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ABSTRACT Body size is a tightly regulated phenotype in metazoans that depends on both intrinsic and extrinsic factors. While
signaling pathways are known to control organ and body size, the downstream effectors that mediate their effects remain poorly
understood. In the nematode Caenorhabditis elegans, a Bone Morphogenetic Protein (BMP)-related signaling pathway is the major
regulator of growth and body size. We investigated the transcriptional network through which the BMP pathway regulates body size
and identified cuticle collagen genes as major effectors of growth control. We demonstrate that cuticle collagens can act as positive
regulators (col-41), negative regulators (col-141), or dose-sensitive regulators (rol-6) of body size. Moreover, we find a requirement of
BMP signaling for stage-specific expression of cuticle collagen genes. We show that the Smad signal transducers directly bind
conserved Smad-binding elements in regulatory regions of col-141 and col-142, but not of col-41. Hence, cuticle collagen genes
may be directly and indirectly regulated via the BMP pathway. Our work thus connects a conserved signaling pathway with its critical
downstream effectors, advancing insight into how body size is specified. Since collagen mutations and misregulation are implicated in
numerous human genetic disorders and injury sequelae, understanding how collagen gene expression is regulated has broad impli-
cations.
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THE Transforming Growth Factor-b (TGF-b) superfamily
encompasses . 30 ligands including Bone Morphoge-

netic Proteins (BMPs), Activin, and Nodal. BMPs play essen-
tial roles in development and have been studied in a variety
of contexts (Wu and Hill 2009). However, the roles of BMPs
in growth and body size regulation are relatively unexplored.
This deficit is partly due to body size being expressed as a
complex trait with continuous variation. The existence of
monogenic variants with discrete body size changes provides
us with an entry point into growth- and size-regulating mech-
anisms. We have capitalized on the major visible effect of

BMP signaling on growth regulation in the nematode
Caenorhabditis elegans to uncover transcriptional targets act-
ing as effectors of body size regulation.

BMPs are highly conserved among animal species along
with the components of their signaling pathways. BMP ho-
mologs are present inDrosophila [e.g., Decapentaplegic (Dpp)]
and C. elegans [e.g., Dpp/BMP-like-1 (DBL-1)] (Wu and Hill
2009), genetically tractable organisms in which Smads, the
intracellular components of the TGF-b signaling pathway,
were first identified (Sekelsky et al. 1995; Savage et al.
1996). Receptor-regulated Smads (R-Smads) are directly
phosphorylated by the TGF-b receptors on the C-terminus.
This phosphorylation allows formation of the heterotrimeric
Smad complex with co-Smads that accumulate in the nucleus
to regulate target genes of the pathway (Wrana et al. 1992;
Estevez et al. 1993; Liu et al. 1995; Lagna et al. 1996; Zhang
et al. 1996; Abdollah et al. 1997; Souchelnytskyi et al. 1997;
Qin et al. 2001; Wu et al. 2001; Chacko et al. 2004; Nicolas
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et al. 2004). Smads are known to bind a 4-bp GTCT Smad-
Binding Element (SBE); furthermore, R-Smads for BMP li-
gands associate with GC-rich sequences (GC-SBEs) (Kim
et al. 1997; Rushlow et al. 2001; Gao et al. 2005).Whilemuch
detailed knowledge has been obtained in studies of a few
direct Smad target genes, fewer studies have addressed the
direct and indirect transcriptional programs required to me-
diate biological functions in intact organisms.

In C. elegans, the DBL-1/BMP signaling pathway is the
major regulator of growth and body size. DBL-1 ligand is
secreted by neurons and body wall muscle, and is necessary
for body size regulation, and other developmental and ho-
meostatic processes (Suzuki et al. 1999). The small body size
phenotype is the result of a reduction in cell size rather than
cell number. Previous work has pinpointed the hypodermis,
the outermost multinucleated epithelium, as the main target
tissue of DBL-1 signaling. In dbl-1 mutants, different tissue
sizes are reduced to different extents, with hypodermal tissue
reduced in proportion to body size (Nagamatsu and Ohshima
2004). Furthermore, we have previously shown by tissue-
specific expression of SMA-3 (R-Smad) in a sma-3 mutant
background that activation of the DBL-1 pathway in the hy-
podermis is necessary and sufficient for normal body size
(Wang et al. 2002). Similar conclusions have been drawn
in experiments with the DBL-1 receptors (Inoue and Thomas
2000; Yoshida et al. 2001). To identify the transcriptional
targets of the DBL-1 pathway that may function in body size
regulation, we performed microarray analysis on dbl-1 mu-
tants (Liang et al. 2007). The functions of putative target
genes were analyzed by RNA interference (RNAi) knock-
downs, leading us to concentrate on a group of cuticle colla-
gen genes.

