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SUPPLEMENTAL DISCUSSION 2 

 3 

Use of cell type-specific bulk sequencing versus single cell/nucleus sequencing 4 

 To characterize the distinct molecular states across post-embryonic development, we 5 

took a panoramic approach and profiled the transcriptome of the entire nervous system using 6 

INTACT technology 14,55. An alternative approach would be to use the rapidly advancing 7 

single cell sequencing technology, which would presumably give us single neuron resolution. 8 

We did not use this technology for the current study for practical (i.e. cost) and technical 9 

limitations (i.e. low capture rate/high drop-off rates for lowly expressed genes, difficulty of 10 

batch comparisons), although the rapidly evolving technology is starting to overcome some of 11 

these limitations. With our cell type-specific bulk sequencing, we were able to recapitulate 12 

previously described neuronally-enriched genes 56,57. In addition, our panneuronal profiling 13 

was able to capture all neuronal classes, as the top uniquely expressed genes in each 14 

neuronal class were well represented in our panneuronal IP data 58. We complemented our 15 

transcriptomic profiling with near perfect validation using gene expression reporter to extend 16 

our results to single neuron resolution, and identified many neuronal gene expression 17 

changes across post-embryonic development previously unknown (Extended Data Fig.2-4, 18 

Supplementary Table 6). However, our panneuronal profiling was less robust in identifying 19 

expression changes in small subsets of neurons among broadly expressing genes or those 20 

with opposite gene expression changes among subsets of neurons (i.e. flp-14), and could be 21 

supplemented in the future with complementary single-cell sequencing technologies 22 

 23 

Developmental stage-specific molecular states for the nervous system 24 

Our analysis of stage-specific transcriptomes warrants further discussion. A principal-25 

component analysis (PCA) on the expression profile of these neuronally-enriched genes 26 

across post-embryonic developmental stages revealed that the neuronal transcriptome of 27 

each developmental stage clustered together and was distinct from the other stages, 28 

suggesting developmental stage-specific molecular states for the nervous system (Fig.1b, 29 

Extended Data Fig.1b-d). The two main principal components delineated the transitions 30 

between early larval (L1 and L2) stages and late larval (L4)/adult stages, and between all 31 

larval (L1 through L4) stages and the adult stage, respectively (Fig.1b, Extended Data 32 
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Fig.1b). This was further reiterated by the three major patterns of gene expression transitions 33 

among these 2639 (padj < 0.01; ~33% out of the 7974 neuronally-enriched genes) 34 

developmentally-regulated neuronally-enriched genes (Fig.1c, Supplementary Table 4, 5): 1) 35 

cohorts of genes whose expression decreased across development, particularly from early 36 

larval to late larval stages; 2) other cohorts of genes whose expression increased across 37 

development, particularly during transition from early larval stages to late larval 38 

stage/adulthood; 3) additional cohorts of genes whose expression peaked at the last larval 39 

stage and subsequently decreased upon transition into adulthood. Additional principal 40 

components revealed minor variations as a result of experimental batches (i.e. The increased 41 

variabilities of L4 and adult samples were as a result of batch effect and was taken as a 42 

variable for downstream analysis; Extended Data Fig.1c) and early larval stage specific 43 

changes (i.e. L2; Extended Data Fig.1c). Comparison of differential gene expression across 44 

all developmental transitions confirmed the general trends observed above (Extended Data 45 

Fig.1h-j). Together, this data demonstrated that extensive molecular changes occurred during 46 

post-mitotic post-embryonic neuronal development. 47 

Temporal transitions in gene expression were prominently observed for molecules with 48 

presumptive functions in neuronal communication. These included neurotransmitter receptors 49 

and gap junction molecules (Extended Data Fig.2a, b), consistent with vertebrate reports of 50 

altered chemical and electrical neurotransmission during postnatal development 59,60. 51 

