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Abstract

Coordination of cell growth is essential for the development of the brain, but the molecular

mechanisms underlying the regulation of glial and neuronal size are poorly understood. To

investigate the mechanisms involved in glial size regulation, we used Caenorhabditis ele-

gans amphid sheath (AMsh) glia as a model and show that a conserved cis-Golgi mem-

brane protein eas-1/GOLT1B negatively regulates glial growth. We found that eas-1 inhibits

a conserved E3 ubiquitin ligase rnf-145/RNF145, which, in turn, promotes nuclear activation

of sbp-1/ SREBP, a key regulator of sterol and fatty acid synthesis, to restrict cell growth. At

early developmental stages, rnf-145 in the cis-Golgi network inhibits sbp-1 activation to pro-

mote the growth of glia, and when animals reach the adult stage, this inhibition is released

through an eas-1-dependent shuttling of rnf-145 from the cis-Golgi to the trans-Golgi net-

work to stop glial growth. Furthermore, we identified long-chain polyunsaturated fatty acids

(LC-PUFAs), especially eicosapentaenoic acid (EPA), as downstream products of the eas-

1-rnf-145-sbp-1 pathway that functions to prevent the overgrowth of glia. Together, our find-

ings reveal a novel and potentially conserved mechanism underlying glial size control.

Introduction

A long-standing question in biology is how cells regulate their size [1–3]. In unicellular organ-

isms such as yeast, the extracellular nutritional environment plays a key role in controlling cell

size, and this process is tightly coupled with cell proliferation [2,4,5]. On the other hand, multi-

cellular organisms possess many terminally differentiated cells like neurons and glia that use

different mechanisms to regulate their sizes from dividing cells [2].

In the nervous system, morphologically distinct glial cells grow and form close interactions

with other cells [6–8]. The size of glial cells needs to be tightly controlled as they will not be
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able to properly interact with other cells if undersized and occupy extra space to prevent the

growth of other cells if oversized. However, there is still much unknown about the underlying

mechanisms controlling glial size, especially given the diversity of cellular contexts.

To study molecular mechanisms involved in glial size control, we used genetic and imaging

techniques to study Caenorhabditis elegans glia. Of the 56 glia in the worm, we focused in par-

ticular on a pair of terminally differentiated glia in C. elegans called the amphid sheath (AMsh)

glia, which comprises the largest chemosensory organ in the worm and whose function is

among the most well studied [9–11]. Each AMsh glia ensheathes the dendritic tips of 12 sen-

sory neurons in head, which requires precise regulation of their morphology [12]. In addition,

AMsh glia are essential for the proper function of many of the neurons it ensheathes [11],

allowing for the study of potential functional impacts of glial size disruption. We started with

an unbiased forward genetic screen for genes that affect AMsh cell size, and uncovered the

function of a previously uncharacterized C. elegans gene, eas-1 (enlarged amphid sheath), in

regulating AMsh cell size.

eas-1 is a homolog of human Golgi transport B (GOLT1B), a highly conserved membrane

protein from yeast to human [13,14]. The studies of GOLT1B were only carried out in yeast

and rice, and they showed that its ortholog, Got1, likely functions in the early cisternae of the

Golgi complex in addition to the ER exit site (ERES) to facilitate anterograde ER–Golgi trans-

port [13–15]. However, the localization and function of GOLT1B in animals are still

completely unknown.

The sterol regulatory element-binding protein (SREBP) family is comprised of basic helix-

loop-helix (bHLH) leucine zipper transcriptional factors and have been shown to play key

roles in the regulation of lipid homeostasis through regulating the expression of a wide range

of enzymes involved in fatty acid and cholesterol synthesis [16,17]. Unlike mammals, C. ele-
gans are cholesterol auxotrophs [18]. Thus, the single C. elegans SREBP homolog, SBP-1, is

only involved in the regulation of fatty acids but not cholesterol synthesis, where it controls the

expression of several lipogenic enzymes [19–21]. Recent studies in the mouse liver demon-

strate that a newly identified E3 ubiquitin ligase, RING finger protein 145 (RNF145), can nega-

tively regulate the activation of SREBP-2 in response to the activation of liver X receptor

(LXR) and elevated sterol levels [16,22–24]. It is still unclear whether and how the

RNF145-SREBP pathway affects other cell types.

We show that eas-1 can negatively regulate the conserved E3 ubiquitin ligase rnf-145/

RNF145 and in turn activate sbp-1/ SREBP to limit the growth of AMsh cells. Furthermore, we

find that the long-chain polyunsaturated fatty acid (LC-PUFAs) eicosapentaenoic acid (EPA)

is likely a downstream product of this pathway that helps to set the brakes on cell growth in

AMsh glia. Our findings uncover a novel and potentially conserved pathway regulating glial

size and represents the first reported function of eas-1/GOLT1B in animals.

Results

eas-1 functions cell autonomously to regulate glial size

To identify genes that may potentially regulate cell size, we conducted an unbiased forward

genetic screen for mutants with abnormally sized AMsh cells and isolated a mutant yad70 with

enlarged AMsh cells (Fig 1A and 1B). yad70 animals exhibited enlarged AMsh cells that

increased in penetrance from larval stages to day 3 (D3) adults, where the phenotype pene-

trance reached 100% by the day 2 (D2) adult stage (Fig 1C). Furthermore, the volume of AMsh

cell bodies progressively increased at a faster rate (Fig 1D), and AMsh cells of yad70 animals

were roughly 4 times the size of their control counterparts by D3 (S1A Fig). The AMsh pheno-

types observed were not due to an overall increase in animal size, as the length of yad70

PLOS BIOLOGY Regulation of glial size by eicosapentaenoic acid

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001051 December 28, 2020 2 / 25

Duke University MGM summer undergraduate

research engagement program (MGM SURE). The

funders had no role in study design, data collection

and analysis, decision to publish, or preparation of

the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

Abbreviations: AMsh, amphid sheath; bHLH, basic

helix-loop-helix; CUR, curtain gas; D1, day 1; D2,

day 2; D3, day 3; DP, de-clustering potential; EPA,

eicosapentaenoic acid; ERES, ER exit site; ESI,

electrospray ionization; FP, focusing potential;

GOLT1B, Golgi transport 1B; GS1, ion source gas

1; HSD, honestly significant difference; IS, ion

spray voltage; LC/MS, liquid chromatography–

mass spectrometry; LC-PUFA, long-chain

polyunsaturated fatty acid; LRO, lysosome-related

organelle; LXR, liver X receptor; MS/MS, tandem

mass spectrometry; NGM, nematode growth

media; PHsh, phasmid sheath glia; RNAi, RNA

interference; RNF145, RING finger protein 145; RT-

PCR, reverse transcription PCR; SREBP, sterol

regulatory element-binding protein; TEM,

transmission electron microscopy; TOR, target of

rapamycin.

https://doi.org/10.1371/journal.pbio.3001051


animals were slightly shorter than that of their control counterparts at D2 (S1B Fig). We also

noticed that the yad70 phenotype did not depend on the nutritional condition of animals, as

starvation did not suppress the enlarged AMsh cells (S1C Fig). Similarly, phasmid sheath glia

(PHsh) also had an enlarged cell size phenotype.

Unlike their AMsh counterparts, the 12 amphid neurons stained by DiI in yad70 animals

appear to have no noticeable change in size or number (S1D and S1E Fig). As uptake and con-

centration of the lipophilic dye is believed to require exposed cilia, these neurons likely have at

least partially functional cilia [25]. Interestingly, yad70 animals exhibited reduced chemotaxis

toward benzaldehyde and pyrazine (S1F and S1G Fig), a behavior mediated by the AWC and

AWA neuron, respectively [26]. Similarly, long-range avoidance of the repulsive odorant

1-octanol, a behavior that is partly mediated by ADL neurons [27], was affected in yad70

Fig 1. eas-1 regulates the size of AMsh cells. (A) Schematic representation of an AMsh cell labeled in green. (B) Confocal images

of AMsh cells from L1 and D3 adult stages in WT and eas-1(yad70) animals expressing Pf53f4.13::GFP (yadIs48). Below are merged

fluorescence and Nomarski images of AMsh cells. The final row are surface renders of the AMsh cells using Imaris. (C) The

percentage of WT (red) and eas-1(yad70) (blue) animals with enlarged AMsh cells from L1 to D3 adults. Two-way ANOVA,

followed by Tukey HSD test. Each point represents 3 biological replicates of at least 50 worms. (D) The volume of AMsh cells in WT

(red) and eas-1(yad70) (blue) animals in μm3 from L1 to D3 adults. During stages with incomplete penetrance such as L4 and D1

adult, only eas-1(yad70) animals with the enlarged AMsh phenotype were picked for quantification. Two-way ANOVA, followed by

Tukey HSD test. Each point represents at least 10 animals. (E) Representative transmission electron micrographs of the AMshR cells

in WT (left) and eas-1(yad70) (right) animals. The soma is highlighted in red, and the nucleus is highlighted in yellow. Scale bar,

10 μm. Data are represented as mean ± SD. �p< 0.05, ��p< 0.01. Underlying data for graphs can be found in S1 Data. AMsh,

amphid sheath; AMshR, right amphid sheath; ANOVA, analysis of variance; D1, day 1; D3, day 3; HSD, honestly significant

difference; SD, standard deviation; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001051.g001
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mutants (S1H Fig). This is consistent with previous findings that ablation of AMsh cells leads

to reduced AWC-mediated chemotaxis toward benzaldehyde, AWA-mediated chemotaxis

toward pyrazine, and ADL-mediated long-range repulsion from 1-octanol [11].