The cuticle serves as the skin of the worm and its main
component is collagen, encoded by. 170 genes in the cutic-
ular collagenmultigene family (Johnstone 2000). The cuticle
is synthesized and secreted by the underlying hypodermis,
and polymerizes on the external surface forming a flexible
barrier. At the end of each larval stage, the cuticle molts re-
vealing a newly formed cuticle underneath. Some cuticle col-
lagen genes are expressed in specific larval stages while
others are expressed in each cuticle synthesis period
(Jackson et al. 2014). In spite of extensive study, only a few
of the cuticle collagen genes have been described to have
visible mutant phenotypes; these abnormalities include body
morphology defects such as DumPY (Dpy), ROLler (Rol),
BLIster (Bli), SQuaT (Sqt), and LONg (Lon) (Page and Johnstone
2007). We reasoned that altered expression of cuticle colla-
gen genes could contribute to the small body size phenotype
of DBL-1 pathway mutants.

We show here that cuticle collagen genes are direct and
possibly indirect transcriptional targets of the DBL-1 pathway.
We demonstrate SMA-4 (co-Smad) binding in the intergenic
region between col-141 and col-142. This result is the first
demonstration that the DBL-1 pathway Smads bind DNA
in vitro, further validating the functional conservation of
Smads in the nematode model. We find that other collagen

genes are likely indirect targets of the DBL-1 pathway. More-
over, we observe loss of stage-specific expression of cuticle
collagens in the absence of DBL-1 signaling. Lastly, we dem-
onstrate through collagen loss-of-function mutants, RNAi,
and overexpression studies that cuticle collagens are the ef-
fectors of body size regulation by the DBL-1 pathway.

Materials and Methods

Strains

C. elegans strains were grown at 20� using standard methods
(Brenner 1974). All experiments were performed at 20�. In
addition to strains generated in this study, the following
strains were used: N2 (wild-type), CS24 sma-3(wk30), and
MT2709 rol-6(e187n1270).

Body size measurements

Worms were grown at 20�, and collected at the given time
point (Figure 1A) or developmental stage (all other exper-
iments). Animals were photographed using QC Capture
2.73.0. The length of each worm was determined by draw-
ing a segmented line along the midline from the head to the
tail, and the length was measured using Image-Pro Express
5.1.0.12 software.

RNAi

RNAi by feeding was performed as described (Kamath and
Ahringer 2003; Liang et al. 2013). RNAi clones that target the
unique (non-Gly-X-Y repeat) regions of collagen genes were
generated by cloning desired PCR fragments into L4440. The
following primers were used to PCR amplify respective genes:

col-41 59: ATGTCTACTCTTGGCTATATTGG.
col-41 39: GGTACACAAATCTCTTGTTACGG.
col-141 59: ATACGATGAGTACCAGCACC.
col-141 39: GGGCTTGTCTCTTATTACGC.
col-142 59: ATGAGTGCCAGTACTCTTGTGAC.
col-142 39: GCCACAGTTGCATTGAGCTTGT.
rol-6 59: CGTCCGGCGCCATTGTATTT.
rol-6 39: GTGCTGGTGGCTGAACACCA.

Electrophoretic mobility shift assay

Protein purification: GST-tagged versions of the MH1 do-
mains of SMA-2, SMA-3, and SMA-4 were cloned in the
pGEX-4T2 vector. All three proteins were isolated using
BL21 competent cells, grown in a starter culture overnight
at 37�. From the starter culture, a fresh culture of 100 ml was
started and grown at 37� until OD of 500 was reached. Ex-
pression was induced using IPTG at a final concentration of
1 mM in 100 ml cultures and grown at 28� for 6–8 hr. Stan-
dard batch purification was performed using GST beads, and
eluted in 30 mM reduced glutathione and 50 mM Tris buffer,
pH 8.0. Three elutions were taken; each of the primary elu-
tions were run on 4–12% Bis-Tris gels (Life Technology) for
size separation under denaturing conditions.
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Gel shifts: Double-stranded probeswere labeledwith 32P and
incubated with protein in binding buffer at room temperature
for 20 min. Binding buffer was composed of 50% glycerol,
100 mM HEPES, 15 mM DTT, 0.5 mg/ml BSA, 0.5 M KCl,
50 mM ZnSO4, and 50 mg/ml dIdC (deoxyinosine:deoxycy-
tidine), samples were run on 5% native acrylamide gel for
1–1.5 hr, dried for 1 hr at 65�, and developed for 1 hr at280�.
Probe 1: 59-TTCAAAATAAGACAACACAGAAAGTAGGGT-
39; probe 2: 59-TGACCTTTTCATGATCATAAGACCCGGTTT-
39; probe 3: 59-ACGGTTTCAAGGTCTGTCTCCTCGAACACG-39;
and probe 4: 59-GGTGAGACAAGCAATGAGAATAGACACACA-39.

