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 2 

SUMMARY 29 

 30 

Spinal motor neurons deficiency results in a series of devastating disorders such as 31 

amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA) and spinal cord 32 

injury (SCI). These disorders are currently incurable, while human pluripotent stem 33 

cells (hPSCs)-derived spinal motor neurons are promising but suffered from low-34 

efficiency, functional immaturity and lacks of posterior cellular identity. In this study, 35 

we have established human spinal cord neural progenitor cells (hSCNPCs) via hPSCs 36 

differentiated neuromesodermal progenitors (NMPs) and demonstrated the hSCNPCs 37 

can be continuously expanded up to 40 passages. hSCNPCs can be rapidly 38 

differentiated into posterior spinal motor neurons with high efficiency. The functional 39 

maturity has been examined in detail. Moreover, a co-culture scheme which is 40 

compatible for both neural and muscular differentiation is developed to mimic the 41 

neuromuscular junction (NMJ) formation in vitro. Together, these studies highlight the 42 

potential avenues for generating clinically relevant spinal motor neurons and modeling 43 

neuromuscular diseases through our defined hSCNPCs. 44 

 45 
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 3 

INTRODUCTION 57 

 58 

Spinal motor neurons (MNs) which directly control muscle contractions are located in 59 

the ventral horn of spinal cord and are distributed across the anterior-posterior (AP) axis 60 

of the spinal domains from cervical, thoracic, lumbar to sacral (Kanning et al., 2010; 61 

Sockanathan and Jessell, 1998). MNs loss results in a spectrum of devastating disorders 62 

such as amyotrophic lateral sclerosis (ALS) and spinal cord injury (SCI) (Clowry et al., 63 

1991; Narasimhan, 2006; Nijssen et al., 2017). However, in vitro production of spinal 64 

MNs and using MNs for drug discovery and disease modeling are hindered due to the 65 

inefficient MNs differentiation or inappropriate posterior identity. 66 

Human pluripotent stem cells (hPSCs), including human embryonic stem cells 67 

(hESCs) and human induced pluripotent stem cells (hiPSCs), have the potential to 68 

generate various cell types in vitro and hold promise for disease modeling and cell-69 

replacement therapies (Ebert and Svendsen, 2010; Karagiannis et al., 2019; Takahashi 70 

et al., 2007; Thomson et al., 1998; Yu et al., 2007). Many motor neuron differentiation 71 

protocols have been developed over the past decades (Ben-Shushan et al., 2015; 72 

Cutarelli et al., 2021; Du et al., 2015; Hudish et al., 2020; Lee et al., 2007; Li et al., 73 

2005; Li et al., 2008; Patani et al., 2011; Qu et al., 2014). Generally, hPSCs were firstly 74 

induced to form neuroepithelial (NE) cells at embryonic body (EB) or monolayer 75 

culture, subsequently specified to OLIG2 positive motor neuron progenitors (MNPs) 76 

under the activation of retinoic acid (RA) and sonic hedgehog (SHH). These procedures 77 

require 3-4 weeks to differentiate hPSCs into MNPs and another 1-2 weeks to 78 

differentiate MNPs into immature MNs, in total 8-10 weeks to generate mature MNs 79 

from hPSCs. Alternatively, hPSCs and human fibroblasts can be converted into MNs 80 

within 2-3 weeks by forcing the expression of MN inducing transcription factors 81 

(Hester et al., 2011; Son et al., 2011). Of note, these inductions of motor neurons from 82 

hPSCs predominantly produce cells of mixed hindbrain/cervical axial identities, but are 83 

inept in generating high numbers of more posterior thoracic/lumbosacral spinal cord 84 
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motor neurons, which are in most cases of key targets of disease and injury. 85 

Spinal motor neuron development initiates from gastrulation, then epiblast cells 86 

under dramatic proliferation, differentiation and migration to form three germ layers 87 

along the AP axis (Lu et al., 2001; Solnica-Krezel, 2005; Tam and Behringer, 1997). 88 

However, the mechanism of AP patterning during the development of the central 89 

nervous system (CNS) remains obscure. In vivo transplantation experiments of chick 90 

embryos revealed that the nodes exhibited disparate competency at different embryonic 91 

stages for posterior nervous system induction (Storey et al., 1992). Besides, evidence 92 

from mutant T-box gene Tbx6 in mouse embryos showed that Tbx6 absent cells 93 

switched their cell fates from posterior somites into neuronal cells and formed three 94 

neural tube-like structures (Chapman and Papaioannou, 1998). Cell lineage segregation 95 

study by clonal analysis in early mouse embryos further indicated that trunk neural 96 

ectoderm and neighboring mesoderm derivatives share a common progenitor, namely 97 

neuromesodermal progenitor (NMP) (Tzouanacou et al., 2009). NMPs are localized in 98 

the caudal lateral epiblasts (CLE) of E8.5 mouse embryos, and express both Sox2 and 99 

Brachyury (T) (Henrique et al., 2015). Based on these developmental trajectories, 100 

mouse and human NMPs were generated from mESCs and hPSCs and can be 101 

differentiated into neural and mesodermal cells in vitro (Davis-Dusenbery et al., 2014; 102 

Gouti et al., 2014; Turner et al., 2014; Wind et al., 2021). The chromatin accessibility 103 

assay showed that the regionalization mechanism along the AP axis during neural 104 

induction supports the dual origin of CNS, i.e., the brain and posterior spinal cord are 105 

generated from distinct progenitor populations (Metzis et al., 2018). Methods have been 106 

established to derive spinal motor neurons through NMPs. For example, Verrier and 107 

colleagues established a protocol to rapidly and reproducibly induce human spinal cord 108 

progenitors from NMPs-like cells, but these cells and their derivatives only expressed 109 

anterior spinal cord markers such as HOXB4, HOXC6 and HOXA7 (Verrier et al., 2018). 110 

Moreover, transplantation of spinal cord neural stem cells derived from hPSCs through 111 

NMP-stage showed functional recovery in SCI rat models (Kumamaru et al., 2018). 112 
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Nevertheless, only about 50% of these NMP-like cells expressed both SOX2 and 113 

Brachyury (T). Thus, the establishment of high-purity human spinal cord neural 114 

progenitor cells (hSCNPCs) that are readily attainable for efficient differentiation of 115 

posterior spinal motor neurons remains unresolved. 116 

In this study, we established a protocol to generate hSCNPCs from hPSCs through 117 

high-purity human NMPs. hSCNPCs showed molecular properties of spinal cord and 118 

were readily passaged up to 40 times in vitro. These hSCNPCs could be further 119 

differentiated into homogeneous spinal motor neurons, and exhibited posterior spinal 120 

cord identities. The spinal motor neurons after quick functional maturation could form 121 

neuromuscular junction (NMJ) like structures when co-cultured with muscle fibers. 122 

 123 

 124 

RESULTS 125 

 126 

Generation and characterization of human spinal cord neural progenitor cells 127 

from hPSCs 128 

To generate NPCs with spinal cord property and posterior regional identity from hPSCs, 129 

we mimicked the posterior spinal cord development in vitro by differentiating hPSCs 130 

into hSCNPCs through high-purity human NMPs (Figure 1A). Feeder-free cultured 131 

hESCs were dissociated into single cells, seeded at 40,000 cells/cm2 and maintained in 132 

mTeSR medium for one day to form small clusters, then differentiated in N2B27 133 

medium containing dual-SMAD inhibitors, FGF2 and CHIR99021 for another 3 days. 134 

High-purity human NMPs with 90% efficiency were obtained at day 4 (D4) by detecting 135 

SOX2 and Brachyury (T) double positive cells (Figures 1B and 1C). CDX2, another 136 

NMP marker was also highly expressed in hESCs-derived human NMPs (Figure S1A). 137 

To further investigate the molecular profiles of human NMPs, we performed bulk RNA 138 

sequencing on samples collected on each day from D0 to D4 and compared our NMPs 139 

with previously reported human NMPs, which were isolated by NKX1-2::GFP cell 140 
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sorting (Verrier et al., 2018). Principal component analysis (PCA) demonstrated a clear 141 

differentiation trajectory from hESCs to human NMPs, and showed a high correlation 142 

between the D4-hNMPs with NKX1-2 enriched human NMPs (Figure 1D), suggesting 143 

that this protocol represents a new route to NMP generation. 144 

Next, high-purity human NMPs were subjected to hSCNPCs differentiation. At D4, 145 

human NMPs were dissociated into single cells and replated with a seeding density of 146 

100,000 cells/cm2 in neural determination medium (NeuDet), which contains dual-147 

SMAD inhibitors, FGF2, FGF8, CHIR99021 and Compound E for another 6 days 148 

(Figure 1A). Real-time quantitative PCR (RT-qPCR) analysis showed that the 149 

pluripotent gene POU5F1 and human NMP marker gene NKX1-2 were downregulated, 150 

while CDX2 and neural progenitor marker genes SOX2, PAX6 and NKX6-1 and HOX 151 

family genes of posterior identity such as HOXC9 and HOXC10 were upregulated 152 

(Figure S1D). By day 10 (D10), these hSCNPCs can be passaged in medium containing 153 

