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Methods

ØDetermine the role of MAP kinases DRL-1 and FLR-4 in growth and vitellogenesis in
C. elegans and identify tissues of action

ØInvestigate interactions between neuronal FLR-2 hormone signal and MAPK signaling
ØExplore the relationship between the p38 pathway and DRL-1 signaling
ØAnalyze the activity of transcription factors SKN-1 and PHA-4 with knockdown of 

DRL-1 and FLR-4
ØInvestigate how growth and vitellogenesis through these pathways are influenced by 

different food sources
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Figure 3. p38 pathway 
components antagonize 
MAPK signaling to inhibit 
growth and intercellular 
lipid transport: 
(a) Knockdown of 
components of the tir-1
pathway by RNAi was able to 
suppress vitellogenesis and 
growth (not quantified) 
defects in Pvit-
3::mCherry;drl-1 mutants, 
suggesting a role for this 
pathway in restriction of 
growth and vitellogenesis 
downstream of the MAPK 
DRL-1. (b) Knockdown of 
pmk-1 in the intestine using 
an intestine-specific RNAi 
strain reveals a tissue-
specific mechanism for 
suppression of MAPK-
mediated growth and (c)
vitellogenesis by the TIR-1 
pathway.
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Figure 1. Intestinal MAP Kinases DRL-1 and FLR-4 are essential 
for vitellogenesis and growth in C. elegans: Auxin-inducible 
degrons were inserted at the drl-1 and flr-4 locus via CRISPR/cas9 
genome editing in worm strains expressing TIR1 in the intestine. 
(a) Animals were grown on OP50-seeded plates with and without 
4mM Auxin and imaged as Day 1 adults. Protesosomal degradation 
of DRL-1 and FLR-4 in the intestine results in reduction of 
vitellogenin gene expression, noted by loss of Pvit-3::mCherry
reporter signal. (b) Additionally, intestinal degradation of DRL-1 
and FLR-4 results in significantly slower growth rates of C. elegans.  

Figure 4

CRISPR Genome Editing
Generation of gut-specific auxin 
inducible degron (AID) strains was 
performed by inserting an AID at the 
drl-1 and flr-4 locus of C. elegans 
strains expressing TIR1 under the 
control of a gut-specific promoter. 
Microinjections of the C. elegans
germline with sgRNA allowed for 
successful genome editing. 

Lipid homeostasis is essential to biological processes such 
as growth, reproduction, and aging. In mammals, 
lipoprotein particles transport fat to specialized tissues 
for utilization or storage to coordinate energy 
homeostasis. The ApoB lipoprotein, found on the surface 
of low-density lipoprotein (LDL) particles, is required for 
the transport of cholesterol and triglycerides throughout 
the body. Dysregulation of lipid transport in humans 
underlies major disease pathologies such as Type II 
Diabetes, obesity, cardiovascular disease, atherosclerosis, 
chronic inflammation, and cancer.

The Genetic Power of C. elegans

Genetic Approaches to Generating Worm Strains
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Figure 2. flr-2
suppresses DRL-1 
MAPK signaling 
on OP50 E. coli, 
and not on 
HT115 E. coli: (a) 
Growth assay of 
mutant worm 
strains reveal 
wild-type-like 
growth rates in 
flr-2;drl-1 animals 
on OP50-seeded 
plates, indicating 
that flr-2 inhibits 
growth rates in a 
drl-1 mutant
background. This 
effect is lost on 
HT115-seeded 
plates (b) which 
argues there may 
be a metabolite 
difference 
between food 
sources 
contributing to 
MAPK signaling. 
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Figure 4. Transcription factors pha-4 and skn-1 may function 
under control of MAPK signaling: Knockdown of pha-4 and 
skn-1 in Pvit-3::mCherry;drl-1 mutants by RNAi (a) suggests 
these transcription factors function downstream of DRL-1 
MAPK signaling to negatively regulate growth and intercellular 
lipid transport. Creation of worm strains with an AID on MAPKs 
drl-1 and flr-4 by genetic crossing to strains with a fluorescent 
protein at the locus of skn-1 and pha-4 allow for visualization of 
cellular localization of transcription factors under normal and 
disrupted MAPK signaling (b). Auxin-induced knockdown of 
DRL-1 decreased apparent incidence of skn-1 nuclear 
localization (c), suggesting that skn-1 may modulate 
vitellogenesis under control of MAPK signaling, perhaps 
offering protection from lipid transport dysregulation.