Quantitative RT- PCR

Worms were grown at 20� until a large number of eggs were
observed on plates. Worms were then washed off using M9
buffer and the remaining eggs were allowed to hatch for 4 hr.
Worms were then collected and placed on new plates, and
grown at 20� until late second larval (L2) or adult stage,
collected, and mRNA was extracted using the RNeasy mini
kit (QIAGEN, Valencia, CA). Since rol-6(OE) is an extrachro-
mosomal array, for analysis of rol-6(OE) and rol-6(RNAi), we
used the following protocol from http://groups.molbiosci.
northwestern.edu/morimoto/research/Protocols/IX.%20C.
%20elegans/B.%20Extraction/2.%20TotalRNA.pdf. Ten L4
worms from L4440 control, rol-6(OE) on L4440, and rol-6-
(RNAi) were picked into 20 ml of M9 buffer. Next, 250 ml of
Trizol was added. Samples were vortexed intermittently and
kept on ice, then frozen in liquid nitrogen. Samples were
thawed, and extraction performed with 50 ml chloroform two
times. RNA was precipitated with 125 ml isopropanol and
washed with 70% ethanol. DNA was removed using Ambion
Turbo DNAse. RT-PCR and quantitative reverse transcriptase
PCR (qRT-PCR) were performed as previously described (Yin
et al. 2015). The following primers were used for qRT-PCR:

col-41 S: CAGAAGGATTCCCAGGACTTC.
col-41 AS: GAAGTATGTGGTTCCTGGCTGTC.
col-141 S: CGATGAGTACCAGCACCTTCGTT.
col-141 AS: GTTCGAGTCCCTTGAACTCATT.
col-142 S: CCGCTTCTGGTATTGCTATTG.
col-142 AS: GAGTGGTTGGGATCATTGCCT.
rol-6 S: ATGACCCTAACTACGGCGACGTC.
rol-6 AS: TCTGAAGTTGGCGATTTCGGC.

Chromatin immunoprecipitation sequencing

Chromatin immunoprecipitation sequencing (ChIP-seq) was
performed byMichelle Kudron (Valerie ReinkeModel Organ-
ism ENCyclopedia Of DNA Elements and model organism
Encyclopedia of Regulatory Networks group) on the sma-
3(wk30);Is[GFP::SMA-3] strain at late L2 stage (Gerstein
et al. 2010). Data are available at encodeproject.org.

Genome editing and transgenic strains

To obtain a col-141 knock-in line via clustered regularly inter-
spaced short palindromic repeats (CRISPR)-Cas9, we followed

the Dickinson (Dickinson et al. 2015) protocol and used the
selection excision cassette pDD282 vector. All constructs were
assembled using a New England Biolabs (Beverly, MA) Hi-fi
DNA Assembly kit. All other strains were constructed by micro-
injections, myo-2::gfp (20 ng/ml), transgene of interest
(100 ng/ml), and carrier DNA (80 ng/ml). col-141 and col-
142 overexpression lines were created via microinjection
(50 ng/ml each,myo-2::gfp at 12 ng/ml). rol-6 overexpression
lines were made via injection of rol-6 (50 ng/ml) and myo-
2::gfp (10 ng/ml). The col-p::2xNLSmCherry vector was con-
structed via subcloning the intergenic region (XbaI/KpnI)
into the p702 vector containing 2xNLSmCherry and con-
firmed via sequencing. The mutated col-p region was synthe-
sized by Integrated DNATechnologies and subcloned into the
p702 vector.

Imaging

All fluorescence images were taken via a Zeiss ([Carl Zeiss],
Thornwood, NY) Apotome microscope. For fluorescence
quantification, images were taken at 633 and, utilizing
ImageJ software, circles were drawn around the fluorescent
nuclei and quantified.

Data availability

Strains and plasmids are available upon request. All data
necessary for confirming the conclusions of the article are
present within the article or in supplemental files available at
FigShare. Supplemental material available at Figshare:
https://doi.org/10.25386/genetics.6305780.

Results

Cuticle collagen genes are transcriptional targets of the
DBL-1 pathway and are required for normal body size

Wesought to connect theDBL-1 transcriptional program to its
downstream effectors of body size regulation. In previous
work, we identified five putative target genes with body size
phenotypes (Liang et al. 2007), but all of these genes encode
signaling molecules or transcription factors, so they are not
the downstream effectors of growth control. It has been pro-
posed that changes in hypodermal polyploidy contribute to
the reduced growth of dbl-1 mutant adults (Lozano et al.
2006), although these changes cannot account for differ-
ences in size during larval stages. We tested the functions
of putative target genes encoding DNA licensing factors
and cyclins that could regulate polyploidization, but knock-
down of these genes by RNAi did not produce body size
phenotypes (Supplemental Material, Figure S1). We next
analyzed the functions of target genes involved in fat me-
tabolism, but discovered that they function independently
of body size regulation (Clark et al. 2018). Finally, we
turned our attention to four cuticle collagen genes that we
identified as putative transcriptional targets of the DBL-1
pathway. We performed qRT-PCR to verify transcriptional
changes in cuticle collagen genes. We compared expression
in dbl-1 and sma-3 mutants to wild-type controls at the L2
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stage, the same stage in which the microarray analysis had
been conducted. In the absence of DBL-1 signaling, rol-6
and col-41 are downregulated while col-141 and col-142
are upregulated (Figure 1B), in agreement with the micro-
array studies.