Purmorphamine, SB431542 and CHIR99021 over 40 times in vitro with normal 154 

karyotype (Figures 1A, 1E and S1E). Immunofluorescent staining showed that 155 

hSCNPCs expressed high percentage of pan-NPC markers NESTIN, SOX1, SOX2 and 156 

PAX6 (Figures 1F and 1G), as well as expressed moderate level of proliferation marker 157 

KI67 and spinal cord specific markers, such as NKX6-1 (~60%), NKX2-2 (~30%) and 158 

OLIG2 (~5%) (Figures 1F and 1G). Human iPSCs can also be differentiated into 159 

hiSCNPCs through hiNMPs with the same protocol, indicating the robustness of this 160 

method (Figures S1B, S1C and S1F).  161 

To further determine the dynamic changes from hESCs to hSCNPCs at the 162 

transcriptomic level, we performed bulk RNA sequencing during NeuDet stage and 163 

hSCNPCs at different passages. PCA analysis based on regulon expression showed that 164 

three major cell groups, hNMPs, differentiating neural progenitors and passaged 165 

hSCNPCs, were aligned in a timely order (Figure 1H). Regulon analysis showed that 166 

hNMPs mainly enriched with Gene Ontology (GO) terms of cell cycle process, Wnt 167 

signaling pathway and fibroblast growth factor receptor signaling pathway; NeuDet 168 
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stage differentiating neural progenitors mainly enriched with stem cell differentiation 169 

and spinal cord development; passaged hSCNPCs enriched mainly with 170 

anterior/posterior pattern specification and neural precursor cell proliferation (Figure 171 

1I). Interestingly, we observed a caudalized shift of HOX genes expression from 172 

HOXC6-8 at NeuDet stage to HOXC9-10 in passaged hSCNPCs (Figure 1I), suggesting 173 

an enhanced posterior signature during the derivation process. Comparison of the 174 

transcriptome of our hSCNPCs with that of human developing brain (Allen Brain Atlas) 175 

and human developing spinal cord (Rayon et al., 2021) confirmed that hSCNPCs are 176 

resembling to human developing spinal cord (Figure 1J).  177 

Taken together, these results suggest that we have successfully obtained a neural 178 

progenitor cell line with human spinal cord features. 179 

 180 

Fast and direct differentiation of posterior spinal motor neurons from hSCNPCs 181 

To test the motor neuron differentiation ability of hSCNPCs, we dissociated hSCNPCs 182 

into single cells and seeded with a density of 100,000 cell/cm2 on PDL and Matrigel-183 

coated plates and differentiated in N2B27 medium containing Purmorphamine, 184 

Compound E, brain-derived neurotrophic factor (BDNF), glial cell line-derived 185 

neurotrophic factor (GDNF) and Neurotrophin-3 (NT-3) (Figure 2A). In this medium, 186 

hSCNPCs can be quickly differentiated into immature motor neurons expressed 187 

markers of HB9 (~90%) and ISL1 (~70%) at day 6 (D6) (Figures 2B and 2D). By day 188 

18 (D18), hSCNPCs-derived motor neurons expressed homogeneously mature neuronal 189 

markers, such as SMI-32 (~90%), NEUN (~90%) and MAP2 (~90%) (Figures 2C and 190 

2D). These cells also expressed motor neuron subtype-specific markers, such as choline 191 

acetyltransferase (ChAT) and vesicular acetylcholine transporter (VAChT) at high 192 

percentages (Figures 2E and 2F). Other neuronal subtypes, such as glutamatergic 193 

neurons (VGLUT), GABAergic neurons (GAD67) and dopaminergic neurons (TH), 194 

were barely detectable (Figures 2E and 2F), suggesting that this method is a highly 195 

efficient spinal motor neuron differentiation protocol. 196 
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HOX genes play an important role in the rostrocaudal axis and spinal cord patterning, 197 

immunostaining analysis showed that hSCNPCs-derived spinal motor neurons mainly 198 

expressed HOXC9 (~70%) and HOXD11 (~30%), which were associated with thoracic 199 

and lumbar spinal domains, respectively (Figures 2G and 2H). The regional identities 200 

of hindbrain (HOXB4), cervical spinal (HOXC6) and lumbar spinal cord (HOXD10) 201 

were hardly detectable (Figures 2G and 2H). To further illustrate the expression patterns 202 

of HOX family genes during spinal motor neuron differentiation, we profiled 4 HOX 203 

clusters of 39 genes in the RNA-seq data. In line with the immunostaining results, spinal 204 

motor neurons generated from hSCNPCs specifically expressed HOXC9 (Figure 2J). 205 

Together, these results suggest that the motor neurons this protocol induced are the 206 

posterior spinal motor neurons. 207 

Similarly, the motor neurons derived from hiPSCs through hiSCNPCs using the same 208 

protocol also showed comparable expression levels of spinal motor neuron markers and 209 

HOX proteins (Figure S2B). 210 

To gain insights into the transcriptomic alterations during spinal motor neuron 211 

differentiation, we employed time course RNA-seq analysis every 6 days from D0 to 212 

D30, as well as D42. The SCENIC algorithm identified 252 regulons (Figure S2C) and 213 

the PCA analysis showed a turning point at D6 (Figure 2I). Heatmap and GO term 214 

analysis showed that D0-D6 regulons were enriched with terms of spinal cord 215 

patterning, cell cycle DNA replication and neural precursor cell proliferation, and 216 

regulons of late stage were corresponding to neuron migration, neural tube formation, 217 

neuromuscular junction development and neurotransmitter secretion (Figure S2C). 218 

Hence, the spinal motor neuron differentiation process could be divided into two major 219 

events: motor neuron differentiation and maturation. We observed temporal activation 220 

of transcription factors that may account for the cell fate transition of hSCNPCs, for 221 

example, JUN, GBX2, FOXP2, ONCUT3 and SIX3 (Figure S2C). We also confirmed 222 

by RT-qPCR that the expression of NPC marker genes NESTIN and NKX2-2 were 223 

downregulated, while motor neuron progenitor specific marker NKX6-1 increased from 224 
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D0 to D18 and remained the expression level thereafter, indicating that NKX6-1 may 225 

play an important role during motor neuron fate determination and maintenance; the 226 

expression of immature neuronal marker TUJ1 increased sharply from D0 to D6, then 227 

dramatically decreased and maintained a relatively low level; and immature motor 228 

neuron markers HB9 and ISL1 increased from D0 to D12 then slowly decreased (Figure 229 

S2A). In contrast, the expression of mature neuronal marker NEUN and mature motor 230 

neuron markers ChAT and VAChT increased from D0 to D12, and were maintained 231 

afterwards (Figure S2A). 232 

To test whether hSCNPCs have the potential to give rise to other cell types of the 233 

spinal cord, we applied a spontaneous differentiation system to hSCNPCs. hSCNPCs 234 

were plated as single cells and differentiated in N2B27 medium without additional 235 

patterning factors. In this condition, hSCNPCs differentiated into mature neurons with 236 

centimeter-long axon bundles (Figures S2D and S2E). MicroRNA-218 (mir-218) was 237 

previously reported as an authentic marker of both rodent and human motor neurons 238 

(Amin et al., 2015; Amin et al., 2021; Hoye et al., 2018; Reichenstein et al., 2019). To 239 

compare the difference between spinal motor neurons and spontaneous differentiated 240 

neurons, time course RT-qPCR was performed for samples from both systems every 3 241 

days from D0 to D21. The results showed that mir-218-2 was specifically elevated in 242 

cells from spinal motor neuron differentiation system (Figure S2F). Albeit the much 243 

lower efficiency of motor neuron differentiation, we still detected HB9 positive cells in 244 

spontaneous culture. Interestingly, interneuron markers GABA and Somatostatin (SST) 245 

and astrocyte marker S100β were also presented in spontaneous differentiation (Figure 246 

S2G), indicating that hSCNPCs as neural progenitors have the capacity to generate the 247 

major neural cell lineages of spinal cord. 248 

 249 

Functional characterization of posterior spinal motor neuron derived from 250 

hSCNPCs 251 

To characterize the functional maturation of the posterior spinal motor neurons, we 252 
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 10 

performed whole-cell patch-clamp and CMOS-based high-density microelectrode array 253 

(HD-MEA) recordings. Spinal motor neurons co-cultured with astrocytes exhibited a 254 

mature morphology with abundant dendrites and long axons, and expressed mature 255 

motor neuron marker SMI-32 (Figures S3A and S3B). The action potentials (APs) were 256 

examined during 42 days of spinal motor neuron differentiation by whole-cell patch-257 

clamp (Figure 3A). In response to a series of step current injections, 20% neurons could 258 

quickly generate single spike at D6 of differentiation and the mean amplitude was 24.12 259 

± 6.39 mV. After 12 days of differentiation, 50% neurons fired trains of APs and the 260 

mean amplitude was 41.27 ± 3.53 mV. At day 18, near 80% neurons fired repetitive APs 261 

at a mean amplitude of 47.76 ± 3.27 mV. As maturation progressively increased, 100% 262 

of recorded neurons showed sharp and repetitive spikes at 24 days, 30 days and 42 days 263 

of differentiation with mean amplitudes of 67.77 ± 2.69 mV, 71.91 ± 2.52 mV and 69.14 264 

± 2.63 mV, respectively (Figures 3A-3C and S3C). Statistical analysis of AP thresholds 265 

and resting membrane potentials (RMPs) showed that the mean values of AP thresholds 266 

and RMPs became more negative as the in vitro culture proceeded and reached a plateau 267 

after 24 days of spinal motor neuron differentiation at -32.15 ± 1.14 mV and -48.73 ± 268 

