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Immunity-linked genes are stimulated by a membrane
stress pathway linked to Golgi function and the ARF-
1 GTPase
Matthew J. Fanelli1, Christofer M. Welsh1,2, Dominique S. Lui1, Lorissa J. Smulan3, Amy K. Walker1*

Infection response and other immunity-linked genes (ILGs) were first named in Caenorhabditis elegans–based
expression after pathogen challenge, but many are also up-regulated when lipid metabolism is perturbed. Why
pathogen attack and metabolic changes both increase ILGs is unclear. We find that ILGs are activated when
phosphatidylcholine (PC) levels change in membranes of secretory organelles in C. elegans. RNAi targeting of
the ADP-ribosylation factor arf-1, which disrupts the Golgi and secretory function, also activates ILGs. Low PC
limits ARF-1 function, suggesting a mechanism for ILG activation via lipid metabolism, as part of a membrane
stress response acting outside the ER. RNAi of selected ILGs uncovered defects in the secretion of two GFP re-
porters and the accumulation of a pathogen-responsive complement C1r/C1s, Uegf, Bmp1 (CUB) domain fusion
protein. Our data argue that up-regulation of some ILGs is a coordinated response to changes in trafficking and
may act to counteract stress on secretory function.
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INTRODUCTION
Cellular stress responses can react to extrinsic or intrinsic cues and
include genes, which counteract effects of stress or support affected
cellular functions. Several of the intrinsic stress response pathways
are also linked to metabolic processes. For example, overnutrition
can lead to metabolic changes that induce cellular stress through
an increase in reactive oxygen species (1). Multiple signaling path-
ways play a dual role, functioning as coordinators of nutrient and
stress responses. For example, the nutritional sensor mechanistic
Target of Rapamycin (mTORC1) can influence stress-responsive
transcription (2). In addition, insulin signaling pathways are
strongly linked to stress; mutations in daf-2, the Caenorhabditis
elegans insulin receptor/insulin-like growth factor ortholog,
produce highly stress-resistant animals (3). Last, changes in endo-
plasmic reticulum (ER) lipids have a profound effect on stress path-
ways (4–6). Specialized ER sensors detect both accumulation of
unfolded proteins and overload of the secretory pathway. These
sensors then initiate gene expression programs that reduce
protein load or increase lipid production (7, 8).

While stress responses and metabolism are intertwined, the bi-
ological advantages of linking these processes are less clear. For
example, in a previous study, we found that RNA interference
(RNAi)–mediated knockdown of two different lipid synthesis mod-
ulators, sams-1 and sbp-1, caused up-regulation of pathogen-re-
sponse genes in C. elegans, albeit at a low to moderate level
compared to 50- to 100-fold levels during pathogen challenge (9).
We also found that sbp-1, sams-1, and lpin-1 are part of a feedback
loop that responds to shifts in membrane phosphatidylcholine (PC)
levels and activates sbp-1/SREBP-1–dependent lipogenic programs.
This feedback loop is activated in sams-1 animals when low PC
limits cycling of the ARF-1/ARF1 (ADP-ribosylation factor 1)

guanosine triphosphatase (GTPase), altering Golgi dynamics, pro-
moting the proteolytic activation of SBP-1/SREBP-1 and lipid accu-
mulation (9–11). However, despite immune gene up-regulation in
basal conditions and constitutive phosphorylation of PMK-1/
Mitogen Activated Protein Kinase(MAPK14), an essential
immune regulator, sams-1 animals were sensitive rather than resis-
tant to Pseudomonas aeruginosa (PA14). This suggests immunity-
linked gene (ILG) activation was not sufficient to confer immunity
(9). We noted that while ILG up-regulation after sams-1 RNAi was
only partially dependent on pmk-1, restoration of PC levels with
dietary choline completely rescued changes in ILG expression and
PMK-1 phosphorylation. This suggests that imbalances in mem-
brane lipids may independently affect both the ILG up-regulation
and PMK-1 phosphorylation.

The other lipid modulator linked to ILG up-regulation in our
previous study was sbp-1/SREBPF1, a master transcriptional regula-
tor of lipid synthesis genes (12). It was not clear why the same ILGs
would be activated in lipid replete sams-1 animals because sbp-1
(RNAi) causes reductions in stored lipids (13, 14). Notably, mam-
malian SREBPF1 knockdown also results in the enrichment of ILG
expression in human cells (15). Recent studies from other laborato-
ries have found that ILGs are up-regulated after mutation or RNAi
of genes affecting PC synthesis. ILG activation was seen upon dis-
ruption of pmt-2 (16) or lpin-1 in the presence of excessive glucose
(17). These ILGs were also up-regulated in skn-1 mutants, a tran-
scriptional regulator of the stress response and metabolic genes
(18). In addition, dietary restriction results in the up-regulation of
similar gene sets (19). These results suggest that multiple lipid im-
balances affect ILG expression, and some mechanisms may be con-
served. Immunity-linked categories are enriched in up-regulated
genes after SREBP-1 knockdown in human melanoma cell lines
(15). These results suggest that ILG up-regulation in sams-1 or
sbp-1(RNAi) animals could occur with different kinetics and in re-
sponse to distinct cues than their activation in classical pathogen
responses.