1. drl-1 and flr-4 are required for proper growth of C. elegans
2. flr-2 suppresses vitellogenesis and growth rate defects in drl-1 mutants

Ø Discrepancies exist between growth rates on OP50 and HT115
3. Loss of DRL-1 leads to growth and vitellogenesis defects by activating PMK-1 in a 

gut-specific manner
4. PHA-4 and SKN-1 impair vitellogenesis in a drl-1 mutant

Ø Elucidate the genetic and molecular 
relationships between the p38 MAPK pathway, 
fshr-1, drl-1/flr-4 MAPK signaling, and 
vitellogenesis

Ø Investigate the growth rate discrepancies 
between C. elegans strains on OP50 and HT115 
ØAnalyze lipid content of genetic mutants by 

lipidomic chemical analysis

Ø Explore activity of SKN-1 and PHA-4 using 
confocal microscopy after auxin-inducible 
degradation of MAPKs drl-1 and flr-4
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Generation of Gut-Specific RNAi Line

Auxin-Inducible Degron System

RNA Interference

Growth Assays

The auxin inducible degron system was used to 
deplete proteins in a gut-specific manner. Eggs from 
worm strains containing an AID tag on MAPKs drl-1
and flr-4 were picked to NGM plates seeded with 
OP50 and auxin to knock down MAPKs in the 
intestine. 

An intestine-specific RNAi worm strain was created by crossing sid-1 
animals to drl-1 mutants. Mutation of sid-1 disrupts RNAi pathways 
everywhere but the intestine. pos-1 is required for embryonic 
development, so cross progeny were selected for with pos-1 RNAi.

RNA interference (RNAi) was performed 
by seeding plates with bacteria 
containing a plasmid expressing dsRNA 
for the gene of interest.

Growth assays were performed by picking approximately 
150 eggs to NGM plates seeded with OP50, HT115, or 
OP50 and auxin. % adulthood was quantified by picking 
off gravid adults at 24 hour intervals.

dsRNAs are consumed by C. elegans and prompt degradation of 
target mRNA transcripts, effectively silencing the gene of 
interest. C. elegans worm strains are egg-prepped to synchronize 
populations and dropped as L1s onto RNAi plates. 

• C. elegans genes and cell signaling pathways are conserved 
in humans, which allows the organism to be largely 
representative of human genetics and cell biology

• C. elegans anatomy is simple with easily identifiable life 
stages under a microscope

• Lifespans are relatively short and C. elegans self-reproduce 
abundantly

• C. elegans genetics are easily manipulated, making them 
efficient and tractable model organisms

Genetic crossing
• Genetic crosses were 
set up to obtain 
mutant strains
• Heat shock young 
adult hermaphrodites
• Select males from F1 
generation
• Place L4 
hermaphrodites on a 
plate with males
• Pick F1 cross-progeny

Polymerase Chain Reaction
• In order to test for the presence 
of genetic mutations, polymerase 
chain reactions (PCR) were used 
to amplify worm genomic DNA
• The PCR product was 
genotyped via gel electrophoresis 
(deletions/insertions) or Sanger 
sequencing (missense mutations)

Gel electrophoresis

• Ethidium bromide gel electrophoresis 
was used to determine the genotypes 
of selected worm populations
• PCR product was loaded into an 
agarose gel
• An electrical current was applied to 
the gel, causing the DNA fragments to 
migrate towards the positive anode 
and separate by size

We use the nematode Caenorhabditis elegans, a well-
established genetic model organism, to investigate the 
molecular mechanisms of cellular lipid homeostasis, including 
the transport of lipids by the ApoB-like vitellogenin (VIT) 
proteins. The VIT lipoproteins transport lipids from the intestine 
to the germline to supply oocytes with nutrient-rich yolk that 
supports embryonic development3,5. This process is analogous to 
the transport of triglycerides and cholesterol between cells, 
tissues, and organs in humans. How cells decide to either 
catabolize, transport, or store lipids is not completely known.

In C. elegans, mutation of the drl-1 gene, which encodes a 
MAP kinase orthologous to human MEKK3, results in a 
dietary restriction-like state. Specifically, the drl-1 mutants 
are slow-growing, lipid-devoid, and display 
reduced vit gene expression4. Similarly, we observed that
mutation of an additional MAPK gene, flr-4, results in a 
similar dietary restriction-like state. Dietary restriction has 
been associated with reduced risk of metabolic disease 
and increased longevity in humans for incompletely 
understood reasons1.

We identified several pathways that function in concert 
with DRL-1/FLR-4 MAPK signaling to influence lipid 
homeostasis and growth. These include the secreted 
neuronal FLR-2 hormone that acts on an intestinal GPCR 
receptor FSHR-1, the p38 MAPK pathway, and 
the downstream transcriptional regulators (SKN-1 and 
PHA-4), which together, promote a dietary restricted-
like state in the absence of drl-1 and flr-4. 
Mechanistic investigation of the molecular regulators of 
growth and lipid homeostasis is crucial to understanding 
the cellular processes impact human health and disease.
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