM-HD TFs in MN-CREs, linking their
activity to specific motor neuron subtypes and developmental stages.

We also explored whether the combinatorial action of the LIM-HD TFs Isl1 and Lhx3 could be identified
in MN-CREs. Previous studies have suggested tethered Isl1-Lhx3 binding motifs to DNA including HxRE-long
by ChIP-seq analyses and Isl1:Lhx3-RE by SELEX?*3!. Consistent with these findings, we found enrichment of
these two motifs in early MN and MMC/PMC-CREs, supporting the role of Isl1-Lhx3 complexes in establishing
pan-MN and MMC identities! (Fig. 3e). We noticed that the Isl1-Lhx3 motifs feature 3-bp gap between their core
AT-rich binding sites. When we modeled the tethered motifs by combining the individual Isl1 and Lhx3 motifs
with a similar spacing between them, similar MMC/PMC-enriched TF activity was observed indicating that the
LIM-HD complex activity could be deduced from individual TF motif (Fig. 3e). Thus, the motif configurations
of paralogs ISL2 and Lhx4, whose expression and function overlap with Isll and Lhx3 in developing MNs,
was assessed using the similar strategy'>!%32 Position weight matrix (PWM) analysis of various LIM-HD TF
combinations revealed that all other possible combinations including Isll and Lhx4, Is]2 and Lhx3, Is]2 and
Lhx4 were all enriched in early MN and MMC/PMC-CREs. Similarly, TF footprinting analyses demonstrated
enhanced binding of these TF pairs in MMC/PMC-CREs compared to pMN-CREs. These results align with
previous observations that Isl2 and Lhx4 can also drive MN identity, similar to Isl1 and Lhx3!%3334,

To further quantify the distribution of Isll and Lhx3 motif activities across clusters, we analyzed the
proportion of Isl1-Lhx3 motifs, including HxRE-long and Isl1:Lhx3-RE motifs, in each cluster. The HXRE-long
motifs showed higher proportions in MMC/PMC (18.79%) and early MN clusters (15.52%) compared to pMNs
(10.40%), while Isl1:Lhx3-RE motifs exhibited similarly high proportions in MMC/PMC clusters (14.43%)
(Supplementary Fig. 3a, b, Supplementary Data 8). In contrast, TF footprinting analyses of LMC-CREs compared
to pMN-CRE:s revealed no significant differences, suggesting that LIM-HD TFs may not function as a complex
within LMC neurons. Together, this analysis provides insight into motif-level differences among MN clusters,
reflecting the transcriptional specificity and regulatory roles of LIM-HD TFs in motor neuron development.

Spatiotemporal dynamics of the limb motor pool enhancers during MN development

A LIM-HD TF complex composed of Isll and Lhx3 is critical for establishing motor columnar identity, as
demonstrated in stem cell-derived MNs and animal models®**33>3, Thus, we next investigated whether the
MMC/PMC-CREs we identified are selectively active in the MMC population. Isl1 is a well-characterized gene
whose expression begins early in MN development, coinciding with the emergence of MMCs, and plays a
pivotal role in specifying MMC identity*”-*’. Several IslI enhancers containing Isl1-Lhx3 binding motifs have
been identified in our previous work and others>***>3 DA analysis between MMC and the remaining MN
subtypes revealed that 3 out of 64 CREs around the IslI gene were significantly enriched in the MMC population
(Supplementary Fig. 4, Supplementary Data 4). In particular, this included CrestI, an IslI enhancer originally
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Fig. 3. Analysis of LIM-HD TF binding motifs among MN-CREs. (a) The heatmap of RNA expression,
imputed RNA expression, and TF motif activity of LIM-HD TFs in various MN clusters. (b) Violin plots
showing TF motif activity of LIM-HD TFs. (c) Suggested TF motifs and UMAP plot showing TF motif activity
of individual LIM-HD TFs measured by chromVAR Z scores (d) TF footprinting analysis for LIM-HD TFs.

(e) Representative TF motifs, TF motif activity measured by chromVAR Z scores and TF footprint for various
combinations of LIM-HD TFs.
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characterized in zebrafish, located 160 kb away from the IslI locus and known for its activity restricted to
MMCs3¢, Within Crest1, ChIP-seq data from stem cell-derived MNs showed enrichment of both Isl1 and Lhx3
binding, supporting the in vivo occupancy of the Isl1-Lhx3 complex at this enhancer®. Consistent with this, we
previously demonstrated that co-electroporation of Isl1 and Lhx3 together with a Crest1-GFP reporter construct
led to enhanced reporter activity, further confirming their cooperative activation of Crest] enhancer in vivo®’.
Together, these findings support our in silico prediction that MMC-enriched CREs are likely direct targets of
LIM-HD TFs and highlight their relevance in regulating genes essential for MMC specification.