Exposure of C. elegans to bacterial pathogens stimulates the ex-
pression of a diverse set of genes, including antimicrobial peptides
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(AMPs), enzymes for detoxifying xenobiotics, and neuromodula-
tory peptides to coordinate interorgan defenses (20–23). However,
some genes up-regulated in response to either bacteria or fungi do
not fall into these defensive pathways (24) or have clear functional
roles. Instead, these genes are defined by pathogen-responsive ex-
pression rather than the performance of a function during the path-
ogen response. Because of the effects on these genes by a broad
number of lipid perturbations and the modest levels of up-regula-
tion compared to pathogen-stimulated responses, we reasoned that
some of these genes responding to cell-intrinsic signals indepen-
dent of the pathogen response. To understand why the knockdown
of genes acting in lipid metabolism might activate genes linked to
immune responses when no pathogens were present, we took two
approaches. First, we looked for lipid signatures that could signal
this response and were shared between sams-1 and sbp-1 by com-
paring lipidomics of whole animals and fractioned extracts. Second,
we performed an RNAi screen of genes functioning in complex lipid
synthesis and ER/Golgi dynamics for activation of the immunity-
linked reporter, psysm-1::GFP (25). In the lipidomics studies, we
found that sams-1 and sbp-1 knockdown animals had broad and
distinct changes in their lipidome, but both showed a lowering of
PC levels in the ER/Golgi fraction, which we previously linked to
SBP-1/SREBP-1 maturation in sams-1 animals (10). Strengthening
the links to PC, our targeted RNAi screen showed that synthesis of
PC increased psysm-1::GFP expression. RNAi of Golgi/ER transport
regulators, including the GTPase arf-1/ARF1, activated the immu-
nity-linked reporter. Notably, some ILGs were up-regulated after
arf-1/ARF1 RNAi, demonstrating that this disruption in this secre-
tory organelle was sufficient to activate ILGs. We also noted that
overexpression of secreted proteins causes a dose-dependent in-
crease in ILG expression in published RNA sequencing (RNA-
seq) data. Last, we performed a targeted screen and found that in-
terfering with ILG expression in sbp-1(ep79) animals disrupted the
trafficking of a secreted reporters in two distinct tissues. Together,
our results suggest that some ILGs act to counteract stress when
membrane lipid balance is perturbed or when other processes,
such as antimicrobial production, affect secretory load. While
immune function is critical for host defenses, immune activation
in the absence of pathogens, as in the case of metabolic disease,
may have deleterious effects (26). Therefore, it is critical to under-
stand roles of genes activated in response to both pathogens and
metabolic cues. Our studies suggest that genes stimulated by both
bacterial challenge and lipid perturbation in C. elegans could act to
support secretory processes, which are altered in both biological
contexts.

RESULTS
Meta-analysis illustrates broad enrichment of ILGs upon
disruption in lipid metabolism
Levels of lipids within membranes are tightly monitored, and im-
balances may induce cellular stress pathways that regulate genes
to restore lipid ratios (7). ILG activation has been reported to
occur in multiple lipid perturbation models, suggesting that it
could be part of a general membrane stress response. To determine
how broad this effect might be and identify specific classes of path-
ogen-responsive genes, we used our recently developed C. elegans–
specific Gene Ontology (GO) tool, WormCat 2.0, to conduct a
meta-analysis of genes activated after disruption of lipid

metabolism. WormCat allows combinatorial graphing of gene en-
richment scores based on detailed annotation of all C. elegans genes
(27, 28) and uses a custom annotation strategy based on broad to
specific nested categories (CATEGORY1/Category2/Category3).
Unlike GO, it assigns genes with poorly defined functions to a spe-
cialized category, UNASSIGNED. Unassigned is also used within
categories when genes are linked to a category but do not have
well-defined molecular roles. In WormCat, genes with roles in im-
munity are classified in STRESS RESPONSE: Pathogen at the cate-
gory 1 and category 2 levels. This category is broken down into
category 3 classifications for transcriptional or signaling regulators,
neuropeptide-like proteins, and proteins containing common anti-
microbial motifs [saposin, caenacin, complement C1r/C1s, Uegf,
Bmp1 (CUB), and others]. This category also included 97 addition-
al genes that are robustly activated during pathogen responses.
These genes did not have essential roles in survival or defined mo-
lecular functions yet are commonly used as proxies for immune
stimulation. These genes were placed in STRESS RESPONSE: Path-
ogen: unassigned (27, 28). This class of genes is not explicitly
defined by GO but can be differentiated with WormCat. We per-
formed a meta-analysis using WormCat to compare published
RNA-seq data from models of disrupted lipogenesis with genes
up-regulated by the pathogen PA14 (23). Consistent with other
reports, this analysis shows enrichment in STRESS RESPONSE:
Pathogen in genes up-regulated after the knockdown of lipogenic
transcriptional regulators such as sbp-1 (9), mdt-15 (29), or nhr-
49 (30) or enzymes acting in lipid synthesis such as sams-1 (9),
lpin-1 [(17) and data S1], pmt-2 (6), and hyl-2 (31). Similar enrich-
ment patterns occur when exogenous lipids such as P80 (oleic acid
mimic) (32) or cholesterol were added (33) (Fig. 1, A to D). Notably,
the strongest enrichments at the category 3 level were in STRESS
RESPONSE: Pathogen: unassigned, and lipid disruption had a
much weaker effect on other classes of pathogen response genes,
such as the CUB domain proteins, which are likely to act as antimi-
crobials. Genes up-regulated in pmt-2(RNAi) animals were also
linked to the lipid bilayer stress-induced unfolded protein response
(UPRLBS), a UPRER mechanism (6). Therefore, we compared
WormCat enrichment of genes increasing after tunicamycin treat-
ment to determine whether ILG up-regulation after lipid perturba-
tion was similar to an ER stress response (34). We found that while
STRESS RESPONSE: Pathogen: unassigned genes were enriched,
the category enrichment was independent of the ER stress regula-
tors xbp-1 or ire-1 (fig. S1A), suggesting that the ILG up-regulation
could have distinct regulatory elements from the UPRER. Thus,
genes linked to immunity are up-regulated across diverse lipid syn-
thesis modulators in C. elegans and mammalian cells.