1.12 mV, respectively (Figures 3D and 3E). A gradual reduction from ~1 GΩ to ~0.5 269 

GΩ of input resistance (Rin) was also observed during spinal motor neuron maturation 270 

(Figure 3F). The F-I curves of spinal motor neurons from D6 to D42 exhibited a gradual 271 

increase in spike frequency under the increasing current injections from 0 pA to 30 pA 272 

and reached a plateau under the current injection over 30 pA (Figure 3G). Together, 273 

whole-cell patch-clamp recordings reveal that hSCNPCs-derived spinal motor neurons 274 

exhibit a fast maturation property at 24 days of differentiation, and show the highest 275 

electrophysiological function at D30 and then under a slight degeneration at D42 of 276 

differentiation. 277 

To comprehensively investigate the maturity of spinal motor neurons, we utilized the 278 

CMOS-based HD-MEA platform, which is a high-throughput and high-resolution 279 

system containing 26,400 electrodes and 1,024 simultaneous recording channels 280 
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(Muller et al., 2015; Sundberg et al., 2021; Yuan et al., 2020). We first scanned and 281 

analyzed the entire HD-MEA electrode array to examine spontaneous neural activities 282 

during spinal motor neuron differentiation. The percentage of active electrodes rose 283 

rapidly from D6 to D18 and then was stabilized at about 75% thereafter (Figure 3H). 284 

The presented heatmaps of firing rate over the time course differentiation from D6 to 285 

D42, and statistical analysis of mean firing rate (MRF) showed that the time span for 286 

functional maturity is from D18 to D42, which is consistent with whole-cell patch-287 

clamp results (Figures 3C and 3I). Then, axon tracking and spike sorting assays were 288 

performed to depict the functional images of axons and neurites of single neurons 289 

during spinal motor neuron differentiation (Figure 3J). We assessed the axon tracking 290 

metrics including mean neuron conduction velocity (m/s), mean total axon length (μm), 291 

mean longest branch length (μm), mean longest distance from initiation site (μm) and 292 

mean longest latency (ms). These results showed that all of the parameters described 293 

above were steadily increased accompanying the differentiation progresses, pointing to 294 

a step-wise electrophysiological maturation of the spinal motor neurons (Figure 3K).  295 

  Neural networks or neural circuits are featured by synchronous signals which are 296 

based on connections between pre- and postsynaptic neurons. To assess the neural 297 

network properties of spinal motor neurons, we performed network analysis during 298 

differentiation. No synchronous burst was observed from D6 to D42 after 299 

differentiation, while network oscillations were demonstrated in cortical neurons 300 

differentiated from iNSCs previously generated in our lab (Zhang et al., 2019) (Figure 301 

3L). Moreover, we also used whole-cell patch-clamp to record spontaneous 302 

postsynaptic currents (sPSC) of spinal motor neurons at D30 of differentiation and no 303 

sPSC were recorded (Figure S3D). Although the spinal motor neurons can produce 304 

robust and abundant single burst (data not shown), they were yet to form microcircuit 305 

assembly under an in vitro culture system. We reasoned that the spinal motor neurons 306 

derived from hSCNPCs are of high purity and were not able to form synapses without 307 

other cell types. To test this hypothesis, immunofluorescent staining of pre- and 308 
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postsynaptic markers synaptophysin (SYP) and PSD95 was performed to characterize 309 

synapse formation. The results showed that hSCNPCs-derived spinal motor neurons 310 

expressed only presynaptic marker synaptophysin but not postsynaptic marker PSD95, 311 

while iNSCs differentiated cortical neurons expressed them both (Figure 3M).  312 

Taken together, both whole-cell patch-clamp and CMOS-based HD-MEA results 313 

reveal that hSCNPCs differentiated spinal motor neurons exhibit a fast mature property 314 

from D18 onward.  315 

 316 

Generation and characterization of 3D spinal motor neuron spheroids from 317 

hSCNPCs 318 

Spinal motor neurons aggregate to form motor columns and pools in the spinal cord 319 

during vertebrate development, of which the somata reside in the spinal cord while the 320 

axons extend out to target muscles (Dasen et al., 2005; De Marco Garcia and Jessell, 321 

2008; Guthrie, 2004). In order to mimic in vivo spinal motor neuron aggregates and 322 

neuron-muscle interaction in vitro, we generated three-dimensional (3D) spinal motor 323 

neuron spheroids from hSCNPCs and tried to find the suitable conditions for co-culture 324 

spinal motor neurons with muscle cells. Single hSCNPCs suspension was prepared and 325 

seeded in V-bottom 96-well plates at 50,000 cells/well to differentiate into 3D spinal 326 

motor neuron spheroids in the presence of Purmorphamine, Compound E, BDNF, 327 

GDNF, NT-3 and CultureOneTM supplement in N2B27 medium (Figure 4A). Time 328 

course RT-qPCR showed that the expression levels of spinal cord neural progenitor 329 

marker genes NESTIN, NKX2-2 and immature motor neuron marker genes TUJ1, HB9 330 

and ISL1 declined in this 3D differentiation system; on the contrary, the expression of 331 

mature spinal motor neuron marker genes NEUN, ChAT and VAChT gradually increased 332 

until D12 (Figure 4B). To further confirm the spinal motor neuron feature, maturity and 333 

regional identity of 3D spinal motor neuron spheroids at D12 of differentiation, we 334 

performed immunofluorescent staining of cryosection spheroids at D12. The results 335 

showed that hSCNPCs-derived 3D spinal motor neuron spheroids homogeneously 336 
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expressed motor neuron markers HB9 and SMI-32, mature neuronal markers NEUN 337 

and MAP2 and mature motor neuron markers ChAT and VAChT (Figures 4C and 4D). 338 

For regional identity, many cells (~60%) of spinal motor neuron spheroids expressed 339 

HOXC9, but no cell expressed HOXB4 (Figures 4E and 4F). Collectively, these results 340 

suggest that the suitable time for spinal motor neuron spheroids to co-culture with 341 

muscle cells is at differentiation D12. 342 

 343 

Formation pattern of complex and pretzel-shaped acetylcholine receptor 344 

aggregates during C2C12 myogenic differentiation  345 

One of the most important roles of spinal motor neurons is to form neuromuscular 346 

junctions (NMJs) with targeted muscles, leading to muscle innervation. To model NMJ 347 

formation in vitro with hSCNPCs-derived spinal motor neurons, a robust and 348 

reproducible co-culture system of spinal motor neurons and skeletal muscles is a 349 

prerequisite. To obtain an optimized myotube differentiation condition, we tested four 350 

combinations of different cell seeding densities and durations of propagation stage, then 351 

differentiated the cells for another 6 days (Figure S4A). Immunofluorescent staining of 352 

mature muscle fiber marker myosin heavy chain (MyHC) and fluorescent α-353 

bungarotoxin (α-BTX) staining showed that C2C12 cells differentiated into the most 354 

complex structure and the highest numbers of AChR clusters with an initial seeding 355 

density of 40,000 cells/cm2 and 2 days propagation (Figures S4B and S4C). Thus, we 356 

established a differentiation protocol to proliferate C2C12 cells in propagation medium 357 

containing 10% FBS-DMEM for 2 days and subjected these cells to differentiate for 14 358 

days with 2% horse serum (HS) (Figure 5A). Immunostaining analysis showed that 359 

AChR accumulated into small plaques at day 4 of myogenic differentiation, which 360 

became branched forms and pretzel-like shaped clusters at day 6, and then diffused 361 

along the myotubes at day 8 (Figures 5B and S4C). We also quantified the fiber length, 362 

fiber width, nuclei numbers per fiber, MyHC surface area, AChR area and the ratio of 363 

AChR to MyHC. The results showed that C2C12 fused into myotube and gradually 364 
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matured to form muscle fibers from day 0 to day 6, and then degenerated afterwards 365 

(Figure 5C).  366 

Taken together, we have established a protocol to differentiate C2C12 into mature 367 

muscle fibers with abundant and pretzel-shaped aneural AChR clusters. 368 

 369 

Co-culture spinal motor neuron spheroids and C2C12-derived muscle fibers to 370 

form NMJ-like structures in vitro 371 

After obtaining the proper differentiation conditions for muscle cells and spinal motor 372 

neuron spheroids, we next sought to find a suitable condition to co-culture these two 373 

types of cells to model the NMJ formation in vitro. To this end, we first attempted to 374 

determine the co-culture medium by testing different combinations of basal medium 375 

(DMEM or N2B27), chemical additives (with or without supplementation of 376 

Purmorphamine and Compound E (P/E)) and serum (horse serum (HS) or UltroserTM 377 

G serum substitute (UG)). Having separately cultured these two types of cells in these 378 

different co-culture media for 2 days, we found that 0.2% UG and DMEM medium 379 

supported both 3D spinal motor neuron spheroids differentiation and C2C12 myotube 380 

fusion more efficiently than the other conditions, and Purmorphamine or Compound E 381 

showed no additive effect (Figures 6A and 6B). Furthermore, RT-qPCR confirmed that 382 

mature motor neuron marker genes NEUN, VAChT and ChAT and AChR associated 383 

markers musk, chrng and chrne were highly expressed in this condition (Figures 6C and 384 

