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Abstract 18 

Body size is a tightly regulated phenotype in metazoans that is dependent on both 19 

intrinsic and extrinsic factors. While signaling pathways such as insulin, Hippo, and myostatin 20 

are known to control organ and body size, the downstream effectors that mediate their effects are 21 

still poorly understood. In the nematode C. elegans, a Bone Morphogenetic Protein (BMP)-22 

related signaling pathway is the major regulator of growth and body size. DBL-1, the BMP-23 

related ligand, is secreted by neurons and body wall muscle, and acts as a dose-dependent 24 

regulator of body size. We investigated the transcriptional network through which the DBL-25 

1/BMP pathway regulates body size and identified cuticle collagen genes as major effectors of 26 

growth control. Here we demonstrate that cuticle collagen genes can act as positive regulators 27 

(col-41), dose-sensitive regulators (rol-6), and negative regulators (col-141, col-142) of body 28 

size. Moreover, we show requirement of DBL-1/BMP signaling for stage-specific expression of 29 

cuticle collagen genes. We used chromatin immunoprecipitation followed by high throughput 30 

sequencing (ChIP-Seq) and electrophoretic mobility shift assays to show that the Smad signal 31 

transducers directly associate with conserved Smad binding elements in regulatory regions of 32 

col-141 and col-142, but not of col-41. Hence, cuticle collagen genes are directly and indirectly 33 

regulated via the DBL-1/BMP pathway. These results provide the first direct regulatory link 34 

between this conserved signaling pathway and the collagen genes that act as its downstream 35 

effectors in body size regulation.  Since collagen mutations and misregulation are implicated in 36 

numerous human genetic disorders and injury sequelae, understanding how collagen gene 37 

expression is regulated has broad implications.  38 

 39 

 40 
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 41 

Author Summary 42 

Body size in humans and other animals is determined by the combined influence of genetic and 43 

environmental factors. Failure to regulate growth and body size appropriately can lead to a 44 

variety of functional impairments and reduced fitness. Progress has been made in identifying 45 

genetic determinants of body size, but these have not often been connected into functional 46 

pathways. In the nematode model Caenorhabditis elegans, single gene mutations in the BMP 47 

signaling pathway have profound effects on body size. Here we have elucidated the BMP 48 

transcriptional network and identified cuticle collagen genes as downstream effectors of body 49 

size regulation through the BMP pathway. Collagens play diverse roles in biology; mutations are 50 

often associated with rare heritable diseases such as osteogenesis imperfecta and Ehlers-Danlos 51 

syndrome. Our work thus connects a conserved signaling pathway with its critical downstream 52 

effectors, advancing insight into how body size is specified.  53 

 54 

Introduction 55 

The Transforming Growth Factor-beta (TGF-β) superfamily encompasses more than 30 56 

ligands including Bone Morphogenetic Proteins (BMPs), Activin, and Nodal. BMPs play 57 

essential roles in development and have been studied in a variety of contexts [1]. The roles of 58 

BMPs in growth and body size regulation, however, are relatively unexplored. This deficit is 59 

partly due to body size being expressed as a complex trait with continuous variation. The 60 

existence of monogenic variants with discrete body size changes provides us with an entry point 61 

into growth and size regulating mechanisms. We have capitalized on the major visible effect of 62 

BMP signaling on growth regulation in the nematode Caenorhabditis elegans to uncover 63 
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transcriptional targets acting as effectors of body size regulation.  64 

BMPs are highly conserved among animal species along with the components of their 65 

signaling pathways. BMP homologs are present in Drosophila (e.g. Decapentaplegic (Dpp)) and 66 

C. elegans (e.g. Dpp/BMP-like-1 (DBL-1)) [1], genetically tractable organisms in which 67 

Smads, intracellular components of the TGF-β signaling pathway, were first identified [2, 3]. 68 