sams-1 and sbp-1 are likely to act independently to
activate ILGs
Our previous studies low levels of PC initiate a feedback loop in
sams-1 animals driving SBP-1/SREBP-1–dependent lipid accumu-
lation (9, 11). SBP-1/SREBP-1 is a basic helix-loop-helix transcrip-
tion factor required to express a suite of lipid metabolic genes,
including fat-7 in C. elegans and its ortholog SCD1 in mammals
(14, 35). It is also necessary for the up-regulation of fat-7 in lipid-
replete sams-1(lof ) animals (fig. S1D) (11). Because SBP-1 up-reg-
ulates lipid synthesis genes, we tested the possibility that it directly
functions in ILG up-regulation by using sams-1(RNAi) to increase
the expression of multiple SBP-1 target genes (11) and assessing the
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Fig. 1. Up-regulation of ILGs occurs downstream ofmultiple types of membrane lipid disruption. (A) Schematic diagram of lipid metabolic genes linked to immune
gene expression. Meta-analysis of published RNA-seq data from linking lipid perturbation to immune gene expression using WormCat 2.0 for category 1 (B) and for the
category 2 level under STRESS RESPONSE (C). Legend is in (D). NS, not significant.
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need for sbp-1. As we previously reported in (11), fat-7 depends on
sbp-1 in both the control and sams-1(RNAi) background (fig. S1D).
However, the ILG hpo-6 is expressed at high levels when induced by
reduction in sbp-1, sams-1, or in sams-1(lof); sbp-1(RNAi) animals
(fig. S1E), suggesting that the effects of SBP-1 on ILG up-regulation
are indirectly related to its function as a transcriptional regulator.
These results also suggest that sams-1 and sbp-1 are not likely to
act on each other in ILG up-regulation but could be linked to
similar cues.

Many ILGs in C. elegans act downstream of signals from the p38/
MAPK14 kinase PMK-1in the pathogen response (23), although
PMK-1 may also act in other stress responses (36–39). In previous
studies, we found that low PC in sams-1(lof ) animals leads to con-
stitutive phosphorylation of PMK-1 and that ILG induction is
completely dependent on PC (9). However, the up-regulation of
ILGs in sams-1(RNAi) animals was only partly dependent on
pmk-1 (9), suggesting that perturbations in membrane lipids
could activate these genes through distinct pathways. We confirmed
that knockdown of sbp-1 also induces PMK-1 phosphorylation (fig.
S1F). Because ILGs can be induced in mammalian cells in response
to a reduction in SREBPF1, we used small interfering RNA (siRNA)
to knock down the rate-limiting enzyme for PC production, PCYT1,
in human hepatoma cells (fig. S1G). We found that p38/MAPK14
phosphorylation is induced to levels similar to lipopolysaccharide.
However, as in the case of sams-1(RNAi), quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR) assays show that
induction of ILGs in sbp-1(RNAi) animals was only partially depen-
dent on pmk-1 (fig. S1H). This suggests the low-moderate levels of
ILG activation in response to membrane lipid imbalances could
depend on distinct mechanisms from those used to induce these
genes during pathogen responses.

Loss of sbp-1 decreases PC levels in ER/Golgi membrane
fractions
ILG expression and PMK-1 phosphorylation occur after reduction
in sams-1 and sbp-1, although these genes act at different points in
regulation of lipid synthesis. SAMS-1 provides S-adenosylmethio-
nine (SAM), the methyl donor necessary for one of the two path-
ways for PC production. However, as the master transcriptional
regulator of lipid biosynthetic genes, sbp-1/SREBF1 would be pre-
dicted to affect a broad fraction of the lipidome, and it is not
clear how sams-1 and sbp-1 lipidomes would overlap. To allow a
direct comparison of lipidomes, we performed sbp-1 and sams-1
RNAi and directly compared lipidomes by liquid chromatogra-
phy–mass spectrometry (LC-MS). Animals were lysed directly
into the lipid extraction buffer, and lipid levels were normalized
to total lipid as in (10). The entire lipidome was broadly altered in
both cases, with 27% of lipid species showing statistically significant
changes in sams-1(RNAi) animals and 30% after sbp-1(RNAi)
(Fig. 2, A and B, and data S2). We next examined lipid levels at
the class and species levels. As in our previous gas chromatogra-
phy–mass spectrometry–based studies (11), sams-1 animals
showed lower PC and higher triglyceride (TAG) (Fig. 2C). We
also noted lower phosphatidylserine and sphingomyelin (SM)
levels in comparison to other lipid classes (fig. S2A). TAG was
lower after sbp-1 RNAi, as expected from previous studies (13).
We also found that while reductions in PC did not reach statistical
significance, phosphatidylethanolamine (PE) increased, and Cer
(Ceramide) levels dropped (fig. S2A). In short, sbp-1 RNAi

induces broad changes in the lipidome across multiple classes of
lipids, with the largest changes in stored lipids, TAGs.