We hypothesized that regulated expression of these cu-
ticle collagen genes contributes to body size regulation.
An alternative hypothesis is that the altered expression of
cuticle collagen genes is a response to, rather than a cause
of, the altered size of dbl-1 mutants (Roberts et al. 2010).
To address the role of these cuticle collagen genes in body
size regulation, we generated gene-specific RNAi clones
targeting the genes. We performed RNAi of col-41, rol-6,
and col-141, and measured body length at different time
points during larval and adult growth (Figure 1A). RNAi
of col-41 and rol-6 led to a decrease in body size at all time
points. Conversely, col-141(RNAi) led to a transient increase
in body size in the larval stages, suggesting that cuticle
collagens can act as negative as well as positive regulators
of body size. In these experiments, we did not observe
any detectable differences in developmental timing. Nev-

ertheless, in subsequent experiments, we determined
body size at defined developmental stages based on vul-
val and gonadal developmental milestones. We verified our
RNAi results for rol-6 using an available loss-of-function
mutation in rol-6. This rol-6(lf)mutant also has a small body
size, as illustrated by body length measured at the L4 stage
(Figure 1B).

If cuticle collagen expression is truly instructive rather than
permissive for body size regulation, we would expect that
overexpression of respective collagens should also lead to
body size changes. Therefore, we performed overexpression
of col-141 and col-142, by increasing copy number in trans-
genics carrying a genomic fragment that contains both genes,
which are adjacent in the genome. Overexpression of col-141
and col-142 resulted in decreased body size relative to wild-
type worms (Figure 1B), confirming these genes as negative
regulators of growth. We performed a similar experiment to
overexpress rol-6. Surprisingly, overexpression of rol-6 led to
a decrease, rather than an increase, in body size (Figure 1C).
This result suggests that excess ROL-6 can cause a reduction
in body size. Since the overexpression lines have a smaller

Figure 1 Cuticle collagen gene inhibition and overexpression leads to body size phenotypes. (A) RNAi inhibition of col-41, rol-6, and col-141 led to
changes in body size. Animals were measured at indicated time points following embryo collection. n = 30 for each data point. Error bars show SE. (B)
Fold-change in expression levels of cuticle collagen genes. Data from dbl-1 mutants at L2 stage from microarray analysis is compared with qRT-PCR
results from sma-3 and/or dbl-1 mutants at L2 stage. (C) Comparing body size phenotype of rol-6(e187n1270) mutant and overexpressing col-141col-
142 worms relative to wild-type. Body length was measured at the L4 stage. An independently generated transgenic line gave equivalent results. (D)
Overexpression of rol-6 leads to smaller body size. rol-6 RNAi in the rol-6 overexpression line alleviates small body size. Body length was measured at the
L4 stage. An independently generated transgenic line gave equivalent results. OE, overexpression; Control, empty vector. Box plots show second and
third quartiles; whiskers show maximum and minimum. Statistical significance was determined using Student’s t-test: * P, 0.05, ** P, 0.005, and ***
P , 0.0005. ND, not determined. qRT-PCR, quantitative reverse transcriptase PCR; RNAi, RNA interference.
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body size than rol-6 loss-of-function, we were able to test
this hypothesis by using RNAi to inactivate rol-6 in these
lines. RNAi inhibition of rol-6 expression reduced the se-
verity of the growth defect in the overexpressing lines,
bringing their phenotypes closer to the observed size of
rol-6(RNAi) or rol-6(lf) (Figure 1C; similar results were
obtained with an independent line). Finally, we verified
expression changes in rol-6(OE) and rol-6(RNAi) by qRT-
PCR; RNAi reduced rol-6 expression to 0.01 of the level of
L4440 empty vector control, while rol-6(OE) increased
expression by 18% to 1.18 the level of control. These
results suggest that rol-6 is dose-sensitive and must be
expressed in a particular range, otherwise aberrant body
size is observed.