6D). Hence, we have obtained a co-culture medium that facilitates both motor neuron 385 

and myogenic differentiation.  386 

To co-culture motor neurons and muscle cells, we added differentiation day 12 spinal 387 

motor neuron spheroids onto day 4 muscle fibers derived from C2C12 myogenic 388 

differentiation, then cultured them in the DMEM medium supplemented with 0.2% UG 389 

for 2 days (Figure 6E). Immunostaining analysis showed that spinal motor neuron 390 

spheroids extended neurites following the orientations of muscle fibers (Figure 6F), 391 

indicating that muscle fibers may have a guiding cue on axonal growth of motor neurons. 392 
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Furthermore, MyHC, TUJ1 and α-BTX co-staining showed that NMJ-like structures 393 

were formed in vitro after co-culturing hSCNPCs-derived 3D spinal motor neuron 394 

spheroids with C2C12-derived muscle fibers for 2 days (Figure 6G).  395 

Taken together, we have established a co-culture system, in which both spinal motor 396 

neurons and muscle cells could differentiate to maturation and form NMJ-like 397 

structures in vitro.  398 

 399 

 400 

DISCUSSION 401 

 402 

In this study, we differentiated hPSCs into self-renewal hSCNPCs through human 403 

NMPs. These neural progenitor cells express homogeneous pan-NPC markers as well 404 

as spinal cord specific markers and can be passaged over 40 times in vitro. The 405 

hSCNPCs could be further differentiated into high-purity motor neurons with posterior 406 

spinal cord regional identity. The spinal motor neurons derived from hSCNPCs could 407 

be electrophysiologically mature after long-term differentiation. Moreover, co-culture 408 

of hSCNPCs-derived spinal motor neurons with C2C12-derived muscle fibers could 409 

form NMJ-like structures in vitro.  410 

There is enormously regional diversity in the central nervous system. Conventionally, 411 

the generation of regional specific NPCs from hPSCs follows a general principle of 412 

neural development, hypothesized as an “activation transformation” paradigm. This 413 

model proposes that cells first undergo neural induction (“activation”) to form default 414 

anterior neural fates and caudal regions of motor neurons are generated by induction 415 

under caudalising signals such as RA and ventralizing factor SHH (“transformation”) 416 

(Mangold, 1933; Nieuwkoop and Nigtevecht, 1954; Stern, 2001). In vitro stepwise 417 

differentiation of motor neuron progenitors (MNPs) commonly contains two major 418 

steps. hPSCs are first differentiated into neuroepithelial (NE) cells within two weeks, 419 

then NE cells are specified to MNPs in the presence of RA and SHH (Du et al., 2015; 420 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 27, 2022. ; https://doi.org/10.1101/2022.06.26.495599doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.26.495599
http://creativecommons.org/licenses/by-nc-nd/4.0/


 16 

Hu and Zhang, 2009; Lee et al., 2007; Li et al., 2005). Meanwhile, dual-SMAD 421 

inhibitors are used to increase the differentiation efficiency of NE cells and shorten the 422 

differentiation time (Chambers et al., 2009). However, the most caudal markers 423 

characterized in those studies are relative to hindbrain and cervical region of anterior 424 

spinal cord (Sances et al., 2016). Mechanistic studies also reveal that RA treatment leads 425 

to the binding of retinoic acid receptors (RARs) to Hox1-5 chromatin domains (Mahony 426 

et al., 2011; Mazzoni et al., 2013). Increasing evidences have indicated that posterior 427 

spinal cord has a distinct developmental origin from NMPs (Gouti et al., 2014; Metzis 428 

et al., 2018; Tzouanacou et al., 2009). Human spinal cord neural stem cells have been 429 

generated from hPSCs through a transient stage of NMP, but the efficiency of SOX2 430 

and Brachyury (T) double positive NMPs is only around 50% (Kumamaru et al., 2018), 431 

raising the potential safety concerns. In this study, we have optimized human NMPs 432 

differentiation system and obtained over 90% efficiency (Figure 1). Importantly, this 433 

protocol is stable and reproducible due to optimized seeding density and standard 434 

operation procedures which could facilitate its clinical usage. The hSCNPCs can be 435 

derived from human NMPs and exhibit spinal cord specific features by expressing 436 

NKX6-1, NKX2-2 and OLIG2 with continuously passage property in vitro (Figure 1).  437 

As one of the vital cell types in the spinal cord, motor neurons (MNs) are of great 438 

clinical importance in spinal cord injury as well as motor neuron diseases such as ALS 439 

and SMA (Fujimori et al., 2018; Olmsted et al., 2021; Sances et al., 2016; Wang et al., 440 

2013). Conventionally, differentiation of postmitotic motor neuron has disadvantages 441 

in time consumption, low efficiency and particularly incapable of making caudal spinal 442 

motor neurons (Hu and Zhang, 2009; Sances et al., 2016). The hSCNPCs based spinal 443 

motor neuron differentiation is robust and only takes 18 days to generate ChAT and 444 

VAChAT positive mature spinal motor neurons, and these cells express posterior spinal 445 

cord HOX markers such as HOXC9 and HOXD11 (Figure 2). Furthermore, the whole-446 

cell patch-clamp and HD-MEA recordings showed that the hSCNPCs-derived spinal 447 

motor neurons can fire single AP as early as 6 days of differentiation and over 80% cells 448 
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can fire APs at day 18. By day 30, the membrane properties of spinal motor neurons 449 

reach to the most mature function (Figure 3). HD-MEA analyses also showed a 450 

consistent maturation pattern as patch-clamp electrophysiology illustrated (Figure 3).  451 

In motor neuron diseases, the core synapse and therapeutic relevant structure is the 452 

neuromuscular junction (NMJ) (Kariya et al., 2014; Picchiarelli et al., 2019). In vitro 453 

modeling of NMJ has been challenging, which demands proper juxtaposition of both 454 

spinal motor neuron and skeletal muscle differentiation (Bakooshli et al., 2019; Guo et 455 

al., 2011; Martins et al., 2020; Osaki et al., 2020). The established protocols for 456 

generating NMJ in vitro can hardly form pretzel-shaped NMJ structures. By optimizing 457 

the C2C12 differentiation process, we showed that the AChR cluster formation begins 458 

at day 4 and degenerates at day 8 of in vitro differentiation (Figure 4). Moreover, we 459 

also have established a protocol to differentiate hSCNPCs into 3D spinal motor neuron 460 

spheroids which can better mimic the positional relation between spinal motor neurons 461 

and skeletal muscle fibers (Figure 5). Spinal motor neurons and skeletal muscle fibers 462 

favor different culture conditions (Barbeau et al., 2020). For example, muscle fiber 463 

differentiation needs horse serum whereas serum does not benefit neural differentiation. 464 

Thus, we have systematically screened different co-culture conditions, and have found 465 

that DMED medium supplemented with UltroserTM G serum substitute is most suitable 466 

for co-culture of hSCNPCs-derived spinal motor neuron spheroids and C2C12-derived 467 

muscle fibers. Finally, we have obtained an efficient co-culture system for spinal motor 468 

neurons and skeletal muscles, and reproduced NMJ-like structures in vitro (Figure 6). 469 

  Adult mammals have limited regeneration of CNS, while stem cells-derived NPCs 470 

hold promises to restoring functional neural circuits in vivo (Varadarajan et al., 2022). 471 

Studies of cell transplantation therapy of SCI also provide evidences of motor neuron 472 

progenitors on the recovery of locomotor functions (Ceto et al., 2020; Kadoya et al., 473 

2016; Kumamaru et al., 2018; Kumamaru et al., 2019). The hSCNPCs-derived from 474 

high-purity NMPs and exhibit spinal cord specific properties, and can be largely 475 

expanded to meet the need of high-volume cell transplantation. Besides, the ability to 476 
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form NMJ and 3D sophistical structure would facilitate the mechanistic studies of 477 

human spinal motor neurons in development and disease. We expect the availability of 478 

hSCNPCs will hold great potential for regenerative medicine and translational study. 479 

 480 
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Main Figures titles and legends 500 

 501 

Figure 1. Generation and characterization of human spinal cord neural progenitor 502 

cells from hPSCs 503 

(A) Schematic procedure for generating hSCNPCs and hiSCNPCs from hPSCs (H9, 504 

DC60-3, DC87-3) with all stages, media and factors. 505 

(B) Immunostaining of hNMPs markers SOX2 and Brachyury (T) at day 4. Scale bar, 506 

50 μm. 507 

(C) Quantification of SOX2 and Brachyury (T) double positive cells over DAPI of 508 

hNMPs-D4. n = 4 independent experiments. Data are represented as mean ± SD. 509 

(D) Principal component analysis of time course samples during hNMPs differentiation 510 

and the previously published samples of NKX1-2-GFP sorted human nmps (Verrier et 511 

al., 2018). 512 

(E) Cumulative growth curve of hSCNPCs counts over 40 passages. n = 2 independent 513 

experiments. Data are represented as mean ± SD. 514 

(F) Immunostaining of hSCNPCs (top panel exhibited pan-NPC markers and 515 

proliferation marker; bottom panel exhibited spinal cord specific NPC markers). Scale 516 

bar, 50 μm. 517 

(G) Quantification of results shown in Figure 1F. n = 5 independent experiments. Data 518 

are represented as mean ± SD. 519 

(H) Principal component analysis of samples from hESCs (H9) to hSCNPCs at each 520 

time point shown in Figure 1A. 521 

(I) The heat-map showing three regulon groups in samples of hESCs (H9) to hSCNPCs 522 

with listing representative regulon transcription factors (numbers of predicted target 523 

genes by SCENIC in the brackets) and enriched GO terms for each regulon group. 524 