The properties of lipid classes can be altered when distributions
of acyl chains alter membrane properties (40). We find that there are
significant differences in the populations of species within phos-
pholipids [PC, PE, lyso-phosphatidylethanolamine, and phosphati-
dylglycerol, TAG, diacylglycerides (DGs), and SMs after sams-1
(RNAi). Changes in species distribution in lipid classes after sbp-1
RNAi were limited to TAG, lyso-PC, and Cer, in agreement with
previous studies showing lower TAGs in sbp-1(RNAi) animals.
We asked if sams-1 and sbp-1 RNAi caused similar shifts and
found overlapping changes in 180 shared lipid species (data S2).
Comparison of lipids within each class that increased or decreased
with sams-1 or sbp-1 RNAi shows little overlap in the major lipid
classes of TAG, PE, and DG (Fig. 2, D to H; fig. S2, C and D; and
data S2). However, nearly half of PC species decreasing after sbp-1
knockdown also decreased in sams-1(RNAi) animals (Fig. 2I). Last,
three SM species decreased in both animals (fig. S2A). Thus, while
sams-1 or sbp-1 knockdown each lead to broad changes in the total
lipidome, relatively few overlapping species changed in both in-
stances. Of those, decreases in PC species were the best represented
among lipids changed in both sams-1 or sbp-1 animals.

The total lipidome contains multiple organelles, including the
plasma membrane, mitochondria, nuclear membrane, and Golgi/
ER. However, lipid ratios in specific organelles may differ, reflecting
particular functions (41); for example, we previously found that PC
ratios in ER/Golgi fractions were associated with the activation of
SBP-1 in sams-1 and lpin-1 animals (10). Therefore, we performed
LC-MS lipidomics on microsomes from sbp-1(RNAi) animals to
assess lipids in the ER/Golgi fraction using total protein for normal-
ization. Enrichment of Golgi and ER-specific proteins [SQV-8 and
CNX-1 (42)] was used to verify fractionation, as in our previous
study (10) (fig. S2C). We found that a broader fraction of the ER/
Golgi lipidome was affected after sbp-1(RNAi) than in the total lipid
samples. Nearly 40% of lipid species were altered in these fractions
(Fig. 2J and data S2), with significant changes in species across
many classes (fig. S2K and F and G). Similar to the unfractionated
extracts, levels of TAG and Cer decreased in the ER/Golgi (fig. S2F).
Significant ER/Golgi-specific decreases occurred in PC and DG
(Fig. 2F and fig. S2E). This reveals that sbp-1(RNAi) has distinct
effects on the ER/Golgi membranes compared to the total lipidome.
It also demonstrates decreases in PC levels in the ER/Golgi subcom-
partment after sbp-1 knockdown, which is also strongly affected
after sams-1 RNAi.

Targeted RNAi screen reveals roles for COP I transport in
immune gene expression
Low PC levels are associated with ILG expression in sams-1 (9) and
pmt-2(RNAi) animals (6). The low PC in the ER/Golgi compart-
ment of both sams-1 (10) and sbp-1 RNAi animals suggests that
this could be a shared signature linked to ILG up-regulation. To un-
derstand how these lipids might act, we next sought to identify cel-
lular pathways linking ILG expression to lipid levels. We used an
RNAi sublibrary that targets genes involved in complex lipid metab-
olism, lipid signaling, and selected ER/Golgi transport regulators.
We previously used a lipid function RNAi sublibrary to identify
low PC regulators of SBP-1/SREBP-1 (10). This library includes
all predicted phospholipases and enzymes for the synthesis of
TAG, PC, and PE (10) We expanded the sublibrary to include
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Fig. 2. Broad lipidomic changes in total and microsomal lipid compartments after sams-1 or sbp-1 RNAi. LC-MS lipidomics show that nearly a third of total lipid
species change after sams-1 or sbp-1 RNAi (A and B). Comparison of total lipid levels within major classes does not reveal a similar, significant signature after sams-1 or
sbp-1 RNAi (C). See also fig. S1 (B and D) additional lipid class analysis and data S2 for all values. Overlap in lipid species that significantly changed from classes that
significantly changed after sams-1 or sbp-1 RNAi are compared in Venn diagrams. Species that increased are shown in (D to F), with decreases in (G to I) with additional
lipids in fig. S2C. The microsomal (ER/Golgi) lipidome is also broadly altered after sbp-1 RNAi (J) and shows changes in different lipid classes than in the total lipidome (K).
See also fig. S1 (E and F) additional lipid class analysis and data S2 for all values. Error bars show SD. Lipid class data are calculated by Student’s t test. See fig. S1 for lipid
species distributions and additional lipid class analysis. *P < 0.05 and **P < 0.01. DG, diacylglyceride; TAG, triglyceride; PC, phosphatidylcholine; PE, phosphatidyleth-
anolamine; TL, total lipid.
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more genes involved in ceramide/SM synthesis for the current
screen. Thus, this library has a broader representation of genes
linked to complex lipid synthesis than the commercially available
RNAi libraries. We selected psysm-1::GFP (green fluorescent

protein) for this study as it is strongly induced by sbp-1(RNAi)
(Fig. 3A) and has been used by multiple laboratories as a robust
marker for immune gene induction (19, 43, 44). We visually
screened this library in quadruplicate in psysm-1::GFP animals,