Perhaps the most striking changes were observed in the neuropeptidergic system, mostly on 52 

the level of neuropeptide-encoding genes (Fig.1d, Extended Data Fig.3). The pervasive 53 

expression change in the neuropeptide family across post-embryonic development, combined 54 

with anecdotal evidence of dynamic neuropeptide expression controlling juvenile to adult 55 

transitions across many organisms 20,61-64, suggest that altering the repertoire of 56 

neuromodulatory peptides could be a conserved maturation mechanism in the animal 57 

kingdom that define behavioral state transitions across development.  58 

 Another over-represented family of molecules amongst the developmentally-regulated 59 

gene batteries is the cell adhesion molecules. This is consistent with reports of 60 

developmental changes in the C. elegans connectome 12,65, and prompts future studies to 61 

investigate the mechanisms by which changes in the expression of cell adhesion molecules 62 

underlie developmental changes in the neuronal connectome. Additionally, the rich atlas of 63 

post-embryonic molecular changes presented here could serve as a platform to understand 64 
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how previous reports of neurophysiology and behavior change during post-embryonic 65 

development 66-72. 66 

 67 

Partial juvenization of the neuronal transcriptome by lin-4 occurs through regulation of 68 

lin-14 and not lin-28 69 

It is worth pointing out that lin-4 and lin-14 cannot be made responsible for all 70 

developmental stage-specific changes in the neuronal transcriptome. Transcriptome profiling 71 

revealed that lin-4 null and lin-14 gain of function mutations juvenized a subset of the 72 

neuronal transcriptome in adults: 48% and 33% of genes that were upregulated and 73 

downregulated, respectively, between the first larval and adult stage were juvenized by lin-4 74 

null and/or lin-14 gain of function mutations (Fig.2d, Extended Data Fig.6a-d, Supplementary 75 

Table 7). lin-14 gain of function mutation largely recapitulated the juvenizing effect of the lin-4 76 

null mutation, as evidenced by PCA and correlational analysis (Extended Data Fig.6a-d), 77 

demonstrating that lin-4 acts through lin-14 to affect the neuronal transcriptome.  78 

Direct repression of the other well-characterized downstream effector of lin-4, the 79 

conserved RNA-binding protein lin-28/LIN-28 73, did not account for any of the juvenizing 80 

effect of lin-4 null mutant on the adult neuronal transcriptome (Fig.2d, Extended Data Fig.6a-81 

d, Supplementary Table 7). This was expected, as deletion of the single lin-4 repressive 82 

binding site in the lin-28 3’UTR did not regulate the developmental downregulation of lin-28 83 

(Extended Data Fig.6e). lin-4 null and lin-14 gain of function mutations delayed the 84 

downregulation of lin-28 (Extended Data Fig.6e), particularly across the L2->L3 transition, 85 

and suggested that the previously characterized lin-14 regulation of lin-28 74, rather than 86 

direct repression by lin-4, likely mediated lin-28’s role in the mitotic progression of 87 

hypodermal cells and sexual maturation 15,69,70. In the specific example of nlp-45, consistent 88 

with the profiling experiments, lin-28 gain or loss of function mutants did not affect its 89 

developmental expression profile (Extended Data Fig.6e, 9a), suggesting that lin-4 regulated 90 

the maturation of the neuronal transcriptome largely through regulating the LIN-14 91 

transcription factor. 92 

 93 

Previous characterization of the lin-4/lin-14 in the nervous system and relevance to 94 

vertebrate systems 95 
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While our analysis represent the first nervous system-wide and unbiased analysis of 96 

the effect of the heterochronic gene regulatory system on nervous system maturation, a 97 

number of earlier studies have characterized the role of lin-4/lin-14 in controlling the temporal 98 

transitions in specific postmitotic neuronal cell types, demonstrating roles for this system in  99 

synaptic rewiring, axonal extension/branching, synaptogenesis, sexual maturation of 100 