Direct regulation of cuticle collagen genes by
DBL-1 Smads

To identify which transcriptional targets of DBL-1 signaling
were potentially directly regulated by Smad binding, ge-
nome-wide ChIP-seq was performed using a strain expressing
functional GFP::SMA-3 from the endogenous sma-3 pro-
moter in a sma-3(wk30) background (encodeproject.org).
Using the online Galaxy analysis software (Giardine et al.
2005; Blankenberg et al. 2010; Goecks et al. 2010), we
extracted genomic sequences from the coordinates obtained
via ChIP-seq. MEME-ChIP software (Bailey et al. 2009) was
used to discover enrichedmotifs and generate logo plots. The
top two enriched motifs were the CTGCGTCT SBE and GAGA
(Figure 2A). The presence of GTCT as an enriched motif
indicates an increased presence of SMA-3 at canonical Smad-
binding sites. The GAGA motif is bound by the transcription
factor EOR-1 in C. elegans, and is associated with open chro-
matin regions during larval development (Daugherty et al.
2017). Among the cuticle collagen genes that we estab-
lished as transcriptional targets, the intergenic region between

col-141 and col-142 had strong Smad binding (Figure 2B).
No additional SMA-3 recruitment sites were identified in this
genomic region, suggesting that the intergenic region serves to
regulate both of these genes. Therefore, we chose to study
this region, which we will refer to hereafter as col-p. In
contrast to col-141 and col-142, SMA-3 ChIP-seq peaks
were not found in the genomic regions surrounding col-41
(Figure 2C).

Smads associate with Smad-binding elements in col-p

We generated a multiple sequence alignment between col-p
sequences from three related nematode species (Figure 3A).
This analysis of col-p revealed multiple SBEs, some of which
are conserved between two or three analyzed species. To
elucidate the molecular requirements for Smad recruitment,
we used the electrophoretic mobility shift assay (EMSA) to
test R-Smad SMA-3 and co-Smad SMA-4 binding to putative
regulatory sequences. The MH1 Smad DNA-binding domains
were expressed as GST fusion proteins in bacteria. We used
an artificial Smad-binding sequence based on the well-
characterized RAD-SMAD reporter (Tian et al. 2010) as a
positive control. The SMA-4 MH1 domain binds strongly to
this probe (Figure 4A). We then generated four probes from
col-p based on sequence alignment and the presence of GTCT
sequences (Figure 4C). The SMA-4MH1 domain strongly and
specifically bound to probes 3 and 4 (Figure 4, A and B). To
determine if the conserved SBEs are necessary for SMA-4
binding, we introduced two single-base pair substitutions in
the SBEs, changing GTCT to ATCT. Unlabeled wild-type and
mutant probes were used in a competition assay with labeled
wild-type probe 3. Unlike wild-type probes, mutant probes
with ATCT are unable to compete for SMA-4 binding (Figure
4B). Similar results were obtainedwithmutated probe 4 (Fig-
ure S2). Therefore, SMA-4 binding depends on intact GTCT
sequences. Overall, our EMSA results indicate that SMA-4

Figure 2 SMA-3 associates with Smad-binding elements (SBEs) in the intergenic region between col-141 and col-142 (col-p). (A) SMA-3 chromatin
immunoprecipitation sequencing revealed SBE as a highly enriched motif via MEME-ChIP motif discovery analysis. The e value for CTGCGTCT motif is
3.6E2101; the e value for AGAGAGA motif is 7.6E2083. (B) SMA-3 associates with the intergenic region between col-141 and col-142 (col-p). (C) No
peaks of SMA-3 are detected in the genomic region surrounding col-41. The nearest peaks are located distal to the neighboring coding sequences
T10B10.3 and ucr-2.2. We were unable to analyze binding of SMA-3 to the rol-6 genomic region due to multiple copies of rol-6(d) present as a marker
on the transgene in the strain used for this experiment.
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can bind at least two specific sites in col-p (in probes 3 and 4).
Additional binding sites may also be present, because we did
not test the entire intergenic region. SMA-3 MH1 domain
did not bind to any of the tested probes, possibly because
BMP R-Smads prefers GC-SBEs to canonical SBEs (see
Discussion).

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

Having identified Smad-binding sites in col-p, we further
aimed to determine whether these sites are relevant for
gene expression in vivo. Hence, we created a construct
with col-p driving expression of 23 nuclear localized
mCherry and obtained multiple lines via microinjection.
As expected, we found that these sequences drive expression
in epidermal tissues. The main C. elegans epidermal tissue is
a large multinucleate syncytium known as hyp7. Lateral
epidermal cells known as seam cells act as stem cells that
divide asymmetrically, giving rise to one daughter cell that
joins the hypodermis. Ventral epidermal cells either join the

hypodermal syncytium or contribute to the vulva (Sulston
and Horvitz 1977). mCherry expression driven by col-p was
observed in the seam cells and in the vulva at the adult
stage (Figure 5, A–C). Fluorescence was detectable in the
adult stage only. This pattern is consistent with previous
genome-wide studies (Jackson et al. 2014) that showed
peak col-141 and col-142 expression at the adult stage. To
test if the DBL-1 pathway would regulate mCherry expres-
sion, we further crossed these lines into the sma-3 mu-
tant background. We observed little to no expression of
mCherry expression at all stages (Figure 5, D–F). We quan-
titated fluorescence intensity and found that it was signifi-
cantly reduced (Figure 5G). This result did not align with
our microarray and qRT-PCR results, which showed in-
creased rather than decreased expression of col-141 and
col-142 in DBL-1 pathway mutants. However, those assays
were conducted at the L2 stage, at which time fluorescence
of our reporter is undetectable. As described below, qRT-
PCR experiments in adult animals are consistent with our
reporter results.