Fig. 3. Targeted RNAi screen reveals candidates linked to Golgi/ER trafficking impact immunity gene expression. (A) Immune gene reporter psysm-1::GFP is in-
creased after sbp-1 RNAi. (B) Screen schematic. (C) Schematic showing candidates from primary screen selected for additional quantitation. Example epifluorescence
imaging used for quantitation showing validation of reporter activity after RNAi of lipid PC synthesis genes (D and E), SM synthesis genes (F and G), and the SCD fat-6/7
(H). Epifluorescence images showing GFP levels after RNAi of the arf-1 GTPase or coatomer component copa-1 or proteins acting at the Golgi such as syx-1/Syntaxin5 (I
and J). Because of poor larval development, bacteria for copa-1 RNAi was diluted to 1:10 (d). Internal control for effect of sbp-1(RNAi) included in each panel and differ-
ential interference contrast (DIC) image included as an inset for each RNAi. Quantitation of images is in fig. S4 (A and B). Scale bars, 100 μm.
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scoring each animal, and identified a list of 20 candidates with the
highest aggregate scores for retesting (Fig. 3B and data S3). Retesting
to identify the strongest candidates occurred in three stages: visual
rescreening (4×), imaging of candidates from the rescreen, and
qRT-PCR to assess changes in GFP expression. We also included
the sbp-1 target genes fat-5, fat-6, and fat-7 (13, 14) in the visual
retesting. These genes are orthologs of mammalian stearoyl CoA de-
saturases (SCDs) (45) and can change membrane fluidity (46, 47) or
induce lipid bilayer stress by changing ratios of saturated/unsaturat-
ed acyl chains within lipid classes (6, 16, 48).

Candidates from the targeted screen fell into two major groups.
First, enzymes linked to PC and SM synthesis were found (Fig. 3, C
to G; fig. S3, A and B; and data S3). This included two isoforms of
the rate-limiting enzyme for PC production, pcyt-1 and sptl-1,
which initiates the first committed step in sphingolipid synthesis.
Thus, our genetic data support the notion that changes in PC or
SMs are a shared signature linked to ILG activation in sams-1 and
sbp-1 RNAi animals. SM synthesis has been linked to multiple stress
responses in C. elegans (49–51). Notably, fat-5, fat-6, or fat-7 RNAi,
which would change acyl chain saturation within each lipid class,
had modest effects on the psysm-1::GFP immune reporter in quan-
titation of fluorescence images (data S3), suggesting that change in
membrane fluidity downstream of these enzymes in the UPRLBS (6,
16) is not a major contributor to the ILG up-regulation.

The second group included Golgi/ER trafficking genes forming
the Coat Protein 1 (COP1) complex (which also caused develop-
mental delays) and ARF1 guanine activating factor (agef-1). The
ARF-1 GTPase, a key regulator of these factors, was a false negative
in the original screen but strongly activated the reporter in the re-
screening (Fig. 3I and data S3). The coatomer proteins work in a
complex (52) and are required for viability (53). Therefore, we
chose one candidate, copa-1, and performed RNAi with diluted bac-
teria (d), allowing animals to develop fully. We found that the
immune activation reporter was strongly expressed in the copa-1
knockdown (Fig. 3I). Stimulation of the reporter after the loss of
multiple parts of the COP I machinery and its key regulator arf-1
strongly argues that ER/Golgi dynamics signal to induce ILGs.
The psysm-1::GFP reporter represents a single gene in the
immune response program. To more broadly survey ILGs in our
screen validation, we used qRT-PCR with primers specific to irg-
1, irg-2, and hpo-6 and found robust activation of each of our can-
didate reporters after knockdown of arf-1 or copa-1 but more
modest effects with the SM genes or SCDs (fig. S4, C to H), impli-
cating ARF1 and Golgi function in ILG activation. Although syx-5
appeared in our initial screen, GFP levels were not significantly
changed after image quantitation (Fig. 3J).

Reduction in ARF-1 has a broad effect on ILGs
Cycling of the ARF1 GTPase requires interaction with the Golgi
membrane (52). Alteration of membrane lipid ratios can affect in-
teractions with ARF1 regulatory proteins, limiting GTPase cycling
and blocking ARF1 activity (10, 54). We previously linked changes
in PC levels in sams-1 microsomes to the inactivation of ARF-1,
which drove proteolytic processing of SBP-1/SREBP-1 (10). There-
fore, we reasoned that this PC–ARF-1 mechanism could also be im-
portant in activating ILGs. To test this, we use RNA-seq to identify
transcriptional changes after arf-1 RNAi. We found that 210 genes
were significantly up-regulated after arf-1 RNAi (Fig. 4A and data
S4). STRESS RESPONSE: Pathogen: unassigned was significantly

enriched, demonstrating that interreference with arf-1 is sufficient
to induce this gene class (Fig. 4B). We also noted strong overlap
between genes up-regulated in sams-1, sbp-1, and arf-1 (Fig. 4C).
This overlap set retains the significant enrichment in STRESS RE-
SPONSE: Pathogen: unassigned genes (Fig. 4D). Thus, arf-1GTPase
knockdown causes similar or overlapping effects in immune gene
expression to those seen after broad lipid disruption by sbp-1
RNAi. Together with our previous observation that low PC disrupt-
ed ARF-1 function (10), our data suggest that changes in ARF-1 ac-
tivity could provide the mechanistic link between PC and activation
of ILGs in some models of membrane lipid imbalance.