It is possible that the enlarged AMsh phenotype observed in yad70 animals is due to swell-

ing from an abnormal accumulation of certain organelles or vacuoles. For example, in several

different models of neurodegeneration, glia may show vacuolation or enlarged lysosomes

stained by the late endosome and lysosome marker LAMP-2 [28–33]. To determine whether

these organelles may account for the size change, we expressed the late lysosome and lyso-

some-related organelle (LRO) marker LMP-1/LAMP-1 [34–36] in the AMsh cells of both con-

trol and mutant animals (S2A Fig). LAMP-1 was similarly found to label different kinds of

vacuoles in animals that arise from normal development or abnormal vacuolization [37–39].

Furthermore, we also expressed a Rab32 homolog fusion protein, mCherry::GLO-1, which was

previously reported to localize in LRO membranes and can be used to label certain vacuoles

[36,37,40,41], in the AMsh cells of control and mutant animals (S2B Fig). Neither of these

markers were able to account for the significant changes in AMsh size in the mutant worms,

suggesting that the enlarged size is unlikely due to vacuolation or increased lysosomes and

LROs. To further test this, we also conducted RNA interference (RNAi) knockdown of 2 genes

important for LRO formation, glo-1 and glo-3 [34,36], and found they neither caused any

enlarged AMsh phenotype nor suppressed the yad70 mutant phenotype (S2C Fig). The RNAi

knockdown led to significant reductions in gut granule number and size as observed through

gut autofluorescence, suggesting efficient knockdown. Lastly, the use of the CellTrace BODIPY

TR methyl ester dye, which labels internal membranes [37,42], and Nile Red, which labels cer-

tain fat stores and LROs [43–45], show no significant changes in these structures or large vacu-

oles that can account for the change in cell volume of yad70 mutants (S2D and S2E Fig).

Finally, transmission electron micrographs also showed a greatly enlarged cell soma without

any obviously large vacuoles or organelles in yad70 animals (Fig 1E; S2F Fig). Together, the

data suggest that the increased AMsh volume observed is likely due to an overall increase in

size rather than an accumulation of large vacuoles, lysosomes, LROs, or lipid droplets.

After sequencing and mapping, we found that yad70 alters a previously uncharacterized

gene, F41C3.4, and we named it eas-1 after its enlarged amphid sheath phenotype. The yad70
allele has a G to A point mutation at the splice site of the last exon, resulting in a frameshift of

the last exon that was confirmed through reverse transcription PCR (RT-PCR) and subsequent

sequencing of the product (S3A–S3C Fig).

There are 2 potential explanations for the enlarged AMsh phenotype in eas-1(yad70)
mutants. It could be that regulation of glial growth is disrupted in the mutants; alternatively,

AMsh cells may grow to fill up empty spaces left by surrounding cells that may die or respond

to stress in other cells akin to reactive gliosis in other organisms [46]. To distinguish between

these possibilities, we conducted rescue experiments in eas-1(yad70) mutants. It was found

that expressing eas-1 cDNA ectopically under its own promoter Peas-1, a ubiquitous promoter

Pdpy-30, and an AMsh-specific promoter Pf53f4.13 were all able to fully rescue the enlarged

AMsh phenotype (Fig 2A). As eas-1 can cell autonomously rescue the mutant phenotype, we

conclude that AMsh cells are enlarged in eas-1 mutants due to growth dysregulation rather

than due to a response to surrounding cells. Furthermore, cell-specific expression of eas-1 in

AMsh cells also rescued the AWC-mediated chemotaxis toward benzaldehyde, AWA-medi-

ated chemotaxis toward pyrazine, and ADL-mediated long-range repulsion from 1-octanol

(S1F–S1H Fig), suggesting that the chemotaxis defects observed in eas-1 mutants are primarily

due to disrupted AMsh function, which, in turn, is required for proper function of these neu-

rons [11]. While expression of the translational reporter Peas-1::gfp::eas-1 using the same eas-1
promoter as above showed broad expression throughout the worm (S3D Fig), AMsh and

PLOS BIOLOGY Regulation of glial size by eicosapentaenoic acid

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001051 December 28, 2020 4 / 25

https://doi.org/10.1371/journal.pbio.3001051


PLOS BIOLOGY Regulation of glial size by eicosapentaenoic acid

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001051 December 28, 2020 5 / 25

https://doi.org/10.1371/journal.pbio.3001051


PHsh cells appear to be specifically affected when examined at the adult stage. Interestingly,

ectopic expression of the human eas-1 homolog (GOLT1B) under the AMsh-specific promoter

Pf53f4.13 was also able to rescue the enlarged AMsh phenotype in eas-1(yad70) animals, sug-

gesting possible functional conservation (Fig 2A).

Next, to determine whether the carboxyl terminus that was affected in yad70 was essential

in the regulation of AMsh size, we conducted rescue experiments using various eas-1 con-

structs with altered carboxyl termini. We found that AMsh-specific expression of eas-1
with the last 13 amino acids deleted (ΔC) as well as eas-1 with a highly conserved aspartate

(D131) residue within these 13 amino acids replaced with an alanine (D131A) were unable

to rescue the phenotype (Fig 2B; S3C and S3E Fig). We then generated an eas-1 allele, yad83,

with a D131A mutation and showed eas-1(yad83) displayed the same phenotype as that of

eas-1(yad70) (Fig 2A). This suggests that the carboxyl terminus and the D131 within it are

essential for eas-1 function in regulating AMsh cell size. On the other hand, replacing the last

13 amino acids of eas-1 with the human version (human C) was able to rescue the phenotype,

further suggesting functional conservation of the eas-1 carboxyl terminus (Fig 2B; S3C and

S3E Fig).

eas-1 is an essential gene, and deletion of the eas-1 locus caused 100% embryonic lethality,

which prevented further analysis of eas-1 null allele phenotypes. To confirm that the enlarged

AMsh cells we observed in eas-1(yad70) and eas-1(yad83) animals were due to a loss of func-

tion of the gene, we conducted RNAi knockdown in control animals. We found that although

knockdown of eas-1 caused strong lethality phenotypes, about 10% of animals were able to

reach D2, and all of them recapitulated the phenotype observed in yad70 mutants (Fig 2C and

2D; S3F Fig), suggesting that yad70 represents a loss-of-function mutation.

Golgi transport 1B (GOLT1B) is a highly conserved membrane protein from yeast to

human [13,14]. In studies conducted in yeast and rice, it was shown that its ortholog, Got1,

likely functions in the early cisternae of the Golgi complex in addition to the ERES to facilitate

anterograde ER–Golgi transport [13–15]. However, there are no published studies on this

gene in animals, where the localization and function of GOLT1B are still unknown. To test

whether the eas-1 phenotypes were caused by a disruption of anterograde ER–Golgi transport

given its reported role in yeast studies, we conducted RNAi knockdown of sec-31 and sar-1,

which are essential for anterograde ER–Golgi transport through COPII vesicles [47]. We

observed strong lethality phenotypes (S3F Fig) in accordance with previous findings [48], but

did not observe the enlarged AMsh phenotype found in eas-1 knockdown animals (Fig 2C and

2D), suggesting that this phenotype is more specific to eas-1.