postmitotic neurons and axonal degeneration 69,70,72,75-81.  101 

The role of lin-4 in controlling neuronal maturation appears to be conserved across 102 

species, as mir-125, the lin-4 ortholog, has been shown to control several aspects of 103 

neuronal maturation in Drosophila and mice 82-84. In humans, duplication or deletion of 104 

chromosome 21 regions that include mir-125 could result in intellectual and cognitive 105 

disabilities, a phenotype that could be considered a maturation defect 85,86. Other microRNAs, 106 

name mir-101 and mir-132 has previously been shown to regulate circuit activity maturation 107 

and visual system maturation, respectively 87,88, indicating that microRNAs may be broadly 108 

employed in the control neuronal maturation. 109 

 110 

Functional characterization of LIN-14 111 

Some aspects of our LIN-14 analysis warrant further discussion. The LIN-14 112 

transcription factor is the main effector of lin-4 microRNA regulated neuronal maturation. 113 

Unlike other molecules in the heterochronic pathway, LIN-14 does not have an ortholog in 114 

vertebrate based on sequence homology. Structure elucidation of LIN-14 could reveal 115 

potential structural homology to known transcription factors in vertebrate. LIN-14 ChIP-seq 116 

showed appreciable enrichment over input and wild type (N2) GFP ChIP-seq controls 117 

(Extended Data Fig.8, 9). As expected for a transcription factor, the vast majority of LIN-14 118 

binding were in genic regions, especially promoter regions (Extended Data Fig.8a, b). Motif 119 

analysis identified YGGAR as a consensus binding sequence for LIN-14 (Extended Data 120 

Fig.8a, b), which largely agreed with a previous characterization 89. Consistent with 121 

decreased global level of LIN-14 protein across the L1->L2 transition (Extended Data Fig.5b), 122 

there was a significant decrease in LIN-14 genomic binding across the same transition 123 

(Extended Data Fig.8a,c, Supplementary Table 8-11). Despite over 3000 differential LIN-14 124 

binding sites between L1 and L2 animals, less than 15% of those correlated with a change in 125 

gene expression. One possible explanation could be due to the bulk nature of our 126 
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transcriptomic profiling that we could miss subtle cell type specific changes in gene 127 

expression. Additionally, previous reports of ChIP-seq have shown that, for transcription 128 

factors such as MyoD, the majority of bound sites are not functional and are usually 129 

correlated with low occupancy levels90. This is consistent with our analysis that showed that 130 

for genes where LIN-14 acted as a repressor, as compared to genes where LIN-14 acted as 131 

an activator or did not regulate gene expression, there was, on average, an increase in the 132 

number of LIN-14 peaks within the genic area as well as an increase in peak enrichment 133 

(Extended Data Fig.8d). 134 

 135 
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Supplementary Fig.1 Using NeuroPAL to identify gene expression to single neuron 258 
resolution. Representative overlay images of a, flp-14, b, nlp-45, and c, ins-6 expression 259 
reporters with NeuroPAL are shown here. The top panels are the expression reporters by 260 
themselves (yellow). The middle panels are the NeuroPAL colors by themselves. The bottom 261 
is the overlay of the two for the identification of neuron types. Red scale bars (10µm) are on 262 
the bottom right of all representative images. 263 
 264 

 265 
  266 
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SUPPLEMENTAL TABLES LEGENDS 267 
 268 

Supplementary Table 1: Worm Tracking Summary 269 

Mean, standard deviation (S.D.), and standard error of mean (SEM) for each of the 726 270 

parameters at each developmental stage are shown. The statistics (q(Wilcoxon)) for each 271 

parameter and each comparison are also shown. 272 

 273 

Supplementary Table 2: Neuronally-enriched genes 274 

Comparison of neuronal-nuclei immunoprecipitated (IP) samples to input (total nuclei) 275 

samples is conducted using DESeq2 42 in R Studio to determine enrichment. 7974 genes 276 

have a log2FoldChange>0 (neuronally-enriched over input) and a padj< 0.05. The genes are 277 

sorted by padj from smallest to largest. baseMean is the average normalized read counts of all 278 