Having established that our approach can identify functionally relevant CREs in the MMC lineage, we
next turned to the LMC population to explore the spatiotemporal dynamics of enhancer activity during limb-
innervating motor pool development. To this end, we focused on validating candidate enhancers associated with
a representative gene linked to LMC-derived motor pools. A UMAP plot of cells along the trajectory path from
PMN to LMC revealed that many TF genes known to be expressed in limb motor pools, or implicated in their
development, showed their distinct gene expression during the progression of LMC (Fig. 4a, Supplementary
Fig. 5a). Some of these LMC-specific TFs such as Foxpl, Irx6, Isl2, Onecut3, Isll, and Onecut2 had CREs
selectively accessible in LMCs (Fig. 4b, Supplementary Fig. 5b, Supplementary Data 9). Among them, we focused
on Etv4 as a representative LMC motor pool marker?*. Differential accessibility (DA) analysis identified three
enhancers (E3, E4, and E5) that were significantly enriched in LMC clusters compared to other MN subtypes
(Fig. 4c). To assess their specificity among MN subtypes, we examined the chromatin landscape surrounding
the Etv4 locus across different MN clusters. While the promoter (P) region exhibited high accessibility across all
MN population, E3, E4 and E5 showed preferential accessibility in the LMC cluster. Violin plots and pseudotime
analyses of CRE activity further confirmed that E3, E4, and E5 were specifically accessible in the LMC cluster,
coinciding with active Etv4 transcription (Fig. 4d, e). Motif analysis revealed that various TF motifs, including
those of LIM-HD proteins, were located within the three enhancer candidates, suggesting that these enhancers
are potential regulatory targets of LIM-HD TFs involved in LMC identity (Supplementary Fig. 6, Supplementary
Data 10).

In addition to CREs identified through DA analysis, we also examined aggregated chromatin accessibility
tracks in the LMC population to identify CREs that did not show significant differential accessibility but
overlapped with epigenetic marks indicative of enhancer activity. Through this approach, we identified
additional candidates (Fig. 4c). The E1 and E7 regions were supported by previously published ChIP-seq datasets
for H3K27Ac, H3K4mel, and H3K4me2 in embryonic stem cell-derived MNs>>* as well as bulk-ATAC-seq
data from E13.5 embryonic mouse MNs*, all of which are associated with active enhancers. By contrast, the
E2 and E6 regions displayed comparatively modest enrichment of epigenetic marks. Nevertheless, they were
included as exploratory candidates in our analyses. Altogether, by integrating CRE accessibility with epigenetic
data, we identified seven putative enhancers for Etv4. These findings underscore the value of combining single-
cell analyses with chromatin landscape profiling to elucidate gene regulatory mechanisms in MN development.

In silico assessment of Etv4 expression among limb motor pool clusters

Recent advancements in transcriptomics technology have enabled comprehensive profiling of gene transcription
at the single-cell level, even within dynamic and rare populations such as developing MNs. Thus, we first
identified motor pool clusters using a previously published scRNA-seq dataset from Liau et al.,’ which analyzed
MNss collected from the mouse spinal cord at E13.5, a stage when motor pool identity is settled* (Fig. 5a). A
total of 5,162 and 4,699 MNs from the rostral (C4-T3) and caudal (L1-S5) segments of the mouse spinal cord
were classified into 6 or 7 different MN clusters, respectively. Cells within the LMC cluster were further divided
into 16 groups at the brachial level and 10 groups at the lumbar level®. Using cell annotation from Liau et al.
and representative marker gene expressions reported in previous literature, we identified several major brachial
motor pools>®4L. These include cutaneous maximus (CM), pectoralis (Pec), flexor carpi ulnaris (FCU), anterior
latissimus dorsi (ALD) and scapulohumeralis posterior (Sca) motor pool clusters® (Fig. 5a). Similarly, we
identified major lumbar motor pools, including tibialis anterior (Ta), adductor/gracilis (A/G), vastus (V), rectus
femoris (Rf), tensor fasciae latae (Tfl) and gluteus (Gl) based on the gene expression of Etv4, Isl1, Lhx1, Etvl,
Nkx6.1, Nkx6.2, Aldh1a2, Hoxd9, and Pou3f1 >>542 (Fig. 5b). Consequently, we successfully located major LMC
motor pools within the scRNA-seq dataset.