Fig 2. eas-1 functions cell autonomously and in a conserved manner. (A) Rescue experiments of eas-1 driven by its endogenous

promoter (Peas-1), a ubiquitously expressed promoter (Pdpy-30), and an AMsh-specific promoter (Pf53f4.13) in D2 adults. The

genetic background is indicated in the figure and is WT unless otherwise stated. A human homolog of EAS-1, GOLT1B, was also

tested. (B) Rescue experiments using different eas-1 constructs—WT eas-1, eas-1 lacking the carboxyl terminus (ΔC), eas-1 with the

D131A substitution on the carboxyl terminus (D131), and eas-1 with a human carboxyl terminus (human C). Data were collected in

D2 adult animals. (C) Percent enlarged AMsh and (D) volume of AMsh cell bodies after RNAi knockdown of eas-1 and sec-31. All

data were collected in D2 adult animals. (E) Confocal images of the cis-Golgi marker mRuby::MannII (top panel) and the fusion

reporter GFP::EAS-1 (middle panel) expressed under the Pf53f4.13 promoter in D1 adults. The bottom panel shows the merged image.

The white arrows point to the AIY interneurons labeled by the co-injection marker Pttx-3::RFP. (F) Confocal images of the fusion

reporter GFP::EAS-1(D131) (top panel) and the functional fusion reporter GFP::EAS-1 (middle panel) in D1 adults. The bottom panel

shows the merged image. These reporters were expressed under the Pf53f4.13 promoter. (G) Percentage of animals with enlarged

AMsh cells after being heat-shocked for 3 hours at different stages of development shown in the schematic. Animals either expressed

eas-1 under a heat shock promoter (red) or nothing (black) in the eas-1(yad70) background. Scale bar, 10 μm. White dotted lines

outline the AMsh cell. Data are represented as mean ± SD. One-way ANOVA, followed by Tukey HSD test, �p< 0.05, ��p< 0.01.

Each point represents 3 experiments of at least 50 worms. Underlying data for graphs can be found in S1 Data. AMsh, amphid sheath;

ANOVA, analysis of variance; D1, day 1; D2, day 2; HSD, honestly significant difference; RNAi, RNA interference; SD, standard

deviation; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001051.g002
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Use of the functional GFP::EAS-1 reporter revealed that it fully colocalized with the cis-
Golgi marker mRuby::MannII [49] (Fig 2E; S3G Fig) and not the COPII vesicle marker SEC-

24::mCherry [50] (S3H Fig), unlike what was previously reported for its homolog in yeast [14]

and rice [15]. Furthermore, coexpression of the mutant construct mCherry::EAS-1(D131)

with the functional GFP::EAS-1 reporter in AMsh cells showed almost complete colocalization

as well (Fig 2F), suggesting that the mutations in the carboxyl terminus did not affect eas-1
function by altering its localization.

To determine whether eas-1 was transiently or continuously required for AMsh cell size

regulation, we generated a C. elegans strain expressing eas-1 under a heat shock promoter to

temporally manipulate eas-1 expression. We heat-shocked the worms at 33˚C for 3 hours at

the time periods indicated (Fig 2G) and found that induction of eas-1 expression from day 1

(D1) was enough to significantly reduce the eas-1(yad70) phenotype penetrance compared to

the no heat shock control when examined at D2. Furthermore, transient heat shocks during

embryonic or L1 stages were unable to affect the phenotype when examined at D2, suggesting

that continuous eas-1 expression may be required to maintain proper AMsh cell size.

Together, our results show that eas-1 is required for preventing the overgrowth of AMsh cells.

rnf-145 functions downstream of eas-1 by inhibiting sbp-1 activation

To identify potential downstream components of eas-1, we conducted a suppressor screen

using eas-1(yad70) animals and isolated 2 mutants yad79 and yad110 that both significantly

suppressed the eas-1(yad70) phenotype in terms of penetrance and cell volume (Fig 3A and

3B). The eas-1(yad70);rnf-145(yad110) mutant also showed restored chemotaxis toward benz-

aldehyde and pyrazine in addition to avoidance of 1-octanol (S1F–S1H Fig). Both yad79 and

yad110 caused nonsense mutations in an unnamed C. elegans gene, Y119C1B.5, which we

named rnf-145 based on its homology to the mammalian E3 ubiquitin ligase RNF145 (S4A

and S4B Fig) [22,23]. A null allele of rnf-145(tm6312) with a deletion that causes a premature

stop codon also exhibited similar suppression (Fig 3A; S4A and S4B Fig), supporting the con-

clusion that both yad79 and yad110 are null alleles of rnf-145, and loss of function of rnf-145
can suppress eas-1 phenotypes. Through rescue experiments, we found that expressing rnf-145
under its own promoter as well as the AMsh-specific promoter Pf53f4.13 in eas-1(yad70);rnf-
145(yad110) double mutants could release the suppression of the enlarged AMsh phenotype

(Fig 3C), suggesting that rnf-145 is negatively regulated by eas-1 in a cell-autonomous manner.

RNF145 was reported to be upstream of SREBP-2 [22], so we wanted to determine if the C. ele-
gans SREBP homolog sbp-1 could be involved in AMsh cell size regulation. We generated an

eas-1(yad70);rnf-145(yad110);sbp-1(ep79) triple mutant and found that loss of function of sbp-
1 was able to completely release the suppression of the eas-1(yad70) phenotype by rnf-145
(yad110) (Fig 3D). ep79 is a hypomorphic and temperature-sensitive sbp-1 allele [51] that is

viable at the permissive 20˚C but lethal at 25˚C, which may help explain the lack of phenotype

in single mutants (Fig 3D; S4C Fig). sbp-1(ep79) animals that were cultured at 25˚C after

hatching were able to survive to adulthood, but did not exhibit a change in AMsh size when

compared to the control animals (S4C Fig), which may again be due to the hypomorphic

nature of the allele. However, the release of suppression by sbp-1 in the triple mutant suggests

that eas-1 may regulate the size of AMsh cells though control of sbp-1/SREBP activation.

SREBPs are membrane-bound transcription factors that play essential roles in regulating

lipid homeostasis, and cleavage of SREBPs release their N-terminal that could translocate to

the nucleus and facilitate transcription [16,52]. The use of the translational fusion reporter

Psbp-1::gfp::sbp-1 shows that sbp-1 is likely broadly expressed throughout the animal including

many cells in the head (S4D Fig). Thus, we used nuclear localization as a marker to determine
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Fig 3. Components of the fatty acid homeostasis pathway lie downstream of eas-1 in the regulation of cell size. (A) The percentage of

enlarged AMsh cells in D2 animals, with the eas-1(yad70) allele and different rnf-145 alleles. (B) The AMsh cell body volumes of D2 eas-1
(yad70), rnf-145(yad110), or eas-1(yad70);rnf-145(yad110) animals. (C) Rescue of the eas-1(yad70);rnf-145(yad110) mutant with expression

of rnf-145 under its endogenous promoter (Prnf-145) or the AMsh-specific promoter (Pf53f4.13). (D) The percentage of enlarged AMsh cells

in D2 animals, with single, double, and triple mutant combinations of the eas-1(yad70) allele, rnf-145(yad110) allele, and sbp-1(ep79) allele.

(E) Localization of SBP-1 in the AMsh cell using mCherry::SBP-1 in single and double mutant combinations of the eas-1(yad70) and rnf-145
(yad110) alleles. Animals were imaged at the L1 and D1 adult stages. Arrows point to nuclear localization. (F) Coexpression of mCherry::SBP-

1 and GFP::EAS-1 in the AMsh cells of WT D1 adults. (G) Coexpression of SBP-1::mCherry and GFP::EAS-1 in the AMsh cells of WT D1

adults. (H) Proportion of mCherry::SBP-1 or SBP-1::mCherry puncta that colocalize with GFP::RNF-145 puncta in the AMsh cells from the

conditions in Fig 3F and 3G. Scale bar, 10 μm. White dotted lines outline the AMsh cell body. Data are represented as mean ± SD. �p< 0.05,
��p< 0.01. A, C, and D: one-way ANOVA, followed by Tukey HSD test. Each point represents 3 experiments of at least 50 worms. B: one-

way ANOVA, followed by Tukey HSD test. Each bar represents at least 10 animals. H: Student t test, �p< 0.05, ��p< 0.01. Each bar
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whether the activation of sbp-1 is associated with AMsh growth. By expressing a functional

mCherry::SBP-1 fusion reporter in AMsh cells, we found that in wild-type animals, SBP-1 does

not accumulate in the nucleus during the early larval stages (L1 to L3) when the AMsh grow

rapidly, but has strong nuclear localization when the animal enters the adult stage (Fig 3E; S4E

and S4F Fig). Based on these observations, we hypothesize that the activation of SBP-1 may pre-

vent the overgrowth of AMsh cells, and the regulation of AMsh cell size by eas-1 and rnf-145
may be through affecting SBP-1 nuclear localization. Indeed, we found that loss of function of

eas-1 abrogated the nuclear localization of SBP-1 in adult animals, and loss of function of rnf-
145 caused early-onset nuclear localization of SBP-1 in L1 animals (Fig 3E; S4F Fig). As

expected, SBP-1 nuclear localization was restored in adult eas-1(yad70) animals when combined

with the rnf-145(yad110) mutation (Fig 3E; S4F Fig). These results suggest that the regulation of

SBP-1 activation by eas-1 and rnf-145 are important in the control of AMsh cell size.