To test this model by examining ARF-1 localization, we obtained
a strain where endogenous ARF-1 is C-terminally tagged with
mCherry by CRISPR. This strain was crossed with a strain express-
ing MANS::GFP in the intestine. MANS::GFP is a fusion of aman-2
(alpha-mannosidase, a conserved Golgi-specific protein) and marks
the mini stacks characteristic of C. elegans (55). In control intestinal
cells, ARF-1::mCherry formed a punctate pattern (Fig. 4E) charac-
teristic of the Golgi ministacks occurring in C. elegans cells (56) and
which overlap a Golgi marker, MANS::GFP (57). This suggests that,
as in other eukaryotes, C. elegans ARF-1 acts at the Golgi apparatus.
Next, we asked if ARF-1 localization was altered in sbp-1(RNAi)
animals. Strikingly, ARF-1::mCherry appeared to form larger,
more irregular puncta in sbp-1(RNAi) animals and having addition-
al diffuse localization, similar to patterns seen with RNAi of the
coatomer protein COPA-1 (Fig. 4F). This suggests that ARF-1 func-
tions at the Golgi are altered in sbp-1(RNAi) animals.

Loss of human ARF1 or blocking ARF1 cycling with the fungal
toxin Brefeldin A disrupts Golgi integrity (58). In addition, our pre-
vious studies found that lowering PC levels through RNAi of sams-1
or knockdown of PCYT1 (the rate-limiting enzyme for PC produc-
tion) in mammalian cells blocked ARF1 GTPase activity and dis-
rupted Golgi structure (10, 11). Because PC levels in sbp-1(RNAi)
ER/Golgi fractions decreased (Fig. 2K) and ARF-1::mCherry was
mislocalized, we next examined Golgi structure after sbp-1(RNAi)
in animals where MANS::GFP was driven by an intestinal reporter
(57). Consistent with previous studies (59, 60), the knockdown of
arf-1 markedly shifts the Golgi puncta to diffuse localization
across the cytoplasm (Fig. 4G and fig. S4D). copa-1 RNAi also di-
minished Golgi stacks. Sbp-1 knockdown affects Golgi structure but
results in a different pattern, in which Golgi stacks are smaller and
more numerous with increases in diffuse cytoplasmic localization
(Fig. 4G). This suggests that membrane lipid imbalances affect the
Golgi size or structure but do not disassemble it. We also examined
MANS::GFP patterns in other candidates from our screen and
noted that like arf-1,copa-1 and sar-1 were also required for
MANS-1::GFP puncta (fig. S4A), as expected for a core constituent
of the ER to Golgi transport machinery. Contributors to PC synthe-
sis also broadly abrogated MANS::GFP puncta (fig. S4, B and C).
However, the change in fatty acid desaturation, which induces
UPRLBS (6), caused only a slight increase in MANS::GFP puncta in-
tensity, suggesting that membrane stress initiated by Golgi misfunc-
tion has separable defects. Our screen candidates also included
genes from ceramide synthesis, which can also affect membrane
function (61). Notably, sptl-1(RNAi) did not noticeably alter
Golgi marked by MANS::GFP, and ARF-1::mCherry puncta were
visible (fig. S4, A and D), suggesting that sptl-1 knockdown may
mediate effects on immune genes through distinct cellular mem-
branes. Together, we find ARF-1 activity (10) and localization

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Fanelli et al., Sci. Adv. 9, eadi5545 (2023) 6 December 2023 7 of 16

D
ow

nloaded from
 https://w

w
w

.science.org on February 13, 2025



Fig. 4. Disruption of Golgi function through RNAi of arf-1 activates ILGs. (A) Scatter plot shows changes in gene expression after arf-1 RNAi with genes more than
twofold and a false discovery rate less than 0.01 and up-regulated in red with down blue. (B) Sundial diagram of WormCat category enrichment of genes up-regulated
after arf-1(RNAi). Categories at level 1, 2, or 3 with a significant enrichment (adjusted P value < 0.01) are outlined and labeled in the legend. (C) Venn diagram showing
overlap of up-regulated genes after sbp-1, sams-1, or arf-1 RNAi. (D) Sundial diagram ofWormCat category enrichment of up-regulated genes shared between sams-1, sbp-
1, and arf-1(RNAi). Categories at level 1, 2, or 3 with a significant enrichment (adjusted P value <0.01) are outlined and labeled in the legend. (E) Confocal projections of
endogenously tagged ARF-1::mCherry reveal that that Golgi-like pattern is disrupted after sbp-1 RNAi and quantitation in fig. S5A. (F) Confocal images of intestinal cells
from ARF-1::mCherry; ges-1::MANS-1::GFP animals. Scale bar,10 μm for (E) and (F). (G) Confocal projections of the C. elegans Golgi marker MANS::GFP (57) in control, sbp-1,
arf-1, and copa-1 (1:10) RNAi intestines with quantitation of puncta intensity and number in fig. S5 (B and C). Scale bar, 10 μm. Significance is determined by the Mann-
Whitney test.
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(this study) in models of lipid perturbation that lower PC. Thus,
blocking or limiting ARF-1 function at the Golgi appears to be a
mechanistic step linking changes in levels of membrane lipids,
such as PC, and activation of ILGs.