(J) Comparative analysis of whole transcriptome of hSCNPCs at different passages to 525 

dataset from Allen Brain Atlas of developing human brain and previous published 526 

dataset of developing human spinal cord. 527 

 528 
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Figure 2. Fast and high-efficient posterior spinal cord motor neuron 529 

differentiation from hSCNPCs  530 

(A) Schematic illustration of direct spinal motor neurons differentiation from hSCNPCs 531 

and hiSCNPCs (derived from H9, DC60-3 and DC87-3). 532 

(B) Immunofluorescent images demonstrating the expression of motor neuron markers 533 

HB9, ISL1 of hSCNPCs direct differentiated spinal motor neurons at day 6. Scale bar, 534 

50 μm. 535 

(C) Immunofluorescent images demonstrating the expression of mature motor neuron 536 

marker SMI-32 and mature neuronal markers NEUN and MAP2 of hSCNPCs direct 537 

differentiated spinal motor neurons at day 18. Scale bar, 50 μm.  538 

(D) Quantification of results shown in Figures 2B and 2C. n = 5 independent 539 

experiments. Data are represented as mean ± SD. 540 

(E) Immunofluorescent images of neurotransmitter markers ChAT, VAChT, VGLUT, 541 

GAD67 and TH of hSCNPCs-derived spinal motor neurons at day 18. Scale bar, 50 μm.  542 

(F) Quantification of results shown in Figure 2E. n = 5 independent experiments. Data 543 

are represented as mean ± SD. 544 

(G) Immunofluorescent staining of HOX family genes HOXB4, HOXC6, HOXC9, 545 

HOXD10 and HOXD11 of hSCNPCs-derived spinal motor neurons at day 18. Scale 546 

bar, 50 μm.  547 

(H) Quantification of results shown in Figure 2F. n = 5 independent experiments. Data 548 

are represented as mean ± SD. 549 

(I) Principal component analysis of samples from hSCNPCs to spinal motor neurons at 550 

each time point shown in Figure 2A. 551 

(J) 39 HOX genes expression profiles during spinal motor neuron differentiation from 552 

hSCNPCs. 553 

 554 

Figure 3. Functional characterization of hSCNPCs direct differentiated posterior 555 

spinal motor neurons  556 

(A) Representative recording traces of hSCNPCs-derived spinal motor neurons from 557 

day 6 to day 42 in response to step current injection. 558 
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(B) Percentages of hSCNPCs-derived spinal motor neurons from day 6 to day 42 with 559 

AP and no AP. N numbers of technical replicates were shown in figures from 3 560 

independent experiments. Data are represented as mean ± SD. 561 

(C) Quantification of AP amplitude of hSCNPCs-derived spinal motor neurons from 562 

day 6 to day 42. N numbers of technical replicates were shown in figures from 3 563 

independent experiments. Data are represented as mean ± SD. 564 

(D) Quantification of AP threshold during hSCNPCs spinal motor neurons 565 

differentiation from day 6 to day 42. N numbers of technical replicates were shown in 566 

figures from 3 independent experiments. Data are represented as mean ± SD. 567 

(E) Quantification of resting membrane potential (RMP) of hSCNPCs-derived spinal 568 

motor neurons from day 6 to day 42. N numbers of technical replicates were shown in 569 

figures from 3 independent experiments. Data are represented as mean ± SD. 570 

(F) Quantification of input resistance (Rin) of hSCNPCs-derived spinal motor neurons 571 

decreased over the differentiation process. N numbers of technical replicates were 572 

shown in figures from 3 independent experiments. Data are represented as mean ± SD. 573 

(G) Comparison of F-I curves from hSCNPCs-derived spinal motor neurons at day 6, 574 

day 12, day 18, day 24, day30 and day 42. Data were collected from 3 independent 575 

experiments. Data are represented as mean ± SD. 576 

(H) Spatial distribution maps of active spikes and the quantification results during 577 

spinal motor neuron differentiation from day 6 to day 42. n = 3 independent experiments. 578 

Data are represented as mean ± SD. 579 

(I) Representative mean firing rate and the quantification results during spinal motor 580 

neuron differentiation from day 6 to day 42. n = 3 independent experiments. Data are 581 

represented as mean ± SD. 582 

(J) Representative axon tracking maps during spinal motor neuron differentiation from 583 

day 6 to day 42. 584 

(K) Quantification results of axon tracking during spinal motor neuron differentiation 585 

from day 6 to day 42. Data were collected from 3 independent experiments. Data are 586 

represented as mean ± SD. 587 

(L) Network analysis during spinal motor neuron differentiation from day 6 to day 42 588 
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and cortical neuron at day 18 as a positive control. 589 

(M) Immunostaining of pre- (SYP, Synaptophysin) and post-synaptic (PSD95) markers 590 

of hSCNPCs-MNs and cortical neurons at day 18. Scale bar, 50 μm. 591 

 592 

Figure 4. Three-dimensional spinal motor neuron spheroids differentiation from 593 

hSCNPCs  594 

(A) Schematic illustration of the differentiation process of three-dimensional spinal 595 

motor neuron spheroids. 596 

(B) Fold changes of marker genes expression (relative to the expression level of 597 

GAPDH) during 3D spinal motor neuron spheroids differentiation. n = 4 independent 598 

experiments. Data are represented as mean ± SD. 599 

(C) Immunofluorescent staining of HB9, SMI-32 and NEUN in spinal motor neuron 600 

spheroids at day 12 after differentiation. Scale bar, 50 μm. 601 

(D) Immunofluorescent staining of MAP2, ChAT and VAChT in spinal motor neuron 602 

spheroids at day 12 after differentiation. Scale bar, 50 μm. 603 

(E) Immunofluorescent staining of HOXB4 and HOXC9 in spinal motor neuron 604 

spheroids at day 12 after differentiation. Scale bar, 50 μm. 605 

(F) Statistic analysis and quantification of Figure 4E. n = 3 independent experiments. 606 

Data are represented as mean ± SD. Student’s t test. P value was presented in the figure. 607 

 608 

Figure 5. Step-wise myogenic differentiation of C2C12  609 

(A) Schematic procedure of C2C12 differentiation. 610 

(B) Immunostaining of muscle fiber marker (MyHC) and AChR during muscle fiber 611 

differentiation of C2C12 from day 0 to day 14. Scale bar, 50 μm. 612 

(C) Quantification results of Figure 5B. Data were collected from 3 independent 613 

experiments. Data are represented as mean ± SD. 614 

 615 

Figure 6. Co-culture of hSCNPCs-derived spinal motor neuron spheroids and 616 

C2C12-derived muscle fibers to form neuromuscular junctions in vitro 617 

(A) Representative bright-field images of the differentiated spinal motor neuron 618 
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spheroids based on differential co-culture medium compositions. Scale bar, 100 μm. 619 

(B) Representative bright-field images of the differentiated muscle fibers based on 620 

differential co-culture medium compositions. Scale bar, 100 μm. 621 

(C) Fold changes of mature motor neuron marker genes (NEUN, ChAT and VAChT) 622 

expression on differential co-culture medium. Data were collected from 2 independent 623 

experiments. Data are represented as mean ± SD. 624 

(D) Fold changes of AChR markers (musk, chrng and chrne) genes expression on 625 

differential co-culture medium. Data were collected from 2 independent experiments. 626 

Data are represented as mean ± SD. 627 

(E) Schematic illustration of co-culture model. 628 

(F) Immunofluorescent images demonstrating motor neurons extending patterns when 629 

co-cultured with muscle fibers. Scale bar, 50 μm. 630 

(G) Immunofluorescent staining of neuronal marker (TUJ1), mature muscle marker 631 

(MyHC) and AChR marker (α-BTX) on co-cultured cells. Scale bar, 50 μm. 632 

 633 

Supplementary Figures titles and legends 634 

 635 

Figure S1. Characterization of human NMPs and hSCNPCs from hPSCs 636 

(A) Immunofluorescent staining of human NMP marker (CDX2) and the quantification 637 

results. Scale bar, 50 μm. n = 3 independent experiments. Data are represented as mean 638 

± SD. 639 

(B) Immunofluorescent staining of human NMP markers (SOX2 and Brachyury) of 640 

hiPSCs (DC60-3 and DC87-3)-derived NMPs and the quantification results. Scale bar, 641 

50 μm. n = 3 independent experiments. Data are represented as mean ± SD. 642 

(C) Immunofluorescent staining of human NMP marker (CDX2) of hiPSCs (DC60-3 643 

and DC87-3)-derived NMPs and the quantification results. Scale bar, 50 μm. n = 3 644 

independent experiments. Data are represented as mean ± SD. 645 

(D) Relative marker genes expression of during NeuDet stage. n = 3 independent 646 

experiments. Data are represented as mean ± SD. 647 
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(E) Karyotyping of hSCNPCs at P40. 648 