In mammalian cells, SREBPs are initially located in the ER until activation, where they are

shuttled to the cis-Golgi and cleaved to release the transcriptionally active bHLH domain

[16,52,53]. Next, to determine if SBP-1 activation in C. elegans AMsh cells is like what was

established in mammalian cells, we generated SBP-1 fusion reporters with mCherry tagged to

the N-terminal and carboxyl terminus, respectively. We coexpressed them with the cis-Golgi-

localized GFP::EAS-1 and found little colocalization with mCherry::SBP-1 (Fig 3F and 3H),

while there was significantly stronger colocalization between GFP::EAS-1 and SBP-1::mCherry

(Fig 3G and 3H). This suggests that the activation of SBP-1 occurs in the cis-Golgi as only the

carboxyl terminus–tagged SBP-1, which labels the membrane-bound product after cleavage,

shows cis-Golgi localization. Furthermore, no trans-Golgi localization of SBP-1::mCherry was

detected (S4G Fig).

eas-1 mediates the translocation of RNF-145 from the cis- to trans-Golgi to

activate SBP-1 during development

To better understand how rnf-145 may regulate sbp-1 activation, we generated a functional

GFP::RNF-145 fusion reporter and coexpressed it with a cis-Golgi marker mRuby::MANII

(Fig 4A; S5A Fig). RNF-145 showed strong localization in the cis-Golgi during the L1 stage,

when the animal and its AMsh glia are rapidly growing, but appears to completely move out in

D1 adults when growth starts to slow down (Fig 4A and 4E). To determine where RNF-145

translocates to in D1 animals, we coexpressed a functional mCherry::RNF-145 fusion reporter

with a trans-Golgi marker TPST-2::GFP and found that almost all RNF-145 puncta have trans-
Golgi localization in D1 adults, while few RNF-145 puncta were found in the trans-Golgi in L1

animals (Fig 4B and 4F; S5A Fig). Furthermore, RNF-145 colocalizes with EAS-1 in the cis-
Golgi in L1 but not D1 adult animals (S5B and S5C Fig). As rnf-145 is negatively regulated by

eas-1, we further tested whether eas-1 is involved in RNF-145 translocation during AMsh

development. We found that loss of function of eas-1 prevented the translocation of RNF-145

from cis- to trans-Golgi during development, and RNF-145 is localized to the cis-Golgi at all

stages examined in the eas-1(yad83) background (Fig 4C–4F). As a control, we also coex-

pressed the mRuby::MannII and TPST-2::GFP markers in both control and eas-1(yad70) ani-

mals and found no strong colocalization in either genetic background, suggesting that the cis-
Golgi and trans-Golgi compartments are distinct in eas-1 mutants (S5D Fig). These data sug-

gest that RNF-145 inhibits SBP-1 activation while in the cis-Golgi during early stages of

represents at least 10 animals. Underlying data for graphs can be found in S1 Data. AMsh, amphid sheath; ANOVA, analysis of variance; D1,

day 1; D2, day 2; HSD, honestly significant difference; SD, standard deviation; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001051.g003
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development for faster AMsh growth, and growth slows when EAS-1 mediates the transloca-

tion of RNF-145 from the cis-Golgi to the trans-Golgi, thereby releasing inhibition on SBP-1

activation and slowing down growth.

Next, we wanted to test whether the activation of SBP-1 was important for and sufficient to

reduce AMsh growth. We first expressed the nucleus-localized transcription-activating region

of SBP-1 (c) [16] in the AMsh cells of eas-1(yad70) animals and found that it was able to sup-

press the enlarged AMsh phenotype (Fig 5A and 5B; S6A Fig). As controls, expression of full-

length SBP-1 or the membrane-tethered transcription activating region of SBP-1 (u) in AMsh

cells did not affect eas-1(yad70) phenotypes (Fig 5A and 5B; S6A Fig). We then tested whether

driving SBP-1 activity in the nucleus was sufficient to reduce cell growth and found that

expression of SBP-1 (c) in the AMsh cells of control animals could suppress their growth, and

as a result, the size of AMsh cells in D2 animals was on average, about 25% smaller than those

in control animals (Fig 5C). Similar small-sized AMsh cells were observed in rnf-145 mutants,

which have strong nuclear localization of SBP-1 in the L1 stage (Figs 3E and 5C). These results

support the conclusion that SBP-1 activation is important to slow down AMsh growth, and the

enlarged AMsh phenotypes in eas-1 mutants likely arise in part due to a lack of SBP-1 activity.

The LC-PUFA eicosapentaenoic acid functions as a signal to prevent glial overgrowth.

Previous studies have shown that SBP-1 activation is important for the expression of fat-6 and

Fig 4. EAS-1 mediates the translocation of RNF-145 from the cis- to trans-Golgi. (A) Coexpression of GFP::RNF-145 with the cis-
Golgi marker mRuby::MannII in the AMsh cells of WT animals. All animals in this figure were imaged at L1 and D1 adult stages. White

dotted lines outline the AMsh cell body. (B) Coexpression of mCherry::RNF-145 with the trans-Golgi marker TPST-2::GFP in the AMsh

cells of WT animals. (C, D) Expression of GFP::RNF-145 and mRuby::MannII (C) and mCherry::RNF-145 and TPST-2::GFP (D) in eas-1
(yad83) animals. (E) Proportion of GFP::RNF-145 puncta that colocalize with mRuby::MannII puncta in the conditions from Fig A and

C. (F) Proportion of mCherry::RNF-145 puncta that colocalize with TPST-2::GFP puncta in the conditions from Fig B and D. Scale bar,

10 μm. White dotted lines outline the AMsh cell body. One-way ANOVA, followed by Tukey HSD test. At least 10 animals were

quantified for each condition. Underlying data for graphs can be found in S1 Data. AMsh, amphid sheath; ANOVA, analysis of variance;

D1, day 1; HSD, honestly significant difference; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001051.g004
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fat-7, which are important Δ9 fatty acid desaturases that catalyze the production of stearic acid

(18:0) into oleic acid (18:1) [54–56]. Thus, we tested whether these desaturases play a role in

the regulation of AMsh cell size through RNAi knockdown experiments. We observed robust

release of suppression in eas-1(yad70);rnf-145(yad110) animals when fat-6 and fat-7 expres-

sion are simultaneously knocked down (Fig 5D). Furthermore, this catalysis is important for

the production of downstream LC-PUFAs, including the terminal product EPA (20:5) in C.

elegans (S6B Fig) [55,56]. Thus, it is possible a downstream LC-PUFA product may be the

downstream target of the eas-1-rnf-145-sbp-1 pathway.

We next conducted dietary fatty acid supplementation experiments using several fatty acids

in the pathway outlined in S6B Fig, including 15:0, 16:0, 18:0, 18:1 (n-9), 20:4 (n-6), and 20:5

(n-3). We found that supplementation of 18:0, 18:1, 20:4, and 20:5 showed suppression of eas-
1(yad70) phenotypes in a dose-dependent manner, and 20:5 (n-3) has a significantly stronger

suppression ability than any of the other fatty acids tested (Fig 6A; S6C Fig). As 20:5 is the

Fig 5. SBP-1 is involved in AMsh cell size regulation. (A) Schematic of the different sbp-1 constructs used. On the bottom is

the expression pattern of the u (uncleaved) and c (cleaved) sbp-1 constructs in the AMsh cells of WT animals. White arrows

point to nuclear localization. (B) Rescue of eas-1(yad70) animals with different sbp-1 constructs detailed in Fig 5A. (C) The

AMsh cell body volumes of D2 WT animals, rnf-145(yad110) animals and WT animals overexpressing sbp-1 (c) in AMsh cells.