Receptor-regulated Smads (R-Smads) are directly phosphorylated by the TGF-β receptors on 69 

the C-terminus. This allows formation of the heterotrimeric Smad complex with co-Smads that 70 

accumulates in the nucleus to regulate target genes of the pathway [4-14]. Smads are known to 71 

bind a 4bp GTCT Smad Binding Element (SBE); furthermore, R-Smads for BMP ligands 72 

associate with GC-rich sequences (GC-SBE) [15-17].  While much detailed knowledge has 73 

been obtained in studies of a few direct Smad target genes, fewer studies have addressed the 74 

direct and indirect transcriptional programs required to mediate biological functions in intact 75 

organisms. In C. elegans, the DBL-1/BMP signaling pathway is the major regulator of growth 76 

and body size. DBL-1 ligand is secreted by neurons and body wall muscle, and is necessary for 77 

body size regulation among other developmental processes [18]. The small body size phenotype 78 

is the result of a reduction in cell size rather than cell number. Previous work has pinpointed the 79 

hypodermis, the outermost multinucleated epithelium, as the main target tissue of DBL-1 80 

signaling. In dbl-1 mutants, different tissue sizes are reduced to different extents, with 81 

hypodermal tissue reduced in proportion to body size [19]. Furthermore, we have previously 82 

shown by tissue-specific expression of SMA-3 (R-Smad) in a sma-3 mutant background that 83 

activation of the DBL-1 pathway in the hypodermis is necessary and sufficient for normal body 84 

size [20]. Similar conclusions have been drawn in experiments with the DBL-1 receptors [21, 85 

22]. To identify the transcriptional targets of the DBL-1 pathway that may function in body size 86 
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regulation, we performed microarray analysis on dbl-1 mutants [23]. The functions of putative 87 

target genes were analyzed by RNA interference (RNAi) knockdowns, leading us to concentrate 88 

on a group of cuticle collagen genes.  89 

The cuticle serves as the exoskeleton of the worm and its main component is collagen, 90 

encoded by more than 170 genes in the cuticular collagen multigene family [24]. The cuticle is 91 

synthesized and secreted by the underlying hypodermis, and polymerizes on the external surface 92 

forming the exoskeleton. At the end of each larval stage, the cuticle molts revealing a newly 93 

formed cuticle underneath. Some cuticle collagen genes are expressed in specific larval stages 94 

while others are expressed in each cuticle synthesis period [25]. In spite of extensive study, only 95 

a few of the cuticle collagen genes have been described to have visible mutant phenotypes; these 96 

abnormalities include body morphology defects such as DumPY (Dpy), ROLler (Rol), BLIster 97 

(Bli), Squat (Sqt), and LONg (Lon) [26]. We reasoned that altered expression of cuticle collagen 98 

genes could contribute to the small body size phenotype of DBL-1 pathway mutants.  99 

We show here that cuticle collagen genes are direct and indirect transcriptional targets of 100 

the DBL-1 pathway. We demonstrate SMA-4 (co-Smad) binding in the intergenic region 101 

between col-141 and col-142. This result is the first demonstration that the DBL-1 pathway 102 

Smads bind DNA in vitro, further validating the functional conservation of Smads in the 103 

nematode model. We find that other collagen genes are likely indirect targets of the DBL-1 104 

pathway. Moreover, we observe loss of stage-specific expression of cuticle collagens in the 105 

absence of DBL-1 signaling. Lastly, we demonstrate through collagen loss-of-function mutants, 106 

RNAi, and overexpression studies that cuticle collagens are the effectors of body size regulation 107 

by the DBL-1 pathway.  108 

 109 
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 110 

 111 

Results 112 

Cuticle collagen genes are transcriptional targets of the DBL-1 pathway and are required 113 

for normal body size. 114 

We sought to connect the DBL-1 transcriptional program to its downstream effectors of 115 

body size regulation. In previous work, we identified five putative target genes with body size 116 

phenotypes [23], but all of these genes encode signaling molecules or transcription factors, so 117 

they are not the downstream effectors of growth control. It has been proposed that changes in 118 

hypodermal polyploidy contribute to the reduced growth of dbl-1 mutant adults [27], although 119 

these changes cannot account for differences in size during larval stages. We tested the functions 120 

of putative target genes encoding DNA licensing factors and cyclins that could regulate 121 

polyploidization, but knockdown of these genes by RNAi did not produce body size phenotypes 122 