Given that Etv4 is distinctively expressed in LMC motor pools and plays various roles in motor pool
organization, we further investigated the expression of Etv4 in developing LMC motor pools in vivo. We
examined the expression of ETV4 along with other motor neuronal markers, including ISL1 (LMCm marker),
ISL2 (MN marker), LHX1 (LMCI marker), FOXP1 (LMC marker), and MNR2 (MN marker). In E13.5 mouse
embryos, ETV4 was expressed in the CM, Pec, ALD motor pools at the brachial level, and in the Gl motor
pools at the lumbar level>* (Fig. 5¢). Similarly, in HH30 chicken embryos, ETV4 transcripts were found in the
Pec, iliotrochanterici (ITR) and anterior iliotibialis (ITB) motor pools, corresponding to the muscles in mice?*2
(Fig. 5d). Serial transverse sections of E13.5 mouse spinal cords revealed that ETV4 expression persists within
the LMC, mostly in ISL1"LMCI from L1 to L4 and ISL1"LMCm from L5, suggesting additional Etv4 motor
pools in the lumbar segment (Supplementary Fig. 7a). Consistent with this, UMAP analysis of Etv4 showed its
expression localized in cm1 and crl4 clusters, which belong to caudal LMCm (Isl1* Hoxd9~) and rostral LMCI
(Lhx1*Hoxd9*), respectively (Fig. 5b, Supplementary Fig. 7a). Collectively, we identified ETV4 motor pools
among limb-innervating MNs both in silico and in vivo.

In vivo validation of Etv4 enhancer candidates in chicken embryonic spinal cords

Next we sought to validate the in vivo activity of these putative CREs in developing MNs. To assess the selective
activity of putative CREs in ETV4-expressing motor pools in vivo, we generated GFP reporter constructs
containing a mini CMV promoter under the control of candidate enhancer sequences. The reporters were
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electroporated into the early chicken embryonic neural tube, with an mCherry CMV reporter, which was co-
electroporated as an internal control to assess electroporation efficiency (Fig. 6a,b, Supplementary Data 11). At
HH30, among the electroporated putative CREs, E4 and E5 exhibited GFP activity in the region corresponding
to the Pec motor pool, whereas E3 and E4 displayed specific GFP activity in the regions where ITR and ITB
motor pools were located. The remaining reporters either exhibited no GFP activity or showed non-specific
activity within the neural tube. To assess whether conventional LIM-HD TFs, known for driving MN identity,
also induce Etv4 expression, we conducted luciferase assays in vitro. Neuro2A cells, chosen for their neuronal
origin, provided a cellular context similar to undifferentiated neurons. The E3, E4, and E5 reporters also became
activated by LIM-HD TFs Isl1 and IsI2 when their luciferase reporter activities were tested after co-transfection
(Fig. 6¢, Supplementary Data 12). Thus, these results demonstrate that the Efv4 enhancers are selectively active
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«Fig. 4. Spatiotemporal dynamics of the Etv4 enhancers in silico. (a) Feature plots showing gene expression
of LMC-enriched TFs along the differentiation trajectory from pMN to LMC. Cells along the LMC lineage
trajectory in Supplementary Figure 4a were shown. (b) Genomic regions spanning 50 kb around some
representative TF genes identified as part of LMC-CREs from DA analysis. Grey bars denote scATAC-seq
peaks. Peaks corresponding to LMC-CREs are displayed as red bars. Each region shows the locus of a gene,
including Foxp1, Irx6, Isl2, Onecut3, Isl1, and Onecut2. The scale bar (5 kb) applies to all gene panels. (c)
Genome browser tracks showing aggregated chromatin accessibility profiles for MN clusters along MN
differentiation around the Etv4 gene. Light grey shading highlights the promoter and light blue shading
highlights putative enhancers. Representative tracks of H3K27ac, H3K4mel, and H3K4me2 ChIP-seq in
mouse embryonic stem cell (ESC)-driven MNs?*®, bulk ATAC-seq in E13.5 MNs* at the Etv4 gene enhancers.
Y-axis ranges are indicated for each track to allow comparison of signal intensities. For clarity, we re-rendered
and magnified the scATAC-seq tracks to better visualize peak overlaps with epigenetic marks (right). (d, e)
Violin plots and pseudotime plots showing chromatin accessibility of putative Etv4 enhancers.

in ETV4-expressing motor pools and activated by LIM-HD TFs. These findings shed light on the regulatory
influence of LIM-HD TFs on Etv4 enhancer activity in a neuronal context.

Discussion

Integrating transcriptome and epigenome data offers a powerful approach to dissect cell-specific regulatory
landscapes, surpassing the limitations of relying solely on scRNA-seq data and enabling a more comprehensive
view of gene expression dynamics that drive cell diversity. Nevertheless, a detailed understanding of cellular
heterogeneity and complexity within the central nervous system based on single-cell genomics remains
incomplete. In this study, we leveraged scRNA-seq and scATAC-seq data to characterize the developmental
process of MNs in the spinal cord from E9.5 to E13.5, during which pMN progenitors differentiate into MNs
with distinct motor column identity, examining both transcriptomic and chromatin accessibility profiles.
With precise lineage-specific master regulator TFs guiding individual MN subtypes, anatomical positions,
and muscle-specific innervation, MNs provide an optimal model to study fundamental regulatory principles
underpinning cellular diversity. Motor pools consist of uniquely specialized populations, controlling the
contraction of one specific muscle, and exhibit spatially and temporally dynamic transcriptomic and regulatory
chromatin landscapes. Their clear anatomical positions also make them suitable for integration with emerging
spatial transcriptomics tools. Here we developed a strategy to predict motor pool-specific enhancers by tracking
transcriptomic and epigenomic changes through MN differentiation. We concentrated our analysis on CREs
associated with genes highly enriched in MNs, enhancing specificity and making these CREs practical for further
applications in tracing and manipulating specific motor pools. Among these CREs, we focused on identifying
enhancers associated with key motor pool-specific TFs, whose precisely timed and localized expression patterns
play a pivotal role in shaping the gene regulatory networks that define and maintain functional motor pool
identities.

Our DA analysis identified 19,269 MN-CRE:s exhibiting increased chromatin accessibility in MNs compared
to non-MN cells. These CREs were enriched with binding motifs for MN-specific TFs, including NEUROG2,
ONECUT factors, and LIM-HD TFs. GO enrichment analysis was associated these MN-CREs with MN-
related biological processes, including neurogenesis regulation, MN axon guidance, dendrite development, and
regulation of the Smoothened signaling pathway. Additionally, MN-CREs were significantly enriched in neuronal
disease-related genes. These results suggest that certain MN subtypes, defined by specific CRE enrichments, may
have greater vulnerability to neurodegenerative diseases.

LIM-HD TFs are critical for motor columnar identity, with their combinatorial actions extensively
characterized in structural, biochemical and genetic studies"!'®?>. For instance, ISL1 and LHX3 together
specify MN fate and MMC identity, whereas LHX3 alone promotes V2 interneuronal fate'. ISL1 and LHX1
drive differentiation of LMCm and LMCI, respectively”. However, the distribution of the ‘LIM-code’ across
the genome at the single-cell level remains unexplored. Here, we mapped the LIM code distribution within
CREs across MN clusters. MMC/PMC-CREs prominently featured motifs for LIM-HD TFs such as ISL1, ISL2,
LHX3, and LHX4. Importantly, the ISL1-LHX3 tandem motif, HXxRE, previously defined by SELEX and ChIP-
seq experiments, was enriched in both MMC/PMC and early MNs, consistent with their roles in specifying
early MN and MMC identities**>!. Notably, more than 82% of MMC-associated scATAC-seq peaks contained
both ISL1 and LHX3 motifs, implying a cooperative interaction in open chromatin regions to drive MN-specific
gene expression. TF footprinting revealed higher ISL1, ISL2, and LHX3 binding across MNs than in pMNs, with
ISL1 and LHX3 binding specifically enriched in MMC, aligning with previous findings that ISL1-LHX3 fusion
protein activity is sufficient to induce MN fate or synergistic binding of ISL1 and LHX3 occurs in developing
MNs!3%35 Other LIM-HD interactions, such as those between ISL1 and LHX4 or ISL1 and LHXS, similarly
demonstrate context-specific cooperative functions in MN specification and broader neuronal differentiation
roleg>4:43 Together, these findings i, djcates the universal usage of combinatorial LIM code for neural specification.

This study demonstrated that integrating scRNA-seq and scATAC-seq can effectively define CREs across
large populations, such as MNs, and even classify CREs into much smaller functional units such as motor
pools. We first successfully validated our approach by focusing on the MMC population, where we confirmed
that Isll and Lhx3 bind to a previously characterized IslI enhancer, supporting the predictive power of our
method for MN subtype-specific CREs. Further, we turned our attention to the LMC population to define
CREs associated with distinct motor pools. Within LMC, TFs with motor pool-specific expression were among
the highest ranked based on imputed RNA levels and chromatin accessibility. We focused on identifying Etv4
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Fig. 5. Visualization of limb motor neuron clusters in silico and conserved distribution of limb motor pools
across multiple species. (a,b) Clustering analysis of the single cell transcriptomes of LMC motor neurons
isolated from E13.5 brachial and lumbar spinal cords®. Representative LMC motor pools are labeled. UMAP
plots display the expression of the representative MN markers in each plot. (c) Expression of ETV4, ISL1,
LHX1 and FOXP1I in E13.5 mouse embryonic spinal cords. (d) Expression of ETV4, ISL2, ISL1, LHX1, FOXP1,
and MNR?2 in HH30 chicken embryonic spinal cords. Muscle abbreviations: cutaneous maximus (CM),
pectoralis (Pec), flexor carpi ulnaris (FCU), anterior latissimus dorsi (ALD), scapulohumeralis posterior (Sca),
tibialis anterior (Ta), adductor/gracilis (A/G), vastus (V), rectus femoris (Rf), tensor fasciae latae (Tfl), gluteus
(GD), tricepts (Tri), gastrocnemius (Gs), hamstring (H), adductor (A), hip-retractor (HR), femorotibialis (F),
sartorius (S), iliotrochanterici (ITR), anterior iliotibialis (ITB). Scale bars, 100 pm.
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Fig. 6. Spatial activity of Etv4 enhancers in chicken embryonic spinal cords. (a) GFP expression in HH30
chicken embryos electroporated with candidate Etv4 enhancer reporters. The CMV::mCherry vector was
co-electroporated as an internal control. GFP expression driven by E4 and E5 at the brachial level, and E3 and
E4 at the lumbar level, overlaps with endogenous ETV4 expression in Pec or ITR. (b) Immunostaining of GFP
and FOXP1 reveals that E4 and E5 activities corresponds to LMCm, while E3 and E4 activity corresponds to
LMCIL. Schematic diagrams illustrate the activity of E3, E4 and E5 in chicken spinal cords. Scale bars, 100 um.
(c) Luciferase activity driven by the candidate Etv4 enhancers, co-transfected with GFP, Isl1 or Isl2 expression
vectors in Neuro2a cells. Individual fold change values are represented as dots. Error bars represent SEM.