Each bar represents at least 10 animals. (D) Percentage of enlarged AMsh cells in WT, eas-1(yad70), or eas-1(yad70);rnf-145
(yad110) animals exposed to either control, fat-1;fat4 or fat-6;fat-7 RNAi knockdown conditions. Scale bar, 10 μm. White

dotted lines outline the AMsh cell body. Data are represented as mean ± SD. �p< 0.05, ��p< 0.01. Each point represents 3

experiments of at least 50 D2 adult worms unless otherwise stated. B: one-way ANOVA, followed by Tukey HSD test. C:

Student t test. D: two-way ANOVA, followed by Tukey HSD test. Underlying data for graphs can be found in S1 Data. AMsh,

amphid sheath; ANOVA, analysis of variance; D2, day 2; HSD, honestly significant difference; RNAi, RNA interference; SD,

standard deviation; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001051.g005
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terminal product of LC-PUFAs, we tested whether 18:0, 18:1, and 20:4 function by themselves

or as materials for generating 20:5. We first examined the suppression ability of a mixture of

all the fatty acids used (15:0, 16:0, 18:0, 18:1, 20:4, and 20:5) at the highest concentration of

200 μm each on eas-1(yad70) phenotypes. We found that it showed similar suppression ability

as 200 μm of 20:5 alone (Fig 6B), suggesting that 20:5 may be a major downstream component

in the regulation of AMsh size. On the other hand, dietary supplementation of any or all the

fatty acids in wild-type animals did not reduce AMsh cell size (S6D Fig).

To further confirm whether 20:5 is the major product in this pathway regulating cell size,

we tested the effects of knocking down the expression of the fatty acid desaturases fat-1 and

fat-4, which are required for the synthesis of 20:4 and 20:5 but not 18:0 or 18:1 (S6B Fig)

[55,57]. We found that knockdown of fat-1 and fat-4 together showed significantly stronger

release of suppression in eas-1(yad70);rnf-145(yad110) animals than both the RNAi control

Fig 6. Polyunsaturated fatty acids act downstream of eas-1 to inhibit AMsh cell growth. (A) Percentage of enlarged AMsh cells in

eas-1(yad70) animals that were cultured on plates supplemented with 15:0, 16:0, 18:0, 18:1 (n-9), 20:4 (n-6), or 20:5 (n-3) at

concentrations ranging from 0 μm to 200 μm. (B) Percentage of enlarged AMsh cells in eas-1(yad70) animals that were cultured on

plates supplemented with the vehicle, 200 μm 20:5 (n-3), or a combination of 200 μm each of 15:0, 16:0, 18:0, 18:1 (n-9), 20:4 (n-6), and

20:5 (n-3). (C, D) Dietary supplementation of 20:4 (n-6) (C) and 20:5 (n-3) (D) in control and eas-1(yad70) animals that were exposed to

fat-1;fat-4 RNAi knockdown conditions. (E) Percent composition of 20:5 (n-3) in control, eas-1(yad70), rnf-145(yad110), or eas-1
(yad70);rnf-145(yad110) animals obtained through LC/MS. Data were collected in mixed-stage whole animals. Each bar represents 3

biological replicates. Data are represented as mean ± SD. �p< 0.05, ��p< 0.01. Each bar represents 3 experiments of at least 50 D2 adult

worms unless otherwise stated. A, C, and D: two-way ANOVA, followed by Tukey HSD test. B: Student t test. E: one-way ANOVA,

followed by Tukey HSD test. Underlying data for graphs can be found in S1 Data. AMsh, amphid sheath; ANOVA, analysis of variance;

D2, day 2; HSD, honestly significant difference; LC/MS, liquid chromatography–mass spectrometry; RNAi, RNA interference; SD,

standard deviation; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001051.g006
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and fat-6;fat-7 knockdown (Fig 5D), suggesting the importance of 20:4 or 20:5 in AMsh size

regulation. To examine whether 20:4 and 20:5 both play a role in regulating AMsh size, we

supplemented animals in fat-1;fat-4 RNAi knockdown conditions with dietary 20:4 or 20:5,

and we found that fat-1 and fat-4 expression abrogated the rescue of eas-1(yad70) animals by

20:4 (Fig 6C), while supplementation of 20:5 in eas-1(yad70) animals was able to rescue the

phenotype of fat-1;fat-4 knockdown animals to a similar degree as 20:5 supplementation ani-

mals with intact fat-1 and fat-4 (Fig 6D). These results support the conclusion that the terminal

LC-PUFA 20:5 is the major fatty acid involved in AMsh size regulation. Finally, liquid chroma-

tography–mass spectrometry (LC/MS) of bulk worms showed a significant reduction of 20:5

composition in eas-1(yad70) mutants, which was restored in the eas-1(yad70);rnf-145(yad110)
double mutants (Fig 6E). Together, these data show that the LC-PUFA synthesis pathway lies

downstream of sbp-1, where the fatty acid EPA appears to function as a potential signal for the

inhibition of AMsh cell growth.

Discussion

The regulation of cell size is a dynamic process throughout development that requires complex

networks of positive and negative regulatory processes [1,2]. Through the study of C. elegans
AMsh glial cells, we have uncovered a novel pathway of glial size regulation when AMsh glia

reach their appropriate size and need to slow down growth, in which a conserved cis-Golgi

membrane protein eas-1/GOLT1B functions as a key molecule in mediating the translocation

of the E3 ligase RNF-145 from the cis-Golgi to the trans-Golgi, thereby removing the inhibi-

tion placed on sbp-1/SREBP in the cis-Golgi (S7 Fig). The activation of sbp-1/SREBP then pro-

motes the synthesis of the LC-PUFA EPA to prevent glial overgrowth (S7 Fig). As the

expression of the human eas-1 homolog, GOLT1B, can rescue the enlarged AMsh phenotypes

in eas-1 mutants, the findings we reported here are likely to be an evolutionarily conserved

mechanism of glial size regulation.

The regulation of SBP-1 activation by EAS-1 is through control of RNF-145 translocation

from the cis- to trans-Golgi during development. The yeast EAS-1 homolog Got1 has been sug-

gested to be involved in the regulation of COPII vesicles, which mediates anterograde trans-

port from the cis- to trans-Golgi [13,14]. However, the function of eas-1 in glial size regulation

may not be through the general regulation of COPII vesicles, as RNAi knockdown of sec-31
and sar-1, 2 key factors for the formation of COPII vesicles [58–60], did not affect the size of

AMsh glia (Fig 2C).

As EAS-1 is highly enriched in the cis-Golgi membrane, it is possible that EAS-1 may be

involved in the formation or budding of RNF-145-containing vesicles from the cis-Golgi, and

those vesicles are likely to be COPII-independent vesicles.

Interestingly, unlike in C. elegans, RNF145 was localized to the ER when expressed in HeLa

and HEK293T cells rather than the Golgi [22,23]. It was found that RNF145 ubiquitinates the

ER membrane protein SCAP, an important regulator of SREBP activation, where it may

inhibit its transport from the ER to the Golgi. Since SCAP mediates the transport of SREBPs

from their site of synthesis in the ER to the Golgi where they are cleaved and activated [61],

ubiquitination by RNF145 would likely inhibit SREBP activation. In C. elegans, it is unclear

how RNF-145 functions to inhibit SBP-1 activation in the cis-Golgi and whether there may be

crosstalk with the SCAP homolog SCP-1. In this case, RNF-145 may represent another layer of

SBP-1 regulation coming from the Golgi after SBP-1 has been shuttled over.

Although EAS-1 is expressed in the cis-Golgi at all developmental stages, the EAS-1-depen-

dent RNF-145 translocation only happens when animals reach the adult stage, which raises the

question of what triggers the activation of EAS-1 to initiate the translocation. One of the best
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characterized pathways regulating cell growth in unicellular and multicellular organisms is the

target of rapamycin (TOR) pathway, which has been found to play a role in most cell types

tested [2, 62–64]. The TOR pathway can be activated by many extra- and intracellular signals

during development, and it is possible that the TOR pathway may regulate the activation of

EAS-1 in a developmental stage–dependent manner.

Furthermore, given the broad expression of eas-1 and sbp-1 (S3D and S4D Fig), it is unclear

why the enlarged cell phenotypes appear to be specific to AMsh and PHsh cells. One possibility

is that there are other intrinsic mechanisms in these cells that confer specificity to this mecha-

nism of cell size regulation or make them uniquely susceptible to eas-1 disruption. Another

possibility is that this eas-1–sbp-1 mechanism is more general, but individuals with severe phe-

notypes do not survive. Life span assays starting with L4 animals suggest that there is no

noticeable difference in life span between wild-type and eas-1(yad70) animals (S8A Fig). On

the other hand, when examining embryonic survival rates, only about 40% of embryos laid

make it past the embryonic stage (S8B Fig). This suggests that the larval and adult animals

observed may represent those with relatively less severe defects. Consistent with this, roughly

45% of eas-1 embryos contained cells that were irregular in size and much larger than their

wild-type counterparts (S8C and S8D Fig). Furthermore, all these irregular embryos were

unable to survive while most of the wild-type-like eas-1(yad70) embryos did survive (S8E Fig).