IP and input samples. log2FoldChange is calculated using the formula log2 (average read 279 

counts of IP samples)/(average read counts of Input samples). 280 

 281 

Supplementary Table 3: Normalized read counts of all 7974 neuronally-enriched genes 282 

across post-embryonic development 283 

Raw read count for the 7974 neuronally-enriched genes are extracted for the neuronal IP 284 

samples and adjusted for library size. These are then used in DESeq2 42 to conduct 285 

comparisons between developmental stages, as shown in Supplementary Table 4-5. The 286 

final read counts displayed are as a result of normalization done in the DESeq2 program. 287 

There are 4, 5, 6, 7 replicates shown for L1, L2, L4, and adult stages respectively.  288 

 289 

Supplementary Table 4: Comparison of all temporal transitions among the 7974 290 

neuronally-enriched genes across post-embryonic development. 291 

Pairwise comparisons between all stages are conducted using DESeq2 42 as described in 292 

Supplementary Table 2. The log2FoldChange and padj are shown for each comparison. All 293 

7974 neuronally-enriched genes are shown regardless of padj. The table is sorted 294 

alphabetically by gene name. 295 

 296 

Supplementary Table 5: Normalized read counts of 2639 developmentally regulated 297 

genes 298 

Same as Supplementary Table 3, but only with a subset of 2639 genes that have a padj <0.01 299 
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in any pairwise comparisons between developmental stages. 300 

 301 

Supplementary Table 6: Developmental Change Summary 302 

Expression patterns, to single neuron resolution, for all validated reporters from Extended 303 

Data Fig.2-4 are displayed here. The neurons that show expression for each gene at each 304 

post-embryonic developmental stage (L1 through adult) are listed. Neurons in black do not 305 

show altered developmental expression patterns while those labelled in green and red show, 306 

respectively, decreases and increases in gene expression across development. Those 307 

labelled in brown demonstrate both increases and decreases in expression across 308 

development. d in brackets denote dim expression, m in brackets denote moderate level of 309 

expression, while v in brackets denote variable expression. 310 

 311 

Supplementary Table 7: Genes that are juvenized in adult heterochronic mutants 312 

Pairwise comparisons between adult lin-4(e912) null, lin-14(ot1149) gain of function(gf), and 313 

lin-28(ot1154) gf mutant neuronal IPs are conducted against adult control neuronal IP data, 314 

using only the read counts of the 7974 neuronally-enriched genes. The log2FoldChange and 315 

padj are shown for each comparison. All 7974 neuronally-enriched genes are shown 316 

regardless of padj. The table is sorted alphabetically by gene name. log2FoldChange is 317 

calculated using the formula log2 (average read counts of mutant adult samples)/(average 318 

read counts of control adult samples). 319 

 320 

Supplementary Table 8: LIN14 ChIP peaks in L1 animals 321 

The 5 replicates from L1 animals are merged and the peaks are called using MACS2 46. The 322 

ChIP-seq peaks are annotated to the nearest gene using ChIPseeker 47. Only the peaks 323 

within 3kb of the closest genes are kept for this table. The peaks are arranged alphabetically 324 

by the name of the closest associated gene.  325 

 326 

Supplementary Table 9: LIN14 ChIP peaks in L2 animals 327 

The 5 replicates from L2 animals are merged and the peaks are called using MACS2 46. The 328 

ChIP-seq peaks are annotated to the nearest gene using ChIPseeker 47. Only the peaks 329 

within 3kb of the closest genes are kept for this table. The peaks are arranged alphabetically 330 

by the name of the closest associated gene. 331 
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 332 