Figure 3 Multiple conserved Smad-binding ele-
ments (SBEs) are present in the intergenic region
between col-141 and col-142. (A) Five out of the
six putative SBE sites are conserved among mul-
tiple Caenorhabditis species in the intergenic re-
gion between col-141 and col-142. Nucleotide
alignments were made using ClustalW. (B) Sche-
matic of the location of SBEs in the intergenic
region between col-141 and col-142.
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To test if SBEs present in col-p are relevant for mCherry
expression, wemade transgenic animals withmutated SBEs
(mt.col-p) driving 2xNLS::mCherry. Expression of mCherry
became undetectable in the hypodermis, but was retained
in the vulva (Figure 5J), indicating that Smad binding at
these SBEs is required for gene expression in the hypoder-
mis (Figure 5, H and I). To test if mCherry expression
was the same in the presence and absence of sma-3, we
crossed these worms into the sma-3 mutant background
(Figure 5, K–M). Again, we detected no fluorescence in
the hypodermis.

To verify the results from our extrachromosomal re-
porter, we wanted to study the expression of col-141 in its
endogenous genomic environment. Utilizing CRISPR-
Cas9, we knocked in 2xNLS::GFP to replace col-141,
making a transcriptional reporter and a loss-of-function
simultaneously (Figure 6A). We characterized the re-
porter and observed GFP fluorescence specifically in epi-
dermal nuclei at the adult stage (Figure 6, B–D). Little to
no expression was observed in larval stages, consistent
with the result from the extrachromosomal reporter.
These two constructs showed some differences in spatial
expression pattern. While the extrachromosomal reporter
showed expression in the seam cells and the vulva, expres-
sion from the endogenous promoter was primarily seen in
hyp7, and absent from seam cells (black arrow in Figure
6D) and the vulva, suggesting that endogenous sequences

outside of col-p contribute to spatial specificity. To confirm
that DBL-1 signaling regulates GFP transcription from the col-
141 locus, we crossed the col-141 CRISPR reporter into a sma-3
mutant background (Figure 6, E–G). We observed a loss of
GFP expression, replicating the results of the extrachromo-
somal col-p::2xNLSmCherry transgenic animals (Figure 5, A
and D).

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

We sought to resolve our discrepant results on the direction
of regulation of col-141 and col-142 by the DBL-1 pathway.
Initial qRT-PCR performed at the L2 stage, as well as the
original microarray experiments (Liang et al. 2007), indi-
cated an increase in col-141 and col-142 expression in DBL-1
pathway mutants (Figure 1B). Meanwhile, the col-p::
2xNLSmCherry and col-141(lf[2xNLS::gfp]) strains showed
a reduction of expression at the adult stage. To confirm that
loss of fluorescence expression in col-141(lf[2xNLS::gfp])
and col-p::2xNLSmCherry replicated col-141 and col-142 ex-
pression in the sma-3 mutant background, we performed
qRT-PCR on sma-3mutant adults. We observed a significant
decrease in col-141 levels in sma-3 mutant adults (Figure
6H), corroborating the observations from our transcrip-
tional reporters. In some experiments, we saw a decrease
in col-142 levels in sma-3 mutant adults, but this decrease
did not reach statistical significance. We extended these

Figure 4 Smads bind directly to Smad-binding
elements (SBEs) in col-p. (A) SMA-4 strongly
binds to probes 3 and 4 containing SBEs. (B)
SMA-4 binds specifically to an SBE (2xGTCT) in
probe 3. (C) Probes from col-p region used to
test binding of Smad MH1 DNA-binding do-
mains. SBEs are capitalized. In (B), mutated
probe 3 had sequence 59-ACGGTTTCAAGATC-
TATCTCCTCGAACACG-39, in which GTCT mo-
tifs were mutated to ATCT. Mt, mutated; RS,
RAD-SMAD; Wt, wild-type.
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observations by determining the expression levels of col-41
and rol-6 in sma-3 mutant adults. In these experiments, we
observed an increase in col-41 and rol-6 levels (Figure 6H),
again reversing the direction of regulation in comparison

with the L2 stage. We note that an independent microarray
experiment also identified col-41 as upregulated and col-
142 as downregulated in sma-2 mutants at the L4 stage
(Luo et al. 2010), similar to our results in adults. These