This suggests that perhaps the surviving adults had relatively weaker defects, especially since

the enlarged AMsh cells are not necessary for survival of the animal; on the other hand, those

with potentially more widespread cell size defects may not be able to survive past embryogene-

sis. The fact that only AMsh cells and not other nonessential cells exhibit the enlarged cell phe-

notype suggests that there may still be certain factors that make these glia particularly

susceptible to eas-1 disruption.

Another interesting finding of our study is the potential role of sbp-1 in inhibiting cell

growth. This appears counterintuitive, as the transcription is known to be a key activator of

anabolic processes like cholesterol and fatty acid biosynthesis, and expression of a dominant

positive version of SREBP-1a in mice leads to vastly enlarged hepatocytes that are distended by

fat droplets [53,65]. Furthermore, it was reported that the silencing of SREBP led to reduced

cell growth in both mammalian cell culture in vitro and drosophila cells in vivo [66]. However,

it is known that LC-PUFAs like EPA can be precursors for signaling molecules like eicosa-

noids, where some of them have roles in regulating cell size [67,68]. Thus, it is possible that in

certain cellular contexts, the eas-1-rnf-145-sbp-1 pathway may promote the synthesis of certain

lipids that have signaling roles to prevent cell overgrowth. Unlike C. elegans, mammals are

unable to interconvert n-3 and n-6 PUFAs and need to acquire each from their diets. Given

the importance of n-3 PUFAs during nervous system development, function, and disease, defi-

ciencies have been linked to various neurodevelopmental, neurodegenerative, and cognitive

disorders [69–72]. Thus, it is possible that there may be a glial aspect to nervous system disor-

ders related to n-3 PUFA deficiencies, analogous to the role of the n-3 PUFA EPA in C. elegans
glial development and function.

As human GOLT1B was able to rescue the eas-1 phenotype cell autonomously, it is plausi-

ble that there may be functional conservation in mammals as well. EAS-1/GOLT1B may play a

role in other cellular contexts involving RNF145 and SREBP2 like the liver [22–24], where it

may play a more general role in regulating lipid homeostasis that is not limited to cell size reg-

ulation. The SREBP pathway was initially believed to be primarily regulated through negative

feedback by cholesterol and oxysterols [73]. Recent studies have shown that the PI3K-Akt

pathway is also involved in SREBP regulation [73], but the exact mechanisms regulating

SREBP activation remain unclear. EAS-1/GOLT1B is broadly expressed, so it could represent

another level of regulation of SREBP activation.
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Materials and methods

Materials and data availability

Further information and requests for resources should be directed to and will be fulfilled by

the lead contact, Dong Yan (dong.yan@duke.edu). C. elegans strains and plasmids generated

in this study are available from the lead contact without restriction.

C. elegans genetics

C. elegans strains were maintained on nematode growth media (NGM) plates using Escherichia
coli OP50 as a food source. Animals were grown according to standard methods [74] at 20˚C

unless otherwise stated. Wild-type worms were of the Bristol N2 strain. All transgenes and

strains are described in S1 Table. A complete list of DNA constructs are also included in S1

Table. yadIs48 (Pf53f4.13::GFP) was used to visualize AMsh cells. eas-1(yad70) was the only

mutant causing the significantly enlarged AMsh cell phenotype that was isolated from a visual-

ized EMS mutagenesis screen of over 4,000 haploid genomes. The suppressor screen was con-

ducted on over 2,000 haploid genomes by mutagenizing eas-1(yad70) animals using EMS and

looking for any mutants that had wild-type AMsh cell size in older adults. Mutant alleles from

both screens were sequenced using whole genome sequencing, and SNP-based mapping was

conducted using the Hawaiian strain CB4856. Several rnf-145 alleles were isolated, including

yad79 and yad110, and complementation analysis was performed to help identify rnf-145
mutants. Mutations were finally confirmed through rescue experiments. All mutants isolated

in this manuscript are recessive alleles.

Cloning and constructs

All DNA expression constructs were generated using Gateway cloning technology (Invitrogen,

Carlsbad, California, United States of America) and subsequently sequenced. eas-1, rnf-145,

and sbp-1 cDNA were amplified from a homemade genomic DNA pool or cDNA obtained

from Dr. Yuji Kohara. A 2-kb promoter of eas-1 and a 3-kb promoter of rnf-145 were ampli-

fied from genomic DNA. In general, plasmid DNAs used in this study were injected at a con-

centration of 1 to 50 ng/μL with a Pttx-3::RFP co-injection marker injected at a concentration

of 50 ng/μL.

Microscopy

Representative images were acquired with a Zeiss LSM700 confocal microscope (Zeiss, Ober-

kochen, Germany) using a Plan-Apochromat 40×/1.4 objective. Worms were immobilized

using 1.5% 1-phenoxy-2-propanol (TCI America, Portland, Oregon, USA) in M9 buffer and

mounted on 5% agar slides. Three-dimensional reconstructions were done using Zeiss Zen

software as maximum intensity projections. A Zeiss Axio Imager 2 microscope (Zeiss)

equipped with Chroma HQ filters was used to score AMsh cell size defects. Each condition

represented 3 experiments of at least 50 D2 animals each that were picked at random from the

culture plate unless otherwise noted, in accordance with previous literature in C. elegans.
AMsh cell volume was quantified by measurement of the 3D reconstructions using Imaris (Bit-

plane, Belfast, United Kingdom). We defined the cell body for the purpose of quantification to

be the area enclosing the nucleus to the part just before it tapers into a process of relatively con-

stant width. As the mutant phenotypes are binary, where cells are either wild-type sized or 3 to

4 times larger than their wild-type counterpart, we scored the penetrance percentages by eye

for more efficient quantification. Colocalization of fluorescent puncta was conducted manually

using at least 5 animals, where results are given as the percentage of overlapping puncta out of
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the total number of the stated puncta. For the mCherry::SBP-1 nuclear signal quantification,

the nuclear to nonnuclear ratio was measured using Fiji [75].

Transmission electron microscopy

For transmission electron microscopy (TEM), samples were fixed quickly for 24 hours in 2%

paraformaldehyde (Sigma-Aldrich, St. Louis, Missouri, USA), 2.5% glutaraldehyde (Ted Pella,

Redding, California, USA), and 0.003% CaCl2 (Sigma-Aldrich) in sodium cacodylate buffer

(Sigma-Aldrich), post-fixed in 2% osmium tetroxide (Ted Pella), dehydrated in an acetone

dilution series (30%, 50%, 70%, and 90%, followed by 3 × 100%), and embedded with Eponate

12 resin (Electron Microscopy Sciences, Hatfield, Pennsylvania, USA). Sections for TEM were

cut to a thickness of 70 nm with diamond knives and a Leica EM UC7 ultramicrotome (Leica,

Wetzlar, Germany). The sections were stained with either 2% (w/v) aqueous uranyl acetate

and 1% (w/v) lead citrate. Specimens were viewed with a TecnaiG2 Spirit 120kV (Thermo

Fisher, Waltham, Massachusetts, USA) transmission electron microscope.

Due to size variability between wild-type and eas-1(lf) animals (S1B Fig), the relative posi-

tion of the AMsh cell body on the animal was used to determine where to section the animals.

The relative position of the AMsh cell body was measured to be consistent and similar between

both genotypes, at around 0.12 times the total length of the animal from the nose tip (S1J Fig).

Sections around this region were used for TEM imaging, and the AMsh cell bodies were iden-

tified in reference to micrographs from WormAtlas [76].

Dye filling of amphid neurons

D1 worms were washed and incubated on a slow rotator with DiI (Molecular Probes, Eugene,

Oregon, USA) at a concentration of 10 μg/mL for 2 hours at room temperature. After 3 wash-

ings, animals were mounted and visualized on the Zeiss LSM700 confocal microscope using

the LP560 filter. Of the 12 amphid neurons in each sensilla, the ADL, ASH, ASI, ASJ, ASK, and

AWB neurons are labeled and counted.

Chemotaxis assays

Chemotaxis assays were conducted on circular plates as previously described [26,77]. To test

for neuron function, we used ethanol as a diluent with 0.5% benzaldehyde and 1% pyrazine

(Sigma-Aldrich) as odor attractants, as well as 100% 1-octanol as a repulsive odor. All experi-

ments were done using at least 100 D2 adult worms each. Chemotaxis index was calculated by

worms in attractant region � worms in control region
total animals

RNAi experiments

RNAi knockdown was done by feeding E. coli strain HT115 (DE3) from the Ahringer library

(Source BioScience, Nottingham, UK) expressing double-stranded RNA fragments homolo-

gous to the target gene. The RNAi-expressing bacteria were cultured overnight at 37˚C in LB

with ampicillin (100 μg/mL). Subsequently, 30 μL of the overnight culture was added to 3-mL

LB with ampicillin and incubated for 2 hours at 37˚C before 1-μL 1M IPTG was added. The

culture was then incubated for 4 hours before being mixed with 10-μL ampicillin (100 mg/mL)

and 30 μL 1M IPTG and plated onto NGM plates. Different RNAi cultures were also mixed at

this stage for double knockdown experiments. The plates were incubated overnight at 37˚C.