(F) Immunofluorescence analysis of hiPSCs (DC60-3 and DC87-3)-derived hiSCNPCs 649 

and the quantification results. Scale bar, 50 μm. n = 3 independent experiments. Data 650 

are represented as mean ± SD. 651 

 652 

Figure S2. Characterization of hiSCNPCs and multi-potency of hSCNPCs 653 

(A) Relative marker genes expression during spinal motor neuron differentiation from 654 

hSCNPCs. n = 3 independent experiments. Data are represented as mean ± SD. 655 

(B) Immunostaining characterization of hiSCNPCs (Derived from hiPSCs lines DC60-656 

3 and DC87-3) differentiated spinal motor neurons at day 18. Scale bar, 50 μm. 657 

(C) The heat-map showing two regulon groups in samples of spinal motor neuron 658 

differentiation from hSCNPCs with listing representative regulon transcription factors 659 

(numbers of predicted target genes by SCENIC in the brackets) and enriched GO terms 660 

for each regulon group. 661 

(D) Bright field of hSCNPCs spontaneous differentiated neurons. Scale bar, 500 μm.  662 

(E) Immunofluorescent staining of hSCNPCs spontaneous differentiated neurons with 663 

neuronal marker TUJ1. Scale bar, 100 μm. 664 

(F) Comparison of mir-218-2 expression levels during hSCNPCs spinal motor neuron 665 

differentiation and spontaneous differentiation. n = 2-3 independent experiments. Data 666 

are represented as mean ± SD. 667 

(G) Immunostaining characterization of hSCNPCs with motor neuron marker (HB9), 668 

interneuron marker (GABA, SST) and astrocyte marker (S100β). Scale bar, 50 μm. 669 

 670 

Figure S3. Electrophysiology of hSCNPCs differentiated spinal motor neurons.  671 

(A) Bright field illustration of motor neuron under patch clamping. Scale bar, 50 μm.  672 

(B) Immunofluorescent staining of TUJ1 and SMI-32 of spinal motor neurons co-673 

culture with astrocyte at day 30. Scale bar, 50 μm. 674 

(C) Sample AP traces in response to a series of step current injections from 0 pA to 60 675 

pA.  676 

(D) sPSCs of hSCNPCs are not observed in differentiated spinal motor neurons at day 677 
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30.  678 

 679 

Figure S4. Generation of C2C12 myogenic differentiation.  680 

(A) Schematic illustration of C2C12 SOP myogenic differentiation scheme. 681 

(B) Immunofluorescent staining of mature muscle marker (MyHC) and acetylcholine 682 

receptor accumulation (α-BTX). Scale bar, 200 μm. 683 

(C) Representative AChR images at C2C12 differentiated cell at day 6. Scale bar, 50 684 

μm. 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 

 705 

 706 
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KEY RESOURCES TABLE 707 

 708 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit polyclonal antibody 

anti-SOX2 Abcam Cat# ab97959, RRID: AB_2341193 

Goat polyclonal antibody anti-

Brachyury R&D Systems Cat# AF2085, RRID: AB_2200235 

Mouse monoclonal antibody 

anti-Nestin Millipore Cat# MAB5326, RRID: AB_11211837 

Goat polyclonal antibody anti-

SOX1  R&D Systems Cat# AF3369, RRID: AB_2239879 

Mouse monoclonal antibody 

anti-PAX6 Abcam Cat# ab78545, RRID: AB_1566562 

Rabbit monoclonal antibody 

anti-Ki67 Abcam Cat# ab16667, RRID:AB_302459 

Mouse monoclonal antibody 

anti-NKX6-1 DSHB  Cat# F55A10, RRID:AB_532378 

Mouse monoclonal antibody 

anti-NKX2-2 

Novus 

Biologicals Cat# NBP2-29432 

Rabbit polyclonal antibody 

anti-Olig-2 Millipore Cat# AB9610, RRID:AB_570666 

Rabbit monoclonal antibody 

anti-CDX2 Abcam Cat# ab76541, RRID:AB_1523334 

Mouse monoclonal antibody 

anti-HB9 DSHB  Cat# 81.5C10, RRID:AB_2145209 

Mouse monoclonal antibody 

anti-Islet-1 DSHB  Cat# 40.2D6, RRID:AB_528315 

Mouse monoclonal antibody 

anti-Neurofilament H (SMI-

32) BioLegend Cat# 801701, RRID:AB_2564642 

Rabbit polyclonal antibody 

anti-NEUN Millipore Cat# ABN78, RRID:AB_10807945 

Chicken polyclonal antibody 

anti-MAP2 BioLegend Cat# 822501, RRID:AB_2564858 

Goat polyclonal antibody anti-

CHAT Millipore Cat# AB144P, RRID:AB_2079751 

Rabbit polyclonal antibody 

anti-VAChT 

Synaptic 

Systems Cat# 139 103, RRID:AB_887864 
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Continued   

REAGENT or RESOURCE SOURCE IDENTIFIER 

Rabbit polyclonal antibody 

anti-VGLUT 1/2 

Synaptic 

Systems Cat# 135 503, RRID:AB_2285905 

Mouse monoclonal antibody 

anti-GAD67 Millipore Cat# MAB5406, RRID:AB_2278725 

Rabbit polyclonal antibody 

anti-Tyrosine Hydroxylase Millipore Cat# AB152, RRID:AB_390204 

Rat monoclonal antibody 

anti-HoxB4 DSHB  

Cat# I12 anti-Hoxb4, 

RRID:AB_2119288 

Rabbit polyclonal antibody 

anti-HoxC6 Abcam Cat# ab41587, RRID:AB_942001 

Mouse monoclonal antibody 

anti-HOXC9 Abcam Cat# ab50839, RRID:AB_880494 

Rabbit polyclonal antibody 

anti-HOXD10 Abcam Cat# ab76897, RRID:AB_2041677 

Rabbit polyclonal antibody 

anti-HOXD11 Proteintech Cat# 18734-1-AP, RRID:AB_2878558 

Rabbit monoclonal antibody 

anti-TUJ1 BioLegend 

Cat# MRB-435P-100, 

RRID:AB_663339 

Mouse monoclonal antibody 

anti-TUJ1 BioLegend Cat# 801202, RRID:AB_10063408   

Rabbit polyclonal antibody 

anti-GABA Sigma-Aldrich Cat# A2052, RRID:AB_477652 

Rat monoclonal antibody 

anti-SST Millipore Cat# MAB354, RRID:AB_2255365 

Rabbit polyclonal antibody 

anti-S100 Agilent Cat# Z0311, RRID:AB_10013383 

Rabbit monoclonal antibody 

anti-Synaptophysin  Abcam Cat# ab32127, RRID:AB_2286949 

Mouse monoclonal antibody 

anti-Synaptophysin 1 

Synaptic 

Systems Cat# 101 011, RRID:AB_887824 

Rabbit polyclonal antibody 

anti-PSD95 Abcam Cat# ab18258, RRID:AB_444362 

Mouse monoclonal antibody 

anti-Myosin (Skeletal, Fast) Sigma-Aldrich Cat# M4276, RRID:AB_477190 

α-Bungarotoxin, CF®594 Biotium Cat# 00007 

Chemicals, Peptides, and Recombinant Proteins 

bFGF PeproTech Car# 100-18B 

CHIR-99021 Selleck Car# S1263 

SB431542 Selleck Car# S1067 
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Continued   

REAGENT or RESOURCE SOURCE IDENTIFIER 

Dorsomorphin Selleck Car# S7840 

Y27632 Selleck Car# S1049 

Compound E Sigma-Aldrich Car# 565790 

Purmorphamine Selleck Car# S3042 

FGF-8 R&D Systems Cat# 423-F8-025 

BDNF PeproTech Cat# 450-02 

GDNF PeproTech Cat# 450-10 

NT-3 PeproTech Cat# 450-03 

DMEM, High glucose GIBCO Cat# 11965092 

DMEM/F-12, HEPES GIBCO Cat# 11330057 

Neurobasal Medium GIBCO Cat# 21103049 

NEAA GIBCO Cat# 11140050 

GlutaMAX GIBCO Cat# 35050061 

b-Mercaptoethanol Sigma-Aldrich Cat# M3148 

Matrigel Corning Cat# 354277 

Matrigel Corning Cat# 354230 

Penicillin/streptomycin GIBCO Cat# 15140122 

Accutase GIBCO Cat# A1110501 

Poly-D-Lysine GIBCO Cat# A3890401 

NeuroCult™ SM1 STEMCELL Cat# 05731 

N2 Supplement-A STEMCELL Cat# 07152 

Laminin GIBCO Cat# 23017015 

Terg-a-zyme Sigma-Aldrich Cat# Z273287 

Trypsin (2.5%) GIBCO Cat# 15090046 

Critical Commercial Assays 

FastQuant RT Kit (With 

gDNase) TIANGEN Cat# KR106 

Stormstar SYBR Green 

qPCR MasterMix 

DBI 

Bioscience Cat# DBI-2143 

Deposited Data 

RNA-Seq data This paper GSE 

Experimental models: Cell lines 

H9 human embryonic stem 

cell line 

WiCell 

Research 

Institute Cat# SCSP-302 
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Continued   

REAGENT or RESOURCE SOURCE IDENTIFIER 

Human induced pluripotent 

stem cell line: DC60, clone 3 

(Tao et al., 

2020) DC60-3 

Human induced pluripotent 

stem cell line: DC87, clone 3 

(Tao et al., 

2020) DC87-3 

Oligonucleotides 

qPCR Primers Table S1 N/A 

Software and Algorithms 

ImageJ ImageJ https://imagej.nih.gov/ij/download.html 

pCLAMP version 10.6 

Molecular 

Devices 

https://www.moleculardevices.com/ 

products/axon-patch-clamp-system/ 

acquisition-and-analysis-software/ 

pclamp-software-suite 

Graphpad Prism 6 

GraphPad 

Software 

https://www.graphpad.com/ 

scientific-software/prism/ 

Fastp (v0.12.1) 

(Chen et al., 

2018) https://github.com/OpenGene/fastp 

Hisat2 (v2.1.0) 

(Kim et al., 

2015) http://daehwankimlab.github.io/hisat2/ 

FeatureCounts (v1.5.3) 

(Liao et al., 

2014) 

http://subread.sourceforge.net/feature

Counts.html 

ComBat 

(Johnson et 

al., 2007) 

https://rdrr.io/bioc/sva/src/R/ComBat.