Figure 5 Identification of genomic sequences required for col-141 expression. (A–C) col-p::2xNLS::mCherry leads to adult stage-specific expression
in seam cell nuclei. Dotted lines outline the approximate positions of the seam cells. (D–F) mCherry expression is severely depleted in the sma-3
mutant background. (G) Quantification of mCherry expression in wild-type and sma-3 mutant background. Error bars show SE; AU, arbitrary units.
* P , 0.05, ** P , 0.005, and *** P , 0.0005. (H–J) Mutating Smad-binding element (SBE) 3 from GTCT to ATCA, and SBE 4 from AGAC to TGAT,
leads to loss of mCherry expression. (K–M) Crossing of mt.col-p::2xNLS::mCherry into sma-3 mutant background does not change the ablated
mCherry expression. (A, D, H, and K) Fluorescent images; (B, E, I, and L) Nomarski images; (C and F) merged images; and (J and M) merged images
showing expression in the vulval region.
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results suggest that DBL-1 signaling is required for the ap-
propriate temporal stage-specific expression of cuticle col-
lagen genes.

Discussion

Body size regulation has been investigated in multiple organ-
isms, including humans (Le Goff andCormier-Daire 2012; Lui
et al. 2015) mice, dogs, and Drosophila (Baker et al. 1993;
Oldham et al. 2000; Shingleton 2005; Sutter et al. 2007). In
these organisms, signaling pathways have been identified
that contribute to body size regulation; however, the effector
genes for body size regulation through those pathways are

poorly characterized.We have capitalized on the genetic trac-
tability of C. elegans to study how the conserved DBL-1 BMP-
related signaling pathway regulates body size. In our work,
we elucidated the transcriptional network initiated by DBL-1
to explain how body size is modulated by DBL-1 activity. We
have shown that cuticle collagen genes are transcriptional
targets of the DBL-1 pathway via microarray analysis and
qRT-PCR. Moreover, we showed that DBL-1 is required for
stage-specific expression of cuticle collagen genes. Through
RNAi, mutant, and overexpression studies, we discovered a
positive regulator (col-41), a dose-sensitive regulator (rol-6),
and a negative regulator (col-141) of body size. We showed
association of Smads in the intergenic region between

Figure 6 An endogenous clus-
tered regularly interspaced short
palindromic repeats (CRISPR)-
generated reporter verifies require-
ments for col-141 expression. (A)
Utilizing CRISPR-Cas9 genome
editing to knock out and replace
col-141 with 2xNLS::gfp, creating
a loss-of-function mutant and tran-
scriptional reporter simultaneously.
(B–D) GFP expression in col-141(lf)
mutant. Dotted lines outline the
approximate positions of the seam
cells. Black arrow denotes a seam
cell nucleus lacking GFP expression.
(E–G) Loss of GFP expression in the
sma-3 mutant background. (B and
E) Fluorescent images; (C and F)
Nomarski images; and (D and G)
merged images. (H) Regulation of
cuticle collagen gene expression by
sma-3 in adult stages determined
by quantitative reverse transcriptase
PCR mirrors the transcriptional re-
porter. Results show the mean from
four independent biological repli-
cates with two technical replicates
for each sample. Statistical analysis
was performed by student’s t-test.
** P, 0.005 and *** P, 0.0005.
WT, wild-type.
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col-141 and col-142 via ChIP-seq, and using EMSAwe showed
in vitro binding of SMA-4MH1 domain to conserved SBE sites
in this region.

Since cuticle collagen genes are encoded by such a large
gene family in C. elegans, it is reasonable to ask why so many
genes are required. One possible explanation is that the large
number of genes allows rapid synthesis of the cuticle during
the discrete cuticle synthesis periods of the worm’s lifecycle.
Our work supports the notion that there is also a degree of
functional specificity. Consistent with this hypothesis,. 60%
of cuticle collagen genes have been described as having
stage-specific expression patterns (Jackson et al. 2014). In
particular, col-41 and rol-6 have peaks of expression in the
L2 stage, while col-141 and col-142 have highest expression
in adults. In addition to our own work, two published micro-
array analyses identified cuticle collagen genes as transcrip-
tional targets of the DBL-1 pathway (Liang et al. 2007; Luo
et al. 2010; Roberts et al. 2010). Furthermore, specific subsets
of cuticle collagen genes have been described as transcrip-
tional targets of Wnt and insulin signaling pathways in C.
elegans (Jackson et al. 2014; Ewald et al. 2015). Both DBL-1
and Wnt pathway mutants have been shown to have cuticle
defects (Jackson et al. 2014; Schultz et al. 2014), demonstrat-
ing that there are functional consequences to the alterations
in collagen gene expression. Furthermore, Ewald et al.
(2015) demonstrated that specific cuticle collagens (which
include col-141) contribute to the regulation of longevity by
the insulin signaling pathway.