** p<0.001, **** p<0.0001; unpaired Student’s t-test (n=10).
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Forward | 5’- GGCCTCTTCGCTATTACGCCAGTCGACACCCCCTAAGACCAGAGTACA -3’
H Reverse | 5- CCTCCCACCGTACACGCCTACGGATCCTTCCCGCCACTAAATCCCAGG -3
Forward | 5- ATAGTCGACGTACGCTGTAGCTGTCTTCAG-3’
k2 Reverse | 5- ATAGGATCCACCCTACGTTCTGGATCTCACT-3
Forward | 5- ATAGTCGACGCCTTCTGCAGAACGTGC-3
= Reverse | 5- ATAGGATCCGGAGCTCAAAGGACTCCTGAG-3
Forward | 5- ATAGTCGACGCCTGCGCCATGACAGCCTGAATGTTG -3’
i Reverse | 5- ATAGGATCCCCTCTGCCTCTGTGAGTGCCTGG-3’
Forward | 5- ATAGTCGACTCTATGCCATCTGAGGGGACC-3
ks Reverse | 5- ATAGGATCCATGTGCCAAGCTTCCTGCCCA-3’
Forward | 5- ATAGTCGACGCCCATCTGTTTTGGAAGCT-3
ke Reverse | 5- ATAGGATCCATACAAACACCGGATCTGGC-3
Forward | 5- ATAGTCGACCCAGGCAGCCGCATTGGCAG-3’
7 Reverse | 5- ATAGGATCCGCTTTCTTCCACACTATGCTTGC-3’
Forward | 5- ATAGTCGACCCCCCAATCTACTGGAGGAAGAG-3
? Reverse | 5- ATAGGATCCGCTGGGGTTGGTGTGTCTG-3’

Table 1. Primers used in this study.

enhancers due to ETV4’s well-characterized role in LMC-derived motor pools. ETV4-expressing motor pools
undergo differentiation in response to limb-derived neurotrophic factor GDNF, which induces Etv4 expression
and promotes subsequent maturation processes, including motor pool positioning, dendrite arborization, axon
innervation, and sensorimotor circuit formation®344, Their cell bodies are located at stereotypical positions
within the neural tube and can be easily defined by combinations of additional reliable marker expressions>!825,
Additionally, the transcriptional cascade activating Etv4 gene expression has been investigated in genetic
models, highlighting the role of LIM-HD TF in regulating Etv4 expression and motor pool specification.
Thus, identifying CREs associated with Etv4 transcription broadens our understanding of transcriptional and
epigenetic mechanisms that dictate motor pool development.

Our DA analysis revealed three potential Etv4 enhancer candidates, E3, E4, and E5, among 13 CREs near
the Etv4 locus. The genomic sequence containing all three enhancers showed elevated chromatin accessibility
specifically in LMC, implying a cooperative enhancer network among them. In line with our in silico prediction,
electroporation of GFP reporters for these enhancers into chicken neural tubes showed that all enhancers were
active in Etv4 motor pools; E3 and E4 were active in brachial motor pools, while E4 and E5 were active in
lumbar motor pools. Although E3, E4, and E5 are cis-regulatory elements regulating the same gene (Etv4),
their distinct activation patterns in brachial and lumbar motor pools may result from several factors. First, the
TFs likely differ between brachial and lumbar motor pools, leading to differential enhancer activation. Second,
context-dependent interactions between enhancers and promoters or other regulatory elements could influence
their activity in a spatially restricted manner. Lastly, epigenetic modifications, such as histone modifications or
DNA methylation, further refine enhancer activity. Furthermore, all three enhancer activities increased in the
presence of ISL1 and ISL2, suggesting that LIM-HD TFs may upregulate Etv4 transcription, consistent with a
previous study showing IsI2 deletion resulted in the loss of Etv4 expression®.