R 

Principal Components 

Analysis (PCA) (Jolliffe, 2002)  

scuttle 

McCarthy et 

al., 2017 

https://bioconductor.org/packages/rele

ase/bioc/html/scuttle.html 

SCENIC 

Aibar et al., 

2017 https://scenic.aertslab.org/ 

Metascape 

Zhou et al., 

2019 https://metascape.org/ 

 709 

 710 

 711 

 712 

 713 

 714 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 27, 2022. ; https://doi.org/10.1101/2022.06.26.495599doi: bioRxiv preprint 

https://imagej.nih.gov/ij/download.html
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://doi.org/10.1101/2022.06.26.495599
http://creativecommons.org/licenses/by-nc-nd/4.0/


 30 

STARMETHODS 715 

LEAD CONTACT AND MATERIALS AVAILABILITY 716 

For further information and requests for reagents and resource, please contact the 717 

leading correspondence Naihe Jing (njing@sibcb.ac.cn). All materials and reagents will 718 

be made available upon installment of a material transfer agreement (MTA). 719 

 720 

hPSCs Culture 721 

Human embryonic stem cells (H9) (Thomson et al., 1998) was obtained from WiCell 722 

Research Institute. Human induced pluripotent stem cells (DC60-3, DC87-3) were 723 

generated from human peripheral blood mononuclear cells (PBMNC) in our lab 724 

previously (Tao et al., 2020). Undifferentiated hPSCs were cultured in mTeSR1TM 725 

medium (STEMCELL Technologies) on Matrigel (Corning, hESCs-qualified)-coated 726 

cell culture plates. mTeSR1TM medium was changed every day and hPSCs clones were 727 

disassociated into small clumps with ReLeSR (STEMCELL Technologies) as required 728 

and passaged every 3-4 days. 729 

 730 

Generation of human neuromesodermal progenitors from hPSCs 731 

hPSCs (H9, DC60-3 and DC87-3) were disassociated into single cells with Accutase 732 

(Gibco) for 6-10 min at 37 ℃ incubator. hPSCs single cell suspension were counted 733 

and plated at a density of 45,000 cells/cm2 in mTeSR1TM medium on Matrigel 734 

(Corning)-coated cell culture plates for 1 day then cell culture medium was changed 735 

into hNMP differentiation medium at the second day and culture medium was changed 736 

every day up to day 4. 100 ml of hNMP differentiation medium composited with 47.5 737 

ml of DMEM/F12 (Gibco), 47.5 ml of Neurobasal (Gibco), 1 ml of N2 (STEMCELL 738 

Technologies, 100X), 2 ml of NeuroCult™ SM1 Without Vitamin A (STEMCELL 739 

Technology, 50X), 1 ml of NEAA (Gibco), 1 ml of GlutaMAX (Gibco), 20 ng/ml FGF-740 

2 (PeproTech), 3 μM CHIR99021 (Selleck), 10 μM SB431542 (Selleck), 20 μM 741 

Dorsomorphin (Selleck). 742 

 743 
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Generation of human spinal cord neural progenitor cells from hNMPs 744 

hNMPs were disassociated into single cells with Accutase (Gibco), and plated at a 745 

density of 100,000 cells/cm2 in hSCNPCs induction medium on Matrigel-coated cell 746 

culture plates. hSCNPCs induction medium was changed every day up to day 6. 100 ml 747 

of hSCNPCs induction medium composited with 47.5 ml of DMEM/F12 (Gibco), 47.5 748 

ml of Neurobasal (Gibco), 1 ml of N2 (STEMCELL Technologies, 100X), 2 ml of 749 

NeuroCult™ SM1 Without Vitamin A (STEMCELL Technology, 50X), 1 ml of NEAA 750 

(Gibco), 1 ml of GlutaMAX (Gibco), 100 ng/ml FGF-2 (PeproTech), 100 ng/ml FGF-751 

8 (PeproTech), 4 μM CHIR99021 (Selleck), 10 μM SB431542 (Selleck), 20 μM 752 

Dorsomorphin (Selleck), 0.2 μM Compound E (Sigma-Aldrich).  753 

 754 

hSCNPCs culture 755 

hSCNPCs were cultured in N2B27 medium supplemented with 2 μM SB431542, 3 μM 756 

CHIR99021, 0.25 μM Purmorphamine, 1X NEAA (Gibco), 1X GlutaMAX (Gibco) and 757 

0.1 mM 2-Mercaptoethanol (Sigma-Aldrich), on Matrigel (Corning)-coated cell culture 758 

plates. hSCNPCs were dissociated into single cells with Accutase (Gibco), and were 759 

plated on Matrigel (Corning)-coated plates in a density of 300,000/cm2 in hSCNPCs 760 

maintenance medium.  761 

 762 

Spinal motor neuron differentiation from hSCNPCs 763 

To differentiate hSCNPCs into motor neurons, hSCNPCs were dissociated into single 764 

cells with Accutase, counted and plated at a density of 100,000/cm2 on pre-treated dish 765 

(Dish pre-treated with PDL coated for 2 hours, wash 3 times with sterilized water and 766 

then Matrigel coated for 2 hours). 100 ml of motor neuron differentiation medium 767 

composited with 47.5 ml of DMEM/F12 (Gibco), 47.5 ml of Neurobasal (Gibco), 1 ml 768 

of N2 (STEMCELL Technologies, 100X), 2 ml of NeuroCult™ SM1 Without Vitamin 769 

A (STEMCELL Technology, 50X), 1 ml of NEAA (Gibco), 1 ml of GlutaMAX (Gibco), 770 

1 μM Purmorphamine, 0.2 μM Compound E, 10 ng/ml BDNF, 10 ng/ml GDNF, 10 771 

ng/ml NT-3. 10 μM Y27632 was added at the plating day. The motor neuron 772 

differentiation medium was changed every other day. 773 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 27, 2022. ; https://doi.org/10.1101/2022.06.26.495599doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.26.495599
http://creativecommons.org/licenses/by-nc-nd/4.0/


 32 

 774 

Spontaneous differentiation of hSCNPCs 775 

hSCNPCs were dissociated into single cells with Accutase (Gibco), and were plated at 776 

a density of 100,000/cm2 on pre-treated dish (Dishes were pre-treated with PDL for 2 777 

hours, washed 3 times with sterilized water and then re-coated with Matrigel for 2 778 

hours). 100 ml of spontaneous differentiation medium composited with 47.5 ml of 779 

DMEM/F12 (Gibco), 47.5 ml of Neurobasal (Gibco), 1 ml of N2 (STEMCELL 780 

Technologies, 100X), 2 ml of NeuroCult™ SM1 Without Vitamin A (STEMCELL 781 

Technology, 50X), 1 ml of NEAA (Gibco), 1 ml of GlutaMAX (Gibco). 10 μM Y27632 782 

was added at the plating day. The spontaneous differentiation medium was changed 783 

every other day. 784 

 785 

3D spinal motor neuron spheroids differentiation from hSCNPCs 786 

To generate 3D spinal motor neuron spheroids, hSCNPCs were digested into single 787 

cells with Accutase (Gibco), counted and distributed into V-bottom 96-well plate at a 788 

density of 50,000/well. 3D spinal motor neuron spheroids were differentiated in N2B27 789 

medium contains Purmorphamine, Compound E, BDNF, GDNF, NT-3 and 790 

CultureOneTM supplement (Gibco). Differentiation medium was changed every other 791 

day.  792 

 793 

C2C12 maintenance and differentiation 794 

C2C12 myoblasts were cultured in high-glucose DMEM medium with 10% FBS. The 795 

medium was changed every other day. To differentiate C2C12 into muscle fibers, 796 

C2C12 were dissociated into single cells with 0.05% trypsin, counted and plated in 797 

45,000 cells/cm2 on pre-coated dishes (Dishes were pre-treated with PDL for 2 hours, 798 

washed 3 times with sterilized water and then re-coated with Laminin for 2 hours) in 799 

C2C12 maintenance medium. On the following day, the C2C12 maintenance medium 800 

was replaced with differentiation medium (DMEM with 2% horse serum). Then the 801 

differentiation medium was changed every other day. 802 

 803 
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Co-culture of spinal motor neuron spheroids and C2C12-derived muscle fibers 804 