Gravid adults were bleached and their embryos were added to the RNAi plates. Animals would
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feed for at least 2 generations before they were quantified. GFP RNAi and the empty L4440

vector were used as positive and negative controls, respectively, for every experiment.

Fixed staining of animals

D2 animals were fixed using 0.5% PFA (Sigma-Aldrich) for 5 minutes and freeze-thawed

twice. CellTrace BODIPY TR methyl ester dye (Thermo Fisher) was added at a final concen-

tration of 100 μm and incubated overnight at 4˚C. Nile Red (Sigma-Aldrich) was added at a

final concentration of 1 μg/mL and incubated for 1 hour at room temperature. After 3 wash-

ings, animals were mounted and visualized on the Zeiss LSM700 confocal microscope using

the LP560 filter.

Heat shock experiments

Heat shock experiments were carried out in animals expressing Phsp::eas-1 or controls without

it and were heat-shocked at 33˚C for 3 hours at the stage specified (Fig 2G). All animals were

quantified during the D2 adult stage.

Dietary fatty acid supplementation

Feeding experiments were carried out in the protocol outlined by Deline and colleagues [78].

Fatty acids were supplemented in C. elegans NGM at concentrations ranging from 50 μm to

200 μm and were subsequently seeded with OP50 or RNAi-expressing bacteria. Animals were

grown for at least 2 generations on the plates before quantification. All plates used were made

fresh the day before. All fatty acids used were obtained from Thermo Fisher.

Fatty acid analysis by LC/MS

For fatty acid analysis of C. elegans, lipid extraction and alkaline hydrolysis were performed

according to a previously published protocol with modifications [79]. Briefly, each C. elegans
pellet (approximately 50 mg) was suspended in a 3.8-mL mixture of CHCl3/MeOH/0.5 N

NaOH (1:2:0.8, v/v/v) and heated at 60˚C for 1 hour. After centrifugation at 3,000×g for 10

minutes, the supernatant was transferred to a fresh glass tube and was converted to a 2-phase

Bligh/Dyer mixture consisting of chloroform/methanol/water (2:2:1.8, v/v/v) by adding appro-

priate volumes of chloroform and water. After centrifugation at 3,000×g for 10 minutes, the

lower phase was collected and dried under nitrogen gas. The dried lipid extracts were stored at

−20˚C until LC/MS analysis.

Normal phase LC-electrospray ionization (ESI)/MS of the lipid extracts was performed

using an Agilent 1200 Quaternary LC system coupled to a high-resolution TripleTOF5600

mass spectrometer (Sciex, Framingham, Massachusetts, USA). Chromatographic separation

was performed on an Ascentis Silica HPLC column, 5 μm, 25 cm × 2.1 mm (Sigma-Aldrich).

Elution was achieved with mobile phase A, consisting of chloroform/methanol/aqueous

ammonium hydroxide (800:195:5, v/v/v), mobile phase B, consisting of chloroform/methanol/

water/aqueous ammonium hydroxide (600:340:50:5, v/v/v/v), and mobile phase C, consisting

of chloroform/methanol/water/aqueous ammonium hydroxide (450:450:95:5, v/v/v/v), over a

40-minute long run, performed as follows: 100% mobile phase A was held isocratically for 2

minutes and then linearly increased to 100% mobile phase B over 14 minutes and held at 100%

B for 11 minutes. The mobile phase composition was then changed to 100% mobile phase C

over 3 minutes and held at 100% C for 3 minutes and finally returned to 100% A over 0.5 min-

utes and held at 100% A for 5 minutes. The LC eluent (with a total flow rate of 300 μL/min)

was introduced into the ESI source of the high-resolution TF5600 mass spectrometer. MS and
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tandem mass spectrometry (MS/MS) were performed in negative ion mode, with the full-scan

spectra being collected in the m/z 200 to 2,000 range. The MS settings are as follows: ion spray

voltage (IS) = −4,500 V (negative ion mode), curtain gas (CUR) = 20 psi, ion source gas 1

(GS1) = 20 psi, de-clustering potential (DP) = −55 V, and focusing potential (FP) = −150 V.

Nitrogen was used as the collision gas for MS/MS experiments. Data analysis was performed

using Analyst TF1.5 software (Sciex). The peak areas of the extracted ion chromatograms of

the [M-H]− ions of each free fatty acids are used for relative abundance comparison.

Life span assay

L4 animals were cultured at 20˚C on NGM plates with added FUDR. At least 50 animals were

used for each experiment, and the number of surviving animals was counted daily until none

were left. Three independent replicated were done for each sample.

Embryonic survival assay

Gravid adults were added to deposit embryos on a fresh NGM plate and were removed after 3

hours. The embryos were scored and incubated for 2 days at 20˚C, and any remaining

unhatched embryos were scored as dead.

For correlation of cell size distribution to survival, early eas-1(yad70) embryos were labeled

by the Pmex-5::mCherry-C1::PLC(delta)-PH::tbb-2 3'UTR reporter [80], which labels all cell

membranes in the embryo. The embryos were sorted into seeded NGM plates based on

whether they have the irregular cell size phenotype, and the number of surviving animals for

each condition was quantified 2 days later. Triplicates of at least 50 embryos each were

conducted.

Statistical analysis

Data were analyzed using 2-tailed Student t test, 1-sample t test, and 1-way or 2-way ANOVA

followed by Tukey honestly significant difference (HSD) test in GraphPad Prism 7 (GraphPad

Software, La Jolla, California, USA). Raw data used in the graphs are contained in S1 Data.

Supporting information

S1 Fig. Characterization of eas-1(yad70) mutants. (A) The ratio of eas-1(yad70) to WT

AMsh cell body volume at each respective stage measured. (B) The total length of D2 WT and

eas-1(yad70) animals. Each bar represents at least 10 worms. (C) The percentage of D2 WT or

eas-1(yad70) animals with enlarged AMsh cells after food deprivation since L4. Data sets com-

prised of control unstarved worms are filled white, while those comprised of starved filled are

colored black. Each bar represents 3 experiments of 50 worms each. Two-way ANOVA, fol-

lowed by Tukey HSD test, �p< 0.05, ��p< 0.01. (D) DiI staining of amphid neurons in WT or

eas-1(yad70) D1 adult animals. Arrowheads point to each visible amphid neuron cell body. As

these 12 neurons are close to each other, in the projection images, 2 neurons are difficult to

present, but we clearly observed 12 neurons under the microscope. Scale bar, 10 μm. White

dotted lines outline the worm. (E) Number of amphid neurons stained by DiI in WT or eas-1
(yad70) D1 adult animals. One-sample t test, �p< 0.05, ��p< 0.01. (F–H) Chemotaxis indexes

of WT, eas-1(yad70), rnf-145(yad110);eas-1(yad70), and eas-1(yad70);Pf53f4.13::eas-1 animals

in response to 0.5% benzaldehyde (F), 1% pyrazine (G), or 100% 1-octanol (H). Each bar rep-

resents 3 experiments of at least 100 animals. One-way ANOVA, followed by Tukey HSD test,
�p< 0.05, ��p< 0.01. Underlying data for graphs can be found in S1 Data. AMsh, amphid

sheath; ANOVA, analysis of variance; D2, day 2; HSD, honestly significant difference; WT,
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wild-type.

(TIF)

S2 Fig. Enlarged AMsh of eas-1(yad70) mutants do not appear to be due to accumulation

of large vacuoles, lysosomes, LROs, or lipid droplets. (A) Expression of the lysosomal mem-

brane fusion protein LMP-1::GFP in the AMsh of D1 adult control and eas-1(yad83) animals.