Previous studies have reported that ETV4 marks major motor pools, including CM and ALD at the brachial
level and Gl, Rf, and Tfl motor pools at the lumbar level?$42, Our scRNA-seq analysis also detected additional Etv4
expression at the caudal lumbar levels which overlap with ISL1, implying their LMCm identity. While the exact
identity of these motor pools requires further investigation, the caudal ETV4 expression within LMCm in mouse
embryos aligns with the caudilioflexorius motor pool expressing ETV4 in chicken embryos, suggesting that
motor pool identity and regulatory networks underlying Etv4 expression are evolutionarily conserved?424>46,

In summary, this study underscores the power of integrating scRNA-seq and scATAC-seq to elucidate the cis-
regulatory architecture of MNs, providing a high-resolution framework for understanding the transcriptional
and epigenetic mechanisms that shape motor pool diversity. By focusing on CREs associated with motor pool-
specific TFs, we identified key regulatory elements and demonstrated their functional activity using in vivo
reporter assays. Our findings highlight the cooperative nature of enhancer networks and their reliance on
context-specific TF interactions to drive precise gene expression programs. These insights not only advance
our understanding of MN development but also provide a valuable resource for studying the mechanisms of
neurodevelopmental and neurodegenerative disorders.

Materials and methods

DNA constructs

PCR fragments, amplified from genomic mouse DNA, were subcloned into the reporter vector pCS2 miniCM V-
GFP. This vector contains a 30-bp TATA box and the transcription initiation site of the CMV promoter. Each
putative CRE was cloned upstream of the miniCMV promoter. While most constructs (E2-E7) were cloned
using Sall/BamHI sites, E1 was generated using the In-Fusion Cloning Kit (Takara Bio, USA). The primer
information used in this study is provided in Table 1.
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Luciferase assays

Neuro2A cells (ATCC) underwent transient transfection with both reporters and the TF expression plasmids
pCAGGS!1 mouse Isl1, pCAGGS1 mouse Is12% utilizing the Lipofectamine 3000 reagent (Invitrogen). To ensure
consistency, a CMV-f-galactosidase plasmid was co-transfected for normalization of transfection efficiency.
After 48 h, cell extracts were subjected to luciferase assays and -galactosidase assays. The presented data are the
mean of triplicate measurements and have been repeated at least three times.

In ovo chick electroporation.

Fertilized chick eggs were purchased (BanseoK’s Farm, Hwasun-gun, Republic of Korea), stored at 16 °C for
0to 10 days, and then incubated in a 38 °C humidified incubator. For in ovo electroporation, DNA constructs were
introduced into HH12 chicken embryos. Etv4 enhancer candidate constructs with the GFP reporter gene under
miniCMYV were injected into the chick spinal cord together with the internal control plasmid pmCherry-C1
(Clontech). Embryos were harvested at HH30 for subsequent immunohistochemical analyses. Electroporation
was performed as described previously™’.

Mouse line

Hb9::GFP mice (MGI:3767834) used in this study were previously described, and were kindly provided by Dr.
Samuel L. Pfaff"’. All experiments were approved by the Animal Care and Ethics Committees of the Gwangju
Institute of Science and Technology (Approval No. GIST-2023-037), and all experimental methods were
performed in accordance with the relevant guidelines and regulations. Additionally, all animal experiments
followed the ARRIVE guidelines.

Immunohistochemisty and in situ hybridization

Immunohistochemistry and in situ hybridization procedures followed previous protocols™¥. The antibodies
utilized included rabbit anti-GFP (Invitrogen, A11122), mouse anti-GFP (Sigma, G6539), mouse anti-Is|2
(Santa Cruz, sc-390746), mouse anti-Isl2 (DSHB, 51.4H9), rabbit anti-Foxpl (Abcam, ab16645), mouse anti-
Isl1 (DSHB, 39.3F7), guinea pig anti-Isl2, rabbit anti-Lhx1 (Abcam, ab229474), rabbit anti-Etv4*$, mouse anti-
MNR2 (DSHB, 81.5C10). For in situ hybridization, embryonic mouse cDNA (E12.5) orembryonic chicken
cDNA (HH25) was used to generate riboprobes against Etv4°.

Public transcriptomic datasets sources
The public scATAC-seq, scRNA-seq and ChIP-seq datasets used in this study were CRA005358°, E-MTAB-7320*,
GSE183759°, GSE80482%, GSE80483*> and GSE198767.

scATAC-seq data re-analysis

scATAC-seq data analysis was performed as described in Shu et al.? (Supplementary Fig. 1). In brief, sequencing
reads were aligned to the mm10 reference genome, and a cell-by-peak matrix was generated from fastq files
using the software Cell Ranger ATAC (version 2.1.0). Cell barcode matrices obtained from different time points
(E9.5, E10.5, E12.5, and E13.5) were aggregated into a single peak-barcode matrix using the Cell Ranger ATAC
aggr pipeline. Quality control at the library level was performed by examining the periodicity of fragment
size frequencies and TSS enrichment. After converting the cell-by-peak matrix into a Seurat object using
Signac®® barcodes were filtered, requiring at least 3,500 fragments and a TSS enrichment score of >2, resulting
in 18,779 high-quality barcodes. The R packages Seurat and Signac were used for dimensionality reduction,
clustering and calculation of gene activity scores.