Interestingly,previousworkhasdemonstrated that theDBL-1
pathway can also regulate the cuticle post-transcriptionally.
For example, LON-3 is a cuticle collagen that acts down-
stream of DBL-1 to regulate body size (Nystrom et al. 2002;
Suzuki et al. 2002), but it is regulated post-transcriptionally
by the DBL-1 pathway (Suzuki et al. 2002). Like COL-141
and possibly COL-142, LON-3 is a negative regulator of
growth for which loss-of-function produces longer animals
and overexpression results in shorter animals (Nystrom
et al. 2002). Based on all of this evidence, we conclude that
cuticle collagen genes are major effectors of body size
through the DBL-1 pathway. We speculate that the specific
collagen isoforms deposited in the cuticle contribute to the
characteristics of that cuticle, due to differences in how they
cross-link with other components. COL-41, as a positive reg-
ulator of growth, may contribute to a more elastic, expand-
able cuticle. COL-141, COL-142, and LON-3, as negative
regulators of growth, may contribute to a more rigid, less
easily expanded cuticle. C. elegans cuticle collagens have
been categorized into six families based on the patterns of
cysteine residues flanking the Gly-X-Y repeats (Yang and
Kramer 1994). Collagens in the same family can potentially
form heterotrimers cross-linked through these cysteine resi-
dues. Interestingly, COL-41, COL-141, and COL-142 all be-
long to the same family, so it is possible that the relative
proportion of these subunits changes the characteristics of
the cuticle. ROL-6 and LON-3 belong to another family
(Nystrom et al. 2002). It is possible that the small body size

seen with ROL-6 overexpression is a consequence of exces-
sive incorporation of the growth-limiting collagen LON-3.

In humans, collagens constitute�30% of the protein mass
and are the most abundant protein. Collagens function in a
diverse range of processes such as mechanical properties of
tissue, ligands for receptors, cell growth, differentiation, cell
migration, bone formation, skeletogenesis, and the integrity
and function of the epidermis (Kadler et al. 2007; Matsuo
et al. 2008; Hynes 2009). Collagen expression levels must
be tightly controlled during wound healing, and inappropri-
ate expression of collagens can lead to fibrosis (Andrews et al.
2015; Prabhu and Frangogiannis 2016). Mutations in colla-
gens have been recognized in rare heritable diseases such as
osteogenesis imperfecta, several subtypes of Ehlers–Danlos
syndrome, various chondrodysplasias, X-linked forms of
Alpoty syndrome, Ullrich muscular dystrophy, corneal endo-
thelial dystrophy, and Knobloch syndrome (Myllyharju and
Kivirikko 2004). Collagen mutations, as seen in osteogenesis
imperfecta, can result in increased TGF-b signaling (Grafe
et al. 2014). Therefore, collagens and their regulation have
significant implications for human health. Our work further
adds to the functional importance of collagens in the context
of growth regulation.

Figure 7 DBL-1 regulation of growth. Our model proposes stage-specific
regulation of cuticle collagen genes to contribute to the growth and body
size of C. elegans.
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In addition to highlighting the functional significance of
collagen genes, our work sheds light on the mechanisms of
action of the DBL-1 Smads. Three Smads act in this pathway:
the R-Smads SMA-2 and SMA-3, and the co-Smad SMA-4. All
three Smads are necessary for pathway function, and they
presumably form a heterotrimeric complex. We performed
genome-wide ChIP-seq analysis on GFP::SMA-3 and identi-
fied GTCT, the canonical SBE, as enriched at sites of SMA-3
occupancy. In Drosophila, Mad, the Dpp R-Smad, binds
GC-rich Smad-binding sites termed GC-SBE (GGAGCC)
(Morikawa et al. 2011), while Medea, the Dpp co-Smad,
binds canonical SBEs (GTCT). In our analyses of targets of
the DBL-1 pathway, we observed Smad binding to the inter-
genic region between col-141 and col-142. Therefore, we
tested for direct binding of isolated MH1 domains of Smads
SMA-3 and SMA-4 to SBEs in this region. Consistent with
findings in Drosophila, the MH1 domain of co-Smad SMA-4,
but not that of R-Smad SMA-3, was able to bind the SBE’s
directly in vitro. Similarly, the co-Smad of the C. elegans DAF-
7/TGF-b pathway, DAF-3, has previously been shown to bind
canonical GTCT sequences (Thatcher et al. 1999). Since there
is no evidence for direct binding of R-Smad SMA-3 to GTCT
sequences, the enrichment of this motif at SMA-3 genomic
binding sites may be due to SMA-3 being recruited as part of
the Smad complex, with co-Smad SMA-4 making the direct
contact with this site.

In conclusion, our work elucidates the transcriptional
network for body size regulation through the DBL-1/BMP
pathway in C. elegans. We propose a model (Figure 7) in
which DBL-1 signaling leads to Smad activation causing di-
rect and indirect regulation of specific cuticle collagen genes.
This regulation occurs in a stage-specific manner to initiate
the correct temporal program of collagen gene expression.
Inappropriate expression of cuticle collagen genes leads to
aberrant body size. This work thus provides the first mecha-
nistic link between BMP signaling and effectors of body size
regulation.
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