Scale bar, 10 μm. (B) Expression of the fusion reporter mCherry::GLO-1 in the AMsh of D1

adult control and eas-1(yad83) animals. (C) Percentage of D2 animals with enlarged AMsh

cells after RNAi knockdown of control, glo-1 or glo-3 in either WT or eas-1(yad70) back-

grounds. Each point represents 3 experiments of at least 50 animals. (D, E) Staining of PFA-

fixed D2 adult animals with (D) CellTrace BODIPY TR or (E) Nile Red in control and eas-1
(yad70) backgrounds. White arrowheads point to dye puncta within the AMsh cell. Left 3 pan-

els are from a single focus plane: M, merged; 3D, 3D reconstruction. Scale bar, 10 μm. (F)

Schematic of where TEM cross-sections were cut to show the AMsh cell bodies. TL, the mea-

sured total length from the nose to tail. Sections were cut in the region around 0.12 total

lengths from the nose tip and imaged by TEM. Scale bar, 10 μm. White dotted lines outline the

AMsh cell body. Data are represented as mean ± SD. Underlying data for graphs can be found

in S1 Data. AMsh, amphid sheath; D1, day 1; D2, day 2; LRO, lysosome-related organelle;

RNAi, RNA interference; SD, standard deviation; TEM, transmission electron microscopy;

WT, wild-type.

(TIF)

S3 Fig. Loss of function in eas-1 causes enlarged AMsh glia. (A) RT-PCR products of eas-1
in WT and eas-1(yad70) mutants. ama-1 was used as a housekeeping gene, and the right col-

umn contains PCR fragments amplified from WT genomic DNA. (B) Genomic organization

of eas-1. The point mutations in the yad70 and yad83 alleles are colored red. Part of the WT

and yad70 exons after the point mutation site are highlighted. (C) The amino acid sequences

of eas-1 and its homologs in Saccharomyces cerevisiae, Mus musculus, and Homo sapiens. The

yad70 and yad83 alleles are also included. The conserved D131 residue is colored green, while

differing residues in the alleles are colored red. (D) Expression of the Peas-1::GFP::eas-1 trans-

lational reporter in L1 (top panel) and D1 animals (bottom panel). Dashed lines outline the

shape of the worm. Scale bar, 10 μm. (E) Schematic of different eas-1 constructs from Fig 2B—

WT eas-1, eas-1 lacking the carboxyl terminus (ΔC), eas-1 with the D131A substitution

(D131A), and eas-1 with a human carboxyl terminus (human C). (F) Percentage survival of

WT animals after RNAi knockdown of control, eas-1, and sec-31. Embryos were plated and

the percentage of worms that successfully hatched were quantified. (G) Rescue experiments

using either Pf53f4.13::eas-1 or Pf53f4.13::GFP::eas-1 in D2. Genetic background is WT unless

otherwise indicated. (H) Confocal images of the fusion reporter GFP::EAS-1 and the COPII

vesicle marker SEC-24::mCherry in the AMsh of D1 adults. Scale bar, 10 μm for top figures,

2 μm for zoomed in figures below. White dotted lines outline the AMsh cell body. Data are

represented as mean ± SD. One-way ANOVA, followed by Tukey HSD test, �p< 0.05,
��p< 0.01. Each point represents 3 experiments of at least 50 animals. Underlying data for

graphs can be found in S1 Data. AMsh, amphid sheath; ANOVA, analysis of variance; D1, day

1; D2, day 2; HSD, honestly significant difference; RNAi, RNA interference; RT-PCR, reverse

transcription PCR; SD, standard deviation; WT, wild-type.

(TIF)

S4 Fig. rnf-145 alleles and localization of SBP-1. (A) Genomic organization of rnf-145 on

top, with the point mutations of the yad79 and yad110 alleles labeled in red and the span of

deletion of the tm6312 allele denoted with a black line. (B) The predicted amino acid structure
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of rnf-145 and its homologs in Mus musculus, Homo sapiens, and Drosophila melanogaster.
More highly conserved regions are labeled in red. (C) The volumes of AMsh cell bodies in WT

and sbp-1(ep79) animals in μm3. sbp-1(ep79) mutants are temperature sensitive, and after

hatching were cultured at the permissive 20˚C and the nonpermissive 25˚C, respectively,

before imaging. Each point represents at least 10 animals. (D) Expression of the Psbp-1::GFP::

sbp-1 translational reporter in L1 (top panel) and D1 animals (bottom panel). Dashed lines

outline the shape of the worm. (E) Coexpression of mCherry::SBP-1 and the nuclear marker

H2B::GFP in the AMsh cells of WT D1 adults. White dotted lines outline the AMsh cell body.

(F) Quantification of the percentage total signal of mCherry::SBP-1 signal that colocalizes with

H2B::GFP. Each bar represents quantification of 6 worms. (G) Coexpression of SBP-1::

mCherry and the trans-Golgi marker GFP::TSPT-2 in the AMsh cells of WT D1 adults. White

dotted lines outline the AMsh cell body. Scale bar, 10 μm. Data are represented as mean ± SD.

Student t test, �p< 0.05, ��p< 0.01. Underlying data for graphs can be found in S1 Data.

AMsh, amphid sheath; D1, day 1; SD, standard deviation; WT, wild-type.

(TIF)

S5 Fig. EAS-1 colocalizes with RNF-145 in L1 animals. (A) Rescue of rnf-145(yad110);eas-1
(yad70) using the fusion reporters Pf53f4.13::GFP::rnf-145 and Pf53f4.13::mCherry::rnf-145.

Data are represented as mean ± SD. One-way ANOVA, followed by Tukey HSD test,
�p< 0.05, ��p< 0.01. Each point represents 3 experiments of at least 50 animals. (B) Coexpres-

sion of GFP::EAS-1 with mCherry::RNF-145 in the AMsh cells of WT animals. Animals were

imaged at L1 and D1 adult stages. Scale bar, 10 μm. (C) Proportion of mCherry::RNF-145

puncta that colocalize with GFP::EAS-1 puncta in during the L1 and D1 stages. Data are repre-

sented as mean ± SD. Student t test, �p< 0.05, ��p< 0.01. At least 10 animals were quantified

for each condition. (D) Coexpression of TPST-2::GFP and mRuby::MannII in AMsh cells of

control and eas-1(yad70) D1 adult animals. Scale bar, 10 μm. White dotted lines outline the

AMsh cell body. Underlying data for graphs can be found in S1 Data. AMsh, amphid sheath;

ANOVA, analysis of variance; D1, day 1; HSD, honestly significant difference; SD, standard

deviation; WT, wild-type.

(TIF)

S6 Fig. SBP-1 activation regulates LC-PUFA biosynthesis. (A) Percentage of animals with

enlarged AMsh cells after ectopic expression of the different sbp-1 constructs in the AMsh cells

of D2 WT animals. Each point represents 3 experiments of at least 50 animals. (B) Schematic

of the LC-PUFA synthesis pathway in C. elegans. (C) The AMsh cell body volumes of D2 con-

trol, eas-1(yad70) and eas-1(yad70) supplemented with 200 μM EPA. Fifteen D2 animals were

randomly picked quantified for each condition. (D) The AMsh cell body volumes of D2 WT

animals supplemented with dietary polyunsaturated fatty acids at a concentration of 200 μm

each. Mix represents a mixture of all the above fatty acids at a concentration of 200 μm each.

Each bar represents at least 10 animals. Data are represented as mean ± SD. One-way

ANOVA, followed by Tukey HSD test, �p< 0.05, ��p< 0.01. Underlying data for graphs can

be found in S1 Data. AMsh, amphid sheath; ANOVA, analysis of variance; D2, day 2; EPA,

eicosapentaenoic acid; HSD, honestly significant difference; LC-PUFA, long-chain polyunsat-

urated fatty acid; SD, standard deviation; WT, wild-type.

(TIF)

S7 Fig. Model of eas-1 regulation of cell size. Model of how eas-1/GOLT1B may regulate

growth through release of inhibition on sbp-1/SREBP.

(TIF)
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S8 Fig. eas-1 mutants exhibit embryonic lethality. (A) Percentage of control (black) or eas-1
(yad70) (magenta) animals surviving at each time point. Three replicates of at least 50 worms

were quantified for each time point. (B) Percentage of control and eas-1(yad70) animals that

survive past the embryonic stage. Each bar represents 3 experiments of at least 60 embryos. (C)

eas-1(yad70) embryos that exhibit WT-like (shown top) and irregular (bottom) cell sizes at

20˚C. Labeled by the Pmex-5::mCherry-C1::PLC(delta)-PH::tbb-2 3'UTR reporter that labels all

cell membranes in the embryo. Scale bar, 10 μm. (D) Percentage of eas-1(yad70) embryos with

irregular cell sizes. (E) Percentage survival of eas-1(yad70) animals past embryogenesis based

on whether they start with irregular cell sizes. Each bar represents 3 experiments of at least 50

embryos. Data are represented as mean ± SD. Student t test, �p< 0.05, ��p< 0.01. Underlying

data for graphs can be found in S1 Data. SD, standard deviation; WT, wild-type.

(TIF)

S1 Table. Strain list. Table of strains and plasmids used in this study.

(DOCX)

S1 Data. Raw data used for all figures in this study.

(XLSX)
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