Integration of scATAC-seq and scRNA-seq data for cell type identity assignment

Integration analysis of the scRNA-seq and scATAC-seq data was performed using the R package Seurat, as
described in Shu et al.%. In this analysis, labels from scRNA-seq data* were transferred to annotate cell types in
scATAC-seq data using Seurat’s label transfer workflow. The scRNA-seq data were pre-processed by identifying
variable features, and canonical correlation analysis (CCA) was used to find transfer anchors between the
scRNA-seq and scATAC-seq datasets. These anchors represented cells with similar expression and chromatin
accessibility patterns. Cell type labels from the scRNA-seq data were transferred using the TransferData function,
weighted by the LSI reduction of the scATAC-seq data. Transferred labels were incorporated into the metadata of
the scATAC-seq dataset and visualized using UMARP to assess biological consistency.

Identification and characterization of MN-CREs

After determining the five MN clusters from the scATAC-seq data, we identified MN-specific cis-regulatory
elements (MN-CREs) as follows. To focus on regulatory elements relevant to motor neuron development, we
first selected a subset of peaks associated with pMN and MN marker genes curated from Delile et al.* Marker
genes were identified using the ‘FindAllMarkers()' function on scRNA-seq data, and associated peaks were
extracted based on gene activity correlations. We used the function FindMarkers() of Signac (version 1.14.0),
which performed a DA test, comparing one MN cluster against the combined set of the other four MN clusters.
The output of each test is log, fold-change of the average accessibility (avg_log,FC) between the two groups
and p-value based on Bonferroni correction using all peaks in the dataset. We selected the MN-CREs with a
cutoff avg_log,FC>0.25, identifying 19,269 MN-CREs (recommended by Signac). To predict putative target
genes for each MN-CRE, we applied the LinkPeaks function in Signac (version 1.14.0), which calculates Pearson
correlations between chromatin accessibility at distal peaks and gene expression across matched scATAC-seq
and scRNA-seq profiles. Only positively correlated peak-gene pairs were retained, and associations were limited
to genes located within 500 kb of each CRE center.
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To associate MN-CREs with the biological processes (BP) of their putative target genes, we used the R
package clusterProfiler (version 4.10.1) to identify enriched GO*. To determine the overlap of TF motifs with
peaks, we then performed a hypergeometric test to determine the probability of observing the motif at the
given frequency by chance using Signac (v1.1.1), by comparing with a background set of peaks matched for GC
content or with the rest of the genome. To calculate the MN-CRE motif activity for each cell, we applied the
Signac implementation of chromVAR using the RunChromVAR function with default parameters’'.

Curation of cell identity and neurological traits/diseases genes

Putative target genes of each CRE were determined using ‘LinkPeaks' as described above. Genes annotated to
the CREs of each cluster were subjected to disease gene ontology (GO) analysis using the ToppGene Suite®2. The
enriched GO terms for each cluster were identified, and the -log10(p-values) of these terms were converted to
z-scores for visualization. A heatmap was generated to visualize the enrichment of GO terms across clusters.

Identification of enriched TF family members in MN-CREs

To identify enriched TF motif families in MN-CREs, we conducted motif enrichment analysis using scATAC-
seq profiles. Enriched motifs were identified using the FindMotifs function from the Signac package in R, with
a motif list obtained from the JASPAR database. Each motif was annotated with its corresponding TF family
based on the family names provided in the JASPAR database (https://jaspar.genereg.net)?® and CIS-BP (http://ci
sbp.ccbr.utoronto.ca/)?’, enabling motifs to be grouped and analyzed at the family level. To compare enrichment
patterns across clusters, motif family counts were normalized using Min-Max normalization method, rescaling
the values between 0 and 1. Heatmaps were generated to visualize normalized enrichment levels across clusters,
with a focus on biologically relevant TF families.

For more detailed analysis of motifs highly enriched in the E3, E4, and E5 enhancers, we performed motif
scanning using FIMO (Find Individual Motif Occurrences)®*. The genomic sequences of CREs in these clusters
were extracted, and candidate motifs were selected based on the enriched TF families identified from earlier
analyses. Position frequency matrices (PFMs) of these motifs were obtained from the JASPAR database, and
FIMO was used to identify significant motif matches (p < 1e-4) within the CRE sequences.

Calculation of the CREs proportion, containing tethered motifs in each cluster

To investigate the distribution of motifs across motor neuron subtypes, cluster-specific CREs identified from
DA analysis were used. The motifs HXRE-long and Isl1:Lhx3-RE were analyzed for their enrichment in each
cluster. Position Weight Matrices (PWMs) for HxRE-long and Isl1:Lhx3-RE motifs were obtained from
previously published studies®®>!. These PWMs were used to scan cluster-specific CREs for motif matchs using
the motifmatchr R package. The percentage of motif-containing CREs was calculated for each cluster by dividing
the number of motif-containing CREs by the total number of cluster-specific CREs. The resulting data were
visualized as bar plots using the ggplot2 package in R.

Trajectory analysis of MN differentiation

To investigate the differentiation trajectory from pMN to MN, we utilized Monocle3** to calculate pseudotime
and generate trajectory plots. To define the starting point of the trajectory, the pMN cluster was designated as
the root population based on their biological identity and marker gene expression. The trajectory plots were
visualized with cells colored by pseudotime to show the progression from pMN to MN, and adjustments were
made to improve clarity.

To investigate the enhancers regulated by TFs involved in MN differentiation, we first filtered cells from
the pMN, early MN, and LMC clusters. The pMN cluster was designated as the root population for trajectory
analysis, and a trajectory was constructed to examine the progression toward LMC differentiation. From the
trajectory, only nodes leading to the LMC cluster were selected, and cells associated with this trajectory were
further filtered. Subsequently, a new UMAP was generated using the filtered cells. Imputed RNA expression was
visualized with FeaturePlot function to validate the trajectory-based analysis.

Visualization of chromatin accessibility and epigenetic landscapes for Etv4 enhancer
identification

The scATAC-seq data were visualized using the CoveragePlot function in the Signac package in R. For bulk
histone modification data (H3K27ac, H3K4mel, H3K4me2) and ATAC-seq, visualization was performed using
the Integrative Genomics Viewer (IGV). Chromatin accessibility for specific genomic regions was visualized as
violin plots using the VInPlot function in R. This approach allowed for the comparison of chromatin accessibility
of prominent Etv4 enhancer candidates across clusters. To analyze accessibility dynamics along pseudotime,
Cicero was used®”. Pseudotime analysis was performed to map the accessibility of selected regions as a function
of pseudotime progression, and the percentage of cells with accessible chromatin was plotted alongside a
smoothed trajectory curve.

Clustering analysis of scRNA-seq data

scATAC-seq data analysis was performed as described in Liau et al.’. All analyses were conducted using
Seurat (v5.1.0)*°. Quality control (QC) metrics, including mitochondrial gene percentage (percent.mt), were
calculated, and cells with mitochondrial gene expression exceeding 10% were removed. Cells expressing MN
markers (Mnx1, Chat, Slc18a3, Slc5a7) were retained for downstream analysis. Normalization was performed
using the LogNormalize method with a scale factor of 10,000. Data scaling and dimensionality reduction were
conducted using principal component analysis (PCA), and clusters were visualized using Uniform Manifold
Approximation and Projection (UMAP).
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Clusters were identified using the Find AllMarkers function to detect cluster-specific marker genes, and motor
column identities were assigned to clusters based on the expression of known marker genes. Subsequently, LMC
cells were isolated as a subset, and clustering was repeated with a resolution of 5. The expression patterns of
marker genes were examined to validate the clustering results, and motor pool identities were assigned to each
subcluster based on the expression of pool-specific markers.

Quantification and statistical analysis
DA analysis was conducted using a logistic regression (LR) framework to identify differentially accessible
regions, with regions showing a p-value below 0.05 considered statistically significant. For TF or TF family
enrichment analysis, significance was assessed based on an adjusted p-value (q-value) calculated using the
Benjamini-Hochberg (BH) method to control for false discovery rate (FDR). Enriched features were defined
as those with an adjusted p-value below 0.05. In GO analysis, both raw p-values and adjusted q-values were
evaluated, with adjustments made using the Bonferroni correction and the BH method. Features with a q-value
below 0.05 were deemed significant.

Statistical analysis for luciferase assay data was performed using GraphPad Prism software (version 10.4.1).
Unpaired two-tailed t-tests were employed to compare differences between experimental groups as presented in
Supplementary Data 12.

Data availability

All raw and analyzed data used in this study can be obtained from the Genomic Sequence Archive (GSA; https:
/Ingdc.cncb.ac.cn/gsa/), EMBL-EBI (https://www.ebi.ac.uk/), or NCBI Gene Expression Omnibus (GEO; http:/
/www.ncbi.nlm.nih.gov/geo/) using the accession codes provided in the ‘Public transcriptomic datasets sources’
section of the Methods. The code used for the analyses, as well as any additional data, is available upon reason-
able request. For further information, please contact the corresponding author, Prof. Mi-Ryoung Song (email:
msong@gist.ac.kr).
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