To co-culture spinal motor neurons spheroids with C2C12-derived muscle fibers, we 805 

pre-differentiated C2C12 as described above, after two days of C2C12 differentiation, 806 

spinal motor neuron spheroids pre-differentiated for 12 days were plated onto C2C12-807 

derived muscle fibers in co-culture medium (DMEM supplemented with 0.4% 808 

UltroserTM G and 10 ng/ml BDNF and 10 ng/ml GDNF and 10 μg/ml insulin. The co-809 

culture medium was changed every other day. 810 

 811 

Electrophysiology of spinal motor neurons 812 

Whole-cell patch-clamp recordings were performed as previously described (Zhang et 813 

al., 2020). hPSCs-derived spinal motor neurons were cultured in a 35 mm petri dish. 814 

For recording, the neurons were perfused with the ACSF solution (in mM): 126 NaCl, 815 

4.9 KCl, 1.2 KH2PO4, 2.4 MgSO4, 2.5 CaCl2, 26 NaHCO3, 20 Glucose. Recording 816 

pipettes (8-10 MΩ) were fabricated using a P1000 micropipette puller (Sutter 817 

Instrument, USA) and filled with internal solution consisting of (in mM): 136 K-818 

gluconate, 6 KCl, 1 EGTA, 2.5 Na2ATP, 10 HEPES. For recording action potentials, 819 

cells were recorded at a holding potential of -70 mV and a series of step depolarizing 820 

currents were injected into cells in a current-clamp mode. All the recordings were 821 

performed using an Olympus microscope (BX51WI). The data were sampled at 10 Hz 822 

and collected with a low-pass filter at 2 kHz and analyzed using the Axopatch1500B 823 

amplifier and pCLAMP10 software (Molecular Devices) and GraphPad Prism 8.0.2. 824 

 825 

HD-MEA recordings and analysis of hSCNPCs-derived spinal motor neurons 826 

To analyze the function of hSCNPCs-derived motor neurons, we used high-content 827 

multi-electrode array system (MaxOne System, MaxWell Biosystems AG, Switzerland). 828 

MaxOne chips were pre-coated with 1% Terg-a-zyme (Sigma) overnight at room 829 

temperature and washed 3 times with sterile ddH2O, then transfered MaxOne Chips in 830 

a beaker filled with 75% ethanol for 1 hour in a biological safety cabinet, and then 831 

washed 3 times with sterile ddH2O, then 500 μl PDL was added for coating MaxOne 832 

chips for 2 hours at 37 ℃, then washed 3 times with sterile ddH2O and re-coated 833 
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MaxOne chips with Matrigel (Corning) for 2 hours at 37 ℃. hSCNPCs were dissociated 834 

into single cells, counted and plated on MaxOne chips at a density of 300,000 cells/chip 835 

in motor neuron differentiation medium. MEA data recording started after 6 days of 836 

plating and measured every 6 days till day 42.  837 

For MEA data recording, MaxLab Live Software (v.21.1.2. MaxWell Biosystems AG, 838 

Switzerland) was used. Assays were chosen from assay gallery which contains three 839 

assays, activity scan, network and axon recording. To be able to track axons, we first 840 

recorded the whole MaxOne HD-MEA surface using the “Activity Scan Assay” module, 841 

featured in the MaxLab Live software (MaxWell Biosystems AG, Zurich, Switzerland). 842 

29 electrode configurations, including a total of 26,400 electrodes at a distance of 17.5 843 

μm, were used to record the spontaneous neuronal electrical activity across the entire 844 

MaxOne HD-MEA. Each electrode configuration was recorded for 60 seconds.  845 

In a next step, axonal signals were identified with the “Axon Tracking Assay” module 846 

of the MaxLab Live software, which uses a tailored recording strategy similar to the 847 

ones described in previous publications (Bakkum et al., 2013; Bullmann et al., 2019; 848 

Radivojevic et al., 2017). First, a set of 30 target neurons was identified by selecting 849 

the positions of 30 electrodes featuring the largest spike amplitude, keeping a minimum 850 

distance of 17.5 μm between each two target neurons. For every target neuron, a 3×3 851 

electrodes block (distance between electrodes 17.5 μm) was selected around the central 852 

electrode. After defining the 3×3 blocks, a set of sequential 180 s recordings that 853 

covered larger array areas (300×300 to 800×800 μm2 around the blocks) was run, where 854 

the 3×3 central blocks were always included in every recording. 855 

The detected spikes on the 3×3 electrode blocks were then sorted using a K-Means 856 

clustering algorithm (Lewicki, 1998) based on the action potential minimum spike 857 

amplitude. Spike sorting results were used to reconstruct the spike-triggered average 858 

extracellular waveform over the recorded array area for every identified neuron. An 859 

unsupervised object-tracking algorithm was then used to detect the path of action 860 

potential signal propagation, thus identifying (1) individual axonal branches and (2) the 861 

morphology of neuronal outgrowth per cell. The axonal conduction velocity was then 862 

calculated for every detected axonal branch. 863 
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 864 

Immunocytochemistry 865 

Cells were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) for 20 minutes at 866 

room temperature then washed 3 times with PBS. Blocking with 0.3% Triton X-100 /5% 867 

fetal bovine serum in PBS for one hour at room temperature. Primary antibodies were 868 

diluted in 0.3% Triton X-100 /5% fetal bovine serum in PBS and incubated overnight 869 

at 4 ℃. Samples were washed in PBS for three times and then incubated with secondary 870 

antibodies (1:200-1:1000) in 0.3% Triton X-100 /5% fetal bovine serum in PBS for two 871 

hours. Images were taken with Leica TCS SP8 confocal laser-scanning microscope.  872 

 873 

RT-qPCR analysis 874 

Total RNA was extracted from cultured cells by using the TRIzol reagent, and cDNA 875 

was reverse-transcribed, starting from 1000 ng of total RNA with the SuperScript III 876 

First-strand cDNA synthesis kit (Invitrogen). qPCR was performed using Mastercycler 877 

RealPlex2 (Eppendorf) and Stormstar SYBR Green qPCR MasterMix (DBI 878 

Bioscience). Data were normalized for GAPDH expression. The primers sequences 879 

used for qPCR amplification were listed in Table S1. 880 

 881 

RNA-Sequencing and data analysis 882 

Cell samples at different stages were collected and mRNA-seq libraries were 883 

constructed with NEBNext® Ultra™ II Library Prep Kit for Illumina. Qualified 884 

libraries were multiplexed and sequenced on Illumina NovaSeq 6000 according to the 885 

manufacturer’s instructions (Illumina, USA). The Sequencing mode was PE150. 886 

For data analysis, reference genome and gene annotation files were downloaded from 887 

GENECODE (hg38). Fastq files were pre-processed by Fastp (v0.12.1) (Chen et al., 888 

2018) with default parameters. Cleaned data were then aligned to the reference genome 889 

via Hisat2 (v2.1.0) (Kim et al., 2015). FeatureCounts (v1.5.3) (Liao et al., 2014) was 890 

used to count the reads mapped to each gene. 891 

 892 

Correlation to nmps 893 
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RNA-seq data in this paper were compared with nmps (Verrier et al., 2018) after 894 

removing batch effects by the R package “ComBat” (Johnson et al., 2007). Principal 895 

Components Analysis (PCA) (Jolliffe, 2002) was used to show the correlation of these 896 

samples. 897 

 898 

Correlation to BRAINSPAN database and pseudo-bulk RNA-seq of human single cell 899 

spinal cord  900 

The ‘Developmental Transcriptome Dataset’ of BRAINSPAN 901 

(https://www.brainspan.org/static/download.html) was also downloaded. We merged 902 

the brain samples of same stage and calculated Pearson correlation coefficients between 903 

the merged samples and RNA-seq data in this paper. 904 

Pseudo-bulk RNA-seq of human spinal cord, GSE171892 (Rayon et al., 2021), was 905 

conducted through the R package “scuttle” (McCarthy et al., 2017). After that, samples 906 

at same stages were merged and Pearson correlation coefficients were calculated 907 

between the pseudo-bulk RNA-seq and RNA-seq data in this paper. 908 

 909 

Inference of regulons and their activity 910 

The SCENIC (Aibar et al., 2017) was used to infer the gene regulatory network 911 

(regulon). Binary regulon-activity matrix for all samples was used in principal 912 

components analysis. GO enrichment analysis of related target genes was carried out 913 

by Metascape (https://metascape.org/) with default parameters (Zhou et al., 2019).  914 

 915 

Statistical analysis 916 

All statistical analyses were performed in GraphPad Prism software (GraphPad Prism 917 

8.0.2). Cell counting, RT-qPCR data and electrophysiological data were presented as 918 

mean ± SD. Student’s t test (two-tailed) was performed for statistical analysis between 919 

two groups. Sample size (n) values were provided in the relevant text, figures, and 920 

figure legends. The statistical analyses were obtained from three independent 921 

experiments. Statistical significance was set at p values. 922 

 923 
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Data availability 924 

All RNA-seq data are available at the Gene Expression Omnibus (GEO) under 925 

accession number GSE205718. 926 
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Figure S1. (Related to Figure 1)
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Figure S2. panel 2 (Related to Figure 2)
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Seeding Density Propagation
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