Supplementary Table 10: Differential LIN14 ChIP peaks between L1 and L2 animals as 333 

determined by DiffBind 334 

Differential binding analysis between L1 and L2 samples is done using Diffbind 49. All 335 

differential binding sites are annotated and assigned to the nearest gene using ChIPseeker 336 
47. Only the peaks within 3kb of the closest genes are kept for this table. The peaks are 337 

arranged alphabetically by the name of the closest associated gene. 338 

 339 

Supplementary Table 11: List of genes that exhibit differential LIN14 Binding during 340 

L1->L2 transition 341 

This table contains the 3466 genes that show differential (mostly decreased) L1 vs L2 342 

binding. This list is obtained using an amalgamation of different methods of assessing 343 

differential LIN-14 binding across the L1->L2 transition, as detailed in Extended Data Fig.8c. 344 

The genes are sorted alphabetically.  345 

 346 

Supplementary Table 12: Sexually dimorphic and dauer-induced expression patterns 347 

of lin-4/lin-14 controlled developmentally regulated genes. 348 

The sexually dimorphic and dauer-induced expression patterns of 5 genes (nlp-45, flp-28, flp-349 

14, gcy-12, nlp-13), that demonstrate lin-4/lin-14 controlled developmental regulation, are 350 

summarized in this table (For representative images, see Fig.3a, Extended Data Fig, 9). For 351 

each gene, the neurons, whose developmental regulation is controlled by lin-4/lin14, are 352 

listed in the second column. Those labelled in green and red show, respectively, decreases 353 

and increases in gene expression across post-embryonic development in hermaphrodite 354 

animals. Those labelled in blue gain expression in adult male animals, while those in orange 355 

show additional expression upon entry into dauer. Those labelled in purple are regulated by 356 

lin-4/lin-14 but are not observed in any conditions tested in control animals. The neurons 357 

where lin-14 acts as a repressor or an activator are listed in the third and fourth column, 358 

respectively. The last three columns show the neurons for each gene, whose expressions are 359 

regulated across post-embryonic development in hermaphrodites, between adult males and 360 

hermaphrodites, and between dauer and the comparable L3 mid-larval animals, respectively. 361 

For most nlp-45 expressing neurons and several flp-14 expressing neurons, the sexually 362 

dimorphic and dauer-specific expression patterns are consistent with regulation through lin-363 
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14. #: For flp-28, the observation that these neurons, which show increased expression in 364 

male and dauer animals, are consistent with the model that these expression patterns are 365 

regulated through lin-14. However, due to the proximity of flp-28 and lin-14 locus, the flp-28 366 

expression pattern couldn’t be examined in lin-14 null animals to determine the full battery of 367 

neurons that demonstrate lin-14 regulated flp-28 expression. *: Sexually dimorphic or dauer-368 

specific expression patterns of flp-14 for these neurons are not regulated through lin-14. +: No 369 

obvious sexually-dimorphic and dauer-specific expression patterns are observed for gcy-12. 370 

This could be due to the type of reporter (promoter fusion) and the diffuse (cytoplasmic) 371 

signal of the reporter. Additional regulatory mechanisms that antagonize lin-14 regulation of 372 

gcy-12 could also explain the lack of sexually-dimorphic or dauer specific expression pattern 373 

of gcy-12 in the ventral nerve cord motor neurons or elsewhere. ++: For nlp-13, the sexually 374 

dimorphic and dauer-specific (no difference) expression patterns are not consistent with lin-375 

14 regulation alone. This suggests additional lin-14 independent regulatory mechanisms in 376 

male and dauer animals. These data altogether suggest that although for some genes, 377 

regulation through lin-14 can largely explain the developmental, sexually-dimorphic, and 378 

dauer-specific expression patterns. For other genes that are regulated by lin-14, there are 379 

likely additional lin-14 independent mechanisms that either synergize with or antagonize the 380 

regulation by lin-14, leading to the complex expression patterns observed across temporal, 381 

sexual and environmental dimensions of post-embryonic development. 382 

 383 

Supplementary Table 13: Strains Used in this manuscript 384 

 385 