(S1 Fig). We next turned our attention to four cuticle collagen genes that we identified as 123 

putative transcriptional targets of the DBL-1 pathway. We performed qRT-PCR to verify 124 

transcriptional changes in cuticle collagen genes. We compared expression in dbl-1 and sma-3 125 

mutants to wild-type controls at the second larval (L2) stage, the same stage in which the 126 

microarray analysis had been conducted. In absence of DBL-1 signaling, rol-6 and col-41 are 127 

down regulated while col-141 and col-142 are up-regulated (Table 1), in agreement with the 128 

microarray studies.  129 

 130 

 131 

 132 
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 133 

 134 

 135 

Table 1. Cuticle collagen genes are transcriptional targets of the DBL-1 pathway 136 

Gene 

L2 Stage Adult Stage 

dbl-1 
Microarray 
Fold Change 

dbl-1 
qRT-PCR 

Fold Change 

sma-3 
qRT-PCR 

Fold Change 

sma-3 
qRT-PCR 

Fold Change 

rol-6 -2.15 -1.3 ND 3.6 

col-41 -2.64 -1.2 -1.4 1.6 

col-141 3.19 1.6 1.7 -1.7 

col-142 2.65 ND 1.5 -1.2 

Microarray results are reproduced from [23]. qRT-PCR results are from representative trials. 137 
ND: Not determined. 138 
 139 

We hypothesized that regulated expression of these cuticle collagen genes contributes to 140 

body size regulation. An alternative hypothesis is that the altered expression of cuticle collagen 141 

genes is a response to, rather than a cause of, the altered size of dbl-1 mutants [28]. To address 142 

the role of these cuticle collagen genes in body size regulation, we performed RNAi of col-41, 143 

rol-6, and col-141 and measured body length at different time points during larval and adult 144 

growth (Fig 1A). RNAi of col-41 and rol-6 led to a decrease in body size at all stages. 145 

Conversely, col-141 RNAi led to a transient increase in body size in the larval stages, suggesting 146 

that cuticle collagens can act as negative as well as positive regulators of body size. We verified 147 

our results using an available loss-of-function mutation in rol-6. This rol-6(lf) mutant also has a 148 

small body size, as illustrated by body length measured at the L4 stage (Fig 1B). 149 

If cuticle collagen expression is truly instructive rather than permissive for body size 150 

regulation, we would expect that overexpression of respective collagens should also lead to body 151 
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size changes. Therefore, we performed overexpression of col-141 and col-142, by increasing 152 

copy number in transgenics carrying a genomic fragment that contains both genes, which are 153 

adjacent in the genome. Overexpression of col-141 and col-142 resulted in decreased body size 154 

relative to wild-type worms (Fig 1B), confirming these genes as negative regulators of growth. 155 

We performed a similar experiment to overexpress rol-6. Surprisingly, overexpression of rol-6 156 

led to a decrease, rather than an increase, in body size (Fig 1C). To confirm that the observed 157 

phenotypes were due to rol-6 overexpression, rather than an artifact of the transgene, we 158 

performed rol-6 RNAi on the overexpression lines to reduce the level of overexpression. This 159 

RNAi inhibition of rol-6 expression ameliorated the decreased body size in the overexpressing 160 

lines (Fig 1C). These results suggest that rol-6 is dose-sensitive and must be expressed in a 161 

particular range; otherwise aberrant body size and morphological defects are observed.  162 

 163 

SMA-3 associates with Smad Binding Elements in the intergenic region between col-141 164 

and col-142. 165 

To identify which transcriptional targets of DBL-1 signaling were potentially directly 166 

regulated by Smad binding, genome-wide ChIP-seq was performed using a strain expressing 167 

functional GFP::SMA-3 from the endogenous sma-3 promoter, in a sma-3(wk30) background. 168 

Using the Galaxy software [29-31], we extracted genomic sequences from the coordinates 169 

obtained via ChIP-seq. MEME-ChIP software [32] was used to discover enriched motifs and 170 

generate logo plots. The top two enriched motifs were the CTGCGTCT SBE and GAGA (Fig 171 

2A). The presence of GTCT as an enriched motif indicates an increased presence of SMA-3 at 172 

the indicated association sites. Among the cuticle collagen genes that we established as 173 

transcriptional targets, the intergenic region between col-141 and col-142 had strong Smad 174 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 13, 2017. ; https://doi.org/10.1101/108225doi: bioRxiv preprint 

https://doi.org/10.1101/108225


9 
 

binding (Fig 2B). No additional SMA-3 recruitment sites were identified in this genomic region, 175 

suggesting that the intergenic region serves to regulate both of these genes. We therefore chose 176 

to study this region, which we will refer to hereafter as col-p. Further analysis of col-p revealed 177 

multiple SBEs that are conserved between three related nematode species (Fig 3A). 178 

 179 

Cuticle collagen genes may be direct or indirect targets of DBL-1 Smads. 180 

In order to elucidate the molecular requirements for Smad recruitment, we used the 181 

electrophoretic mobility shift assay (EMSA) to test R-Smad SMA-3 and co-Smad SMA-4 for 182 

binding. We generated four probes for EMSA based on sequence alignment and the presence of 183 

GTCT sequences (Fig 4C). SMA-4 strongly and specifically bound to probes 3 and 4 (Fig 4A-184 

B). To determine if the conserved SBEs were necessary for SMA-4 binding, we introduced a 185 

single base pair substitution in the SBE, changing GTCT to ATCT, which led to loss of specific 186 

binding as shown by mutant probes and cold competitor probes. Mutant probes with ATCT are 187 

unable to compete with wild type probes for SMA-4 binding (Fig 4B). Our EMSA results 188 

indicate that SMA-4 can bind at least two specific sites in col-p. Additional binding sites may 189 

also be present, because we did not test the entire intergenic region. In contrast to col-141 and 190 

col-142, SMA-3 ChIP-seq peaks were not found in the genomic regions surrounding and col-41.  191 

 192 

Identification of genomic sequences required for col-141 and col-142 expression.  193 

Having identified Smad binding sites in col-p, we further aimed to determine whether 194 

these sites were relevant for gene expression in vivo. Hence, we created a construct with col-p 195 

driving expression of 2x nuclear localized (NLS) mCherry and obtained multiple lines via 196 

microinjection. mCherry expression was observed in the hypodermis and in the vulva at the adult 197 
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stage (Fig 5A-C), confirming the ability of col-p to drive gene expression. Expression was 198 

specific to the adult stage only, in alignment with Jackson et al. [25] which showed peak col-141 199 

and col-142 expression at the adult stage. To test if the DBL-1 pathway would regulate mCherry 200 

expression, we further crossed these lines into sma-3 mutant background. We observed little to 201 

no expression of mCherry expression at all stages (Fig 5D-F). We quantitated fluorescence 202 

intensity and found that it was significantly reduced (Fig 5G). This result did not align with our 203 

microarray and qRT-PCR results, which showed increased rather than decreased expression of 204 

col-141 and col-142 in DBL-1 pathway mutants. However, those assays were conducted at the 205 

L2 stage, at which time fluorescence of our reporter is undetectable. As described below, qRT-206 

PCR experiments in adult animals are consistent with our reporter results.  207 

To test if SBEs present in col-p are relevant for mCherry expression, we made transgenic 208 

animals with mutated SBEs (mt.col-p) driving 2xNLS::mCherry. We noted complete loss of 209 

mCherry expression except in the vulva (Fig 5J), indicating Smad binding at these SBEs is 210 

required for gene expression in the hypodermis (Fig 5H-I). In order to test if mCherry expression 211 

was the same in the presence and absence of sma-3, we crossed these worms into sma-3 mutant 212 

background (Fig 5K-M). Again, we observed a complete absence of fluorescence. 213 

To verify the results from our extrachromosomal reporter, we wanted to study the 214 

expression of col-141 in its endogenous genomic environment. Utilizing CRISPR-Cas9, we 215 

knocked in 2xNLS::GFP to replace col-141 making a transcriptional reporter and a loss of 216 

function  simultaneously (Fig 6A). We characterized the reporter and observed that GFP 217 

expression is only visible at the adult stage in the hypodermis alone (Fig 6B-D), with little to no 218 

expression observed in larval stages, consistent with the result from the extrachromosomal 219 

reporter. To confirm whether DBL-1 signaling transcriptionally regulated GFP expression, we 220 
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crossed the col-141 reporter into a sma-3 mutant background (Fig 6E-G). We observed a loss of 221 

GFP expression, replicating the results of the extrachromosomal col-p::2xNLSmCherry 222 

transgenic animals (Fig 5A,D).  223 

This genome-edited animal also allowed us to determine the body size phenotype of 224 

col-141(lf) and compare it to col-141(RNAi). We measured body length of col-141(lf) at L2, L4, 225 

and adult stages and found that it is longer than controls at all three stages (Fig 5H, S2), similar 226 

to the RNAi results (Fig 1A) except that body length differences persisted into adulthood in the 227 

mutants. Since col-141 shares sequence homology with col-142, we wondered if there could be 228 

partial functional redundancy between the two genes. We therefore performed RNAi targeting 229 

col-142 on the col-141(lf) mutant and observed a further increase in body size in adults 230 

compared to col-141(lf) alone, and compared to wild type (Fig 5H).  231 

 232 

DBL-1 signaling is required for stage-specific regulation of cuticle collagen genes. 233 

We sought to resolve our discrepant results on the direction of regulation of col-141 and 234 

col-142 by the DBL-1 pathway. Initial qRT-PCR performed at the L2 stage indicated an increase 235 

in col-141 and col-142 expression in DBL-1 pathway mutants (Table 1). Meanwhile, the 236 

col-p::2xNLSmCherry and col-141(lf[2xNLS::gfp]) strains showed a reduction of expression at 237 

the adult stage.  In order to confirm that loss of fluorescence expression in col-238 

141(lf[2xNLS::gfp]) and col-p::2xNLSmCherry replicated col-141 and col-142 expression in 239 

sma-3 mutant background, we performed qRT-PCR on sma-3 mutant adults. We observed a 240 

significant decrease in col-141 and col-142 levels in sma-3 mutant adults (Table 1), 241 

corroborating the observations from our transcriptional reporters. Therefore, the direction of 242 

action of the DBL-1 pathway on col-141 and col-142 expression is stage-specific. We extended 243 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 13, 2017. ; https://doi.org/10.1101/108225doi: bioRxiv preprint 

https://doi.org/10.1101/108225


12 
 

these observations by determining the expression levels of col-41 and rol-6 in sma-3 mutant 244 

adults. In these experiments, we observed an increase in col-41 and rol-6 levels (Table 1), again 245 

reversing the direct of regulation in comparison with the L2 stage. These results suggest that 246 

DBL-1 signaling is required for the appropriate temporal stage-specific expression of cuticle 247 

collagen genes.  248 

 249 

Discussion 250 

Body size regulation has been investigated in multiple organisms, including humans [33, 251 

34] mice, dogs, and Drosophila [35-38]. In these organisms, signaling pathways have been 252 

identified that contribute to body size regulation; however, the effector genes for body size 253 

regulation through those pathways are poorly characterized. We have capitalized on the genetic 254 

tractability of C. elegans to study how the conserved DBL-1 BMP-related signaling pathway 255 

regulates body size. In our work, we elucidated the transcriptional network initiated by DBL-1 to 256 

explain how body size is modulated by DBL-1 activity. We have shown that cuticle collagen 257 

genes are transcriptional targets of the DBL-1 pathway via microarray analysis and qRT-PCR. 258 

Moreover, we showed that DBL-1 is required for stage-specific expression of cuticle collagen 259 

genes. Through RNAi, mutant, and overexpression studies we discovered a positive regulator 260 

(col-41), a dose-sensitive regulator (rol-6) and negative regulators (col-141, col-142) of body 261 

size. We showed association of Smads in the intergenic region between col-141 and col-142 via 262 

ChIP-seq and using EMSA we showed in vitro binding of SMA-4 MH1 domain to conserved 263 

SBE sites in this region. Additionally, we show lack of binding by Smads to the previously 264 

defined col-41 promoter region. Hence, cuticle collagen genes are directly and indirectly 265 

regulated via the DBL-1 pathway. Based on presented evidence, we conclude that cuticle 266 
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collagen genes are major effectors of body size through the DBL-1 pathway. We speculate that 267 

the specific collagen isoforms deposited in the cuticle contribute to the characteristics of that 268 

cuticle, due to differences in how they crosslink with other components. COL-41, as a positive 269 

regulator of growth, may contribute to a more elastic, expandable cuticle. COL-141 and COL-270 

142, as negative regulators of growth, may contribute to a more rigid, less easily expanded 271 

cuticle. 272 

Since cuticle collagen genes are encoded by such a large gene family in C. elegans, it is 273 

reasonable to ask why so many genes are needed. One possible explanation is that the large 274 

number of genes allows rapid synthesis of the cuticle during the discrete cuticle synthesis periods 275 

of the worm’s lifecycle. Our work supports the notion that there is also a degree of functional 276 

specificity. Consistent with this hypothesis, more than 60% of cuticle collagen genes have been 277 

described as having stage-specific expression patterns [25]. In particular, col-41 and rol-6 have 278 

peaks of expression in the L2 stage, while col-141 and col-142 have highest expression in adults. 279 

In addition to our own work, two published microarray analyses identified cuticle collagen genes 280 

as transcriptional targets of the DBL-1 pathway [23, 28, 39]. Furthermore, specific subsets of 281 

cuticle collagen genes have been described as transcriptional targets of Wnt and insulin signaling 282 

pathways in C. elegans [25, 40]. Both DBL-1 and Wnt pathway mutants have been shown to 283 

have cuticle defects [25, 41], demonstrating that there are functional consequences to the 284 

alterations in collagen gene expression. Furthermore, Ewald et al. [40] demonstrated that specific 285 

cuticle collagens (which include col-141) contribute to the regulation of longevity by the insulin 286 

signaling pathway. 287 

In humans, collagens constitute ~30% of the protein mass and are the most abundant 288 

protein. Collagens function in a diverse range of processes such as mechanical properties of 289 
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tissue, ligands for receptors, cell growth, differentiation, cell migration, bone formation, 290 

skeletogenesis, and the integrity and function of the epidermis [42-44]. The expression levels of 291 

collagens must be tightly controlled during wound healing, and inappropriate expression of 292 

collagens can lead to fibrosis [45, 46]. Mutations in collagens have been recognized in rare 293 

heritable diseases such as osteogenesis imperfecta, several subtypes of Ehlers-Danlos syndrome, 294 

various chondrodysplasias, X-linked forms of Alpoty syndrome, Ullrich muscular dystrophy, 295 

corneal endothelial dystrophy, and Knobloch syndrome [47]. Therefore, collagens and their 296 

regulation have significant implications for human health. Our work further adds to the 297 

functional importance of collagens in the context of growth regulation.  298 

In addition to highlighting the functional significance of collagen genes, our work sheds 299 

light on the mechanisms of action of the DBL-1 Smads. Three Smads act in this pathway: the R-300 

Smads SMA-2 and SMA-3 and the co-Smad SMA-4. All three Smads are necessary for pathway 301 

function, and they presumably form a heterotrimeric complex. We performed genome-wide 302 

ChIP-seq analysis on GFP::SMA-3 and identified GTCT, the canonical SBE, as enriched at sites 303 

of SMA-3 occupancy. In Drosophila, Mad, the Dpp R-Smad, binds GC-rich Smad binding sites 304 

termed GC-SBE (GGAGCC) [48], while Medea, the Dpp co-Smad, binds canonical SBEs 305 

(GTCT).  In our analyses of targets of the DBL-1 pathway, we observed Smad binding to the 306 

intergenic region between col-141 and col-142. We therefore tested for direct binding of isolated 307 

MH1 domains of Smads SMA-3 and SMA-4 to SBEs in this region. Consistent with findings in 308 

Drosophila, the MH1 domain of co-Smad SMA-4, but not that of R-Smads SMA-3, was able to 309 

bind the SBE’s directly in vitro. Similarly, the co-Smad of the C. elegans DAF-7/TGF-β 310 

pathway, DAF-3, has previously been shown to bind canonical GTCT sequences [49]. Since 311 

there is no evidence for direct binding of R-Smad SMA-3 to GTCT sequences, the enrichment of 312 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 13, 2017. ; https://doi.org/10.1101/108225doi: bioRxiv preprint 

https://doi.org/10.1101/108225


15 
 

this motif at SMA-3 genomic binding sites may be due to SMA-3 being recruited as part of the 313 

Smad complex, with co-Smad SMA-4 making the direct contact with this site.  314 

In conclusion, our work elucidates the transcriptional network for body size regulation 315 

through the DBL-1/BMP pathway in C. elegans. We propose a model (Fig 7) in which DBL-1 316 

signaling leads to Smad activation causing direct and indirect regulation of specific cuticle 317 

collagen genes. This regulation occurs in a stage-specific manner to initiate the correct temporal 318 

program of collagen gene expression. Inappropriate expression of cuticle collagen genes leads to 319 

aberrant body size.  This work thus provides the first mechanistic link between BMP signaling 320 

and effectors of body size regulation. 321 

 322 

Materials and Methods 323 

RNA interference (RNAi) 324 

RNAi by feeding was performed as described [50, 51]. RNAi clones that target the unique (non-325 

Gly-X-Y repeat) regions of collagen genes were generated by cloning desired PCR fragments 326 

into L4440.  327 

 328 

Electrophoretic Mobility Shift Assay (EMSA) 329 

Protein purification: GST tagged versions of the MH1 domains of SMA-2, SMA-3, and SMA-4 330 

were cloned in the pGEX-4T2 vector. All three proteins were isolated using BL21 competent 331 

cells, grown in a starter culture O/N at 37°�. From the starter culture a fresh culture of 100 ml 332 

was started, grown at 37°� until O.D. of 500 was reached. Expression was induced using IPTG 333 

at final concentration of 1 mM in 100 ml cultures and grown at 28°C for 6-8 hours. Standard 334 

batch purification was performed using GST beads and eluted in 30 mM reduced glutathione and 335 
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50 mM Tris buffer, pH 8.0. Three elutions were taken, each of the primary elutions were run on 336 

4-12% Bis-Tris gels (Life Technology) for size separation under denaturing conditions. EMSA 337 

Gel Shifts: Double stranded probes were labeled with 32P and incubated with protein in binding 338 

buffer at RT for 20 minutes. Binding Buffer was composed of 50% glycerol, 100mM HEPES, 339 

15mM DTT, 0.5mg/ml BSA, 0.5M KCl, 50mM ZnSO4, 50 µg/ml dIdC, samples were run on 5% 340 

native acrylamide gel for 1-1.5 hours, dried for one hour at 65°C and developed for 1 hour at -341 

80°C. Probe 1: ttcaaaataagacaacacagaaagtagggt. Probe 2: tgaccttttcatgatcataagacccggttt. Probe 3: 342 

acggtttcaaggtctgtctcctcgaacacg. Probe 4: ggtgagacaagcaatgagaatagacacaca.  343 

 344 

qRT-PCR 345 

Worms were grown at 20°C  until a large amount of eggs were observed on plates. Worms were 346 

then washed off using M9 buffer and the remaining eggs were allowed to hatch for 4 hours. 347 

Worms were then collected and placed on new plates and grown at 20°C until late L2 or adult 348 

stage, collected and mRNA was extracted using the RNeasy mini kit (Qiagen). Reverse 349 

transcriptase PCR and quantitative real time PCR were performed as previously described [52].  350 

 351 

ChIP-Seq 352 

ChIP-seq was performed by Michelle Kudron (Valerie Reinke modENCODE/modERN group) 353 

on sma-3(wk30);Is[GFP::SMA-3] strain at late L2 stage [53]. 354 

 355 

Genome editing and transgenic strains  356 

To obtain a col-141 knock-in line via CRISPR-Cas9 we followed the Dickinson [54] protocol 357 

and used the selection excision cassette pDD282 vector. All constructs were assembled using 358 
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NEB Hi-fi DNA Assembly kit. All other strains were constructed by microinjections, myo-2::gfp 359 

(20 ng/μl), transgene of interest (100 ng/μl), carrier DNA (80 ng/μl). col-141 and col-142 360 

overexpression lines were created via microinjection (50 ng/μl each, myo-2::gfp at 12 ng/μl). 361 

rol-6 overexpression lines were made via injection of rol-6 (50 ng/μl) and myo-2::gfp (10 ng/μl). 362 
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Fig 1. Cuticle collagen gene inhibition and overexpression leads to body size phenotypes. A. 547 

RNAi inhibition of col-41, rol-6, and col-141 led to changes in body size. Animals were 548 

measured at indicated time points following embryo collection. B. Comparing body size 549 

phenotype of rol-6(mt2709) mutant and overexpressing col-141col-142 worms relative to wild 550 

type. Body length was measured at the L4 stage. An independently generated transgenic line 551 

gave equivalent results. C. Overexpression of rol-6 leads to smaller body size. rol-6 RNAi in the 552 

rol-6 overexpression line alleviates small body size. Body length was measured at the L4 stage. 553 

An independently generated transgenic line gave equivalent results. OE-overexpression; Control-554 

Empty Vector. Error bars show standard error. * P < 0.05, ** P < 0.005, ***P < 0.0005. 555 

 556 

Fig 2.  SMA-3 associates with Smad Binding Elements in the intergenic region between 557 

col-141 and col-142 (col-p). A. SMA-3 ChIP sequencing revealed SBE as highly enriched motif 558 

via MEME-ChIP motif discovery analysis. B. SMA-3 associates with the intergenic region 559 

between col-141 and col-142 (col-p).  560 

 561 

Fig 3. Multiple conserved SBEs are present in the intergenic region between col-141 and 562 

col-142.  A. Five out of the six putative SBE sites are conserved among multiple Caenorhabditis 563 

species in the intergenic region between col-141 and col-142. Nucleotide alignments were made 564 

using ClustalW. B. Schematic of the location of SBEs in the intergenic region between col-141 565 

and col-142. 566 

  567 

Fig 4. Smads bind directly to SBEs in col-p. A. SMA-4 strongly binds to probe 3 and probe 4 568 

containing SBEs. B. SMA-4 binds specifically to SBE (2xGTCT) in Probe 3. C. Probes from 569 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 13, 2017. ; https://doi.org/10.1101/108225doi: bioRxiv preprint 

https://doi.org/10.1101/108225


23 
 

col-p region used to test binding of Smad MH1 DNA binding domains. SBEs are capitalized in 570 

red. 571 

 572 

Fig 5. Identification of genomic sequences required for col-141 expression. A-C. 573 

col-p::2xNLS::mCherry leads to adult stage specific expression in the hypodermis nuclei. D-F. 574 

mCherry expression is severely depleted in sma-3 mutant background. G. Quantification of 575 

mCherry expression in wild type and sma-3 mutant background. Error bars show standard error. 576 

* P < 0.05, ** P < 0.005, *** P < 0.0005 H-J. Mutating SBE 3 from GTCT to ATCA, SBE 4 577 

from AGAC to TGAT leads to loss of mCherry expression. K-M. Crossing of 578 

mt.col-p::2xNLS::mCherry into sma-3 mutant background does not change the ablated mCherry 579 

expression. A,D,H,K fluorescent images; B,E,I,L Nomarski images; C,F merged images; J,M 580 

merged images showing expression in the vulval region. 581 

 582 

Fig 6. An endogenous CRISPR-generated reporter verifies requirements for col-141 583 

expression. A. Utilizing CRISPR-Cas9 genome editing to knock out and replace col-141 with 584 

2xNLS::gfp, creating a loss of function mutant and transcriptional reporter simultaneously. B-D. 585 

GFP expression in col-141(lf) mutant. E-G. Loss of GFP expression in sma-3 mutant 586 

background. B,E fluorescent images; C,F Nomarski images; D,G merged images. H. Body size 587 

phenotypes of col-141(lf), col-142(RNAi) and doubles. Error bars show standard error. * P < 588 

0.05, ** P < 0.005, *** P < 0.0005. 589 

Fig 7. DBL-1 regulation of growth. Our model proposes stage-specific regulation of cuticle 590 

collagen genes to contribute to growth and body size of C. elegans. 591 
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Fig S1. Body size following RNAi of DBL-1 transcriptional targets that encode potential 592 

endoreduplication regulators. Body length was measured at 96 hours after embryo collection. 593 

Error bars show standard error. 594 

Fig S2. Body size of col-141(lf) CRISPR strain. Body size was measured at L2, L4 and adult 595 

stages. Error bars show standard error. *** P < 0.0005. 596 

 597 
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