ILG up-regulation occurs in models of trafficking
dysfunction
The Golgi apparatus accepts proteins from the ER destined for se-
cretion, processing them by glycosylation before secretory vesicles
are loaded (62). Stimulation of the innate immune system may
notably affect trafficking load, as AMPs are shuttled through the
membrane trafficking system (63). Activation of the ER stress re-
sponse has been noted in multiple systems when large numbers
of proteins need to be produced and secreted (64). Previous data
suggest that induction of membrane stress may also be a sensor of
infection (65). On the basis of work by the Ewbank laboratory, Lam-
itina et al. (65, 66) also suggested that some pathogen-response
genes act to support the trafficking of AMPs. We noted that the
ILGs up-regulated at low PC are largely outside of the antimicrobial
categories and comprise gene sets defined by their shared expres-
sion upon pathogen exposure rather than function (24, 28). We hy-
pothesize that some of these genes might respond to direct stress on
the trafficking system. To explore this idea, we turned to a common-
ly used system for studying trafficking in C. elegans, VIT-2::GFP
(67) and comparing ILG gene expression in strains with increasing
copy number to simulate an increase in secretory load. Vit-2 is a
vitellogenin produced and secreted from intestinal cells then
taken up by the germ line (68). First, we used WormCat to
compare category enrichment data from two published studies ex-
amining genome-wide mRNA expression patterns when vit-2 is
overexpressed or misregulated, placing stress on the secretory
system. The Blackwell laboratory showed that germline-less glp-1
mutants exhibit vit-2::GFP buildup near its production site in the
intestines (69). WormCat analysis of their RNA-seq data found
strong enrichment patterns in STRESS RESPONSE: Pathogen.
(Fig. 5, A and C, and data S4). Next, we used WormCat to
examine RNA-seq data from VIT-2::GFP (70)–overexpressing
animals produced by the Aballay group and also found increases
in the stress response category enrichment (Fig. 5, B and C, and
data S4). As two models sharing VIT-2::GFP secretory overload
show increases in STRESS RESPONSE: Pathogen genes, we
sought to directly test this model by comparing ILG expression in
two strains with a differing copy number of vit-2, RT130, made by
microparticle bombardment and containing the GFP array in addi-
tion to wild-type copies (71), and BCN9071, which is a CRISPR-
generated allele integrated into the endogenous locus (72) (Fig. 5,
D to F). Confocal projections of intestinal cells expressing VIT-2::
GFP show a light punctate pattern across the cytoplasm of the in-
testine showing the yolk particles as they transit the secretory system
(Fig. 5D and fig. S5A). VIT-2::GFP appears as intracellular puncta
in both single and multicopy strains. However, RNAi of arf-1, which
disrupts the secretory system, produced larger intracellular aggre-
gates in the multicopy RT130 strain (Fig. 5D), suggesting that this
strain is sensitized to stress in the secretory system. Strikingly, the
expression of ILGs increases with VIT-2::GFP copy number (Fig. 5,
G to J), showing that increasing expression of proteins destined for
the secretory pathway is sufficient to induce ILGs.

Knockdown of STRESS RESPONSE: Pathogen genes disrupt
trafficking reporters
We found that ILGs become up-regulated when lipid levels become
unbalanced, when ARF-1 functions are compromised, or when the
production of secreted proteins increases. This activation mecha-
nism is independent of pathogen exposure. One model could be
that alterations in membranes could be part of a surveillance
system used by the innate immune system to detect alterations in
cellular function indicating a pathogen challenge, as in blocks in
translation shown by the Troemel and Ausebel laboratories (73,
74) or addition of ectopic lipids (33). It is also possible that these
genes counteract stress on the secretory system, which could
occur when the lipids that make up the secretory system are out
of balance. As a pilot experiment, we focused on one of the up-reg-
ulated genes, hpo-6, which is not present in any of the commercially
available RNAi libraries. To study its function more closely in this
context, we made a cDNA construct to allow RNAi in VIT-2::GFP
RT130 in wild-type and sams-1(lof ) animals (9). hpo-6was original-
ly identified in a screen for genes, whose loss increased sensitivity to
a pore-forming toxin (75). It has a glycoprotein domain and may
occur in membrane rafts (76) but has no apparent homology to
human proteins. Hpo-6(RNAi) causes a slight increase in VIT-2::
GFP puncta in wild-type animals (fig. S5A). However, in the low
PC sams-1(lof ) background, VIT-2::GFP pooling and intracellular
aggregation suggest that reduction in hpo-6 has a broad effect on
yolk trafficking out of the intestinal cells.

The puncta increasing in yolk in C. elegans consist of both lipids
and proteins (77); thus, it is difficult to separate the potential effects.
To confirm our results in a less complex model, we turned to the
myo-3::signal sequence green flourescent protien(ssGFP) reporter
model (78), which expresses and secretes GFP in body wall
muscle cells. First, we examined ssGFP in sbp-1(ep79), a hypomor-
phic allele of sbp-1 (79). In control animals, ssGFP is secreted and is
visible between the striated muscle cells; reduction in sbp-1 function
causes some aggregation of the ssGFP within the cells (Fig. 6, B to
D), suggesting that it is not being secreted as efficiently. We noted
that this effect was even more pronounced after arf-1(RNAi) in both
control and sbp-1(ep79) backgrounds (Fig. 6, B to D), consistent
with the central role of ARF-1 in the secretory process. To test
whether the effects of knockdown of ILGs could affect the secretion
of this reporter, we conducted a small-scale screen of 19 other
STRESS RESPONSE: Pathogen: unassigned genes on secretion in
myo-3::ssGFP and the sensitized sbp-1(ep79); myo-3::GFP back-
grounds, imaging body wall muscle cells in triplicate and manually
scoring aggregation in blinded samples (Fig. 6A). We selected hpo-
6, irg-2, and ZK6.11/irg-8 from this initial screen and then validated
effects by confocal imaging, blinded visual scoring, and quantita-
tion of puncta size and number with CellProfiler (80). We found
that as in arf-1 RNAi, reduction in hpo-6, irg-2, and irg-8/ZK6.11
increased puncta size (Fig. 6, B to D, and fig. S5, D and E), with
related decrease in aggregate number in both wild-type and the
sbp-1(ep79) background, reflecting aggregation and disruption of
normal secretory processes. GFP mRNA measured by qRT-PCR
did not significantly increase, suggesting posttranscriptional
effects (fig. S5F).

Many of the STRESS RESPONSE: Pathogen genes are expressed
highly in the intestine; therefore, we also examined a ssGFP ex-
pressed under the glo-1 promoter (81) in adult intestinal cells.
Using epifluorescence imaging, we found that intestinal ssGFP
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accumulated after RNAi of sbp-1, arf-1, hpo-6, irg-2, and irg-8
(Fig. 6, E and F). Although ssGFP mRNA increased in hpo-6
animals, there were minimal changes after arf-1 RNAi, showing
that mRNA levels did not correlate with GFP fluorescence (fig.
S5C). Last, we used confocal imaging to examine ssGFP at a
greater resolution for one of these genes, hpo-6, along with sbp-1.
We found that control animals showed small puncta of the ssGFP
in the cytoplasm of the intestinal cells, which accumulated and
became larger when the lipids metabolism was disrupted by sbp-1
or after hpo-6 RNAi (Fig. 6, G and H). High-level expression of GFP

that is not targeted to the secretory pathway does not normally ag-
gregate, suggesting that this is not simply a result of overexpression
(see Fig. 3A). Thus, in a variety of cell types, we find that interfer-
ence with sbp-1, or candidate STRESS RESPONSE: Pathogen genes,
causes aggregation and pooling of ssGFP in the absence of pathogen
stimulation, suggesting a role in secretory processes.

Fig. 5. ILG expression is linked to trafficking disruption.WormCat gene enrichment of up-regulated genes from glp-1(e2141ts) (69) and vit-2(ac3) compared to SJ4005
(101) for category 1 (A) and category 2 (B). Legend is in (C). (D) Confocal projections of C. elegans intestinal cells expressing vit-2::GFP (RT130) or vit-2::GFP (BCN9701) in
wild-type or arf-1(RNAi) animals. qRT-PCR comparing gene expression in wild-type, single copy vit-2::GFP (BCN9071, s), or multicopy (RT130, m) animals. Scale bar, 10 μm.
(E and F) Increase in GFP or vit-2. Immune response genes are shown in (F) to (J). Significance is determined by Student’s t test. GST, glutathione S-transferase. *P < 0.05
and **P < 0.01.
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Knockdown of STRESS RESPONSE: Pathogen genes affect
an endogenous PA14-stimulated peptide
The secretory pathway carries out many basal functions and must
increase capacity during stresses requiring protein production in-
creases, such as pathogen challenge. The ER stress pathway plays
a key role during this increase (82, 83), and our results suggest
that alterations in the Golgi may also be sensed and result in the
up-regulation of ILGs. Our studies of ssGFP reporters allowed the
isolation of the effects of lipid imbalances on basal secretory pro-
cesses from the complex response to pathogens. However, ILGs
are defined by high-level expression upon pathogen exposure and
could also affect the secretion of AMPs or other defensive

molecules. C. elegans contains a large number of proteins with
domains common to AMPs, such as ShKT, Sushi, and CUB
domains (84). To test the effects of the ILGs on an endogenous se-
creted protein in the pathogen response, we selected C32H11.9/cld-
1 (cub-like domain 1). In our previous RNA-seq experiments, it was
the highest up-regulated gene after PA14 exposures (Fig. 7A). It was
also strongly induced during other early time points (23) but not
induced by lipid imbalances in sbp-1(RNAi) animals (Fig. 7B). It
contains a signal sequence, suggesting that CLD-1 is secreted, as
well as a CUB domain, common to antimicrobial proteins
(Fig. 7C). We obtained an allele with GFP fused to the C terminus
of cld-1/C32H11.6 using CRISPR [PHX2081(C32H11.6::GFP

Fig. 6. RNAi of selected ILGs enhances aggregation of secreted reporters. (A) Schematic diagram of small-scale screen of STRESS RESPONSE: Pathogen: unassigned
genes for aggregation of a secreted reporter in body wall muscle (myo-3::ssGFP). Confocal projections of ssGFP in body wall muscle in control or the sbp-1(ep79) back-
ground (B). Quantification of three independent replicates by Cell Profiler determining number of puncta (C andD) and puncta area (fig. S5, D and E). Scale bar, 10 μm for
(B), (E), and (G). (E) Epifluorescence images of ssGFP expressed from an intestinal reporter with DIC images as insets. Quantitation of pixel intensity with ImageJ is in (F).
Confocal projections showing ssGFP aggregation in (G), with puncta quantitation by CellProfiler in (H). Significance is determined by theMann-Whitney test. *P < 0.05 and
**P < 0.01.
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(sybIS7080)], which accumulated in the intestine after PA14 expo-
sure (Fig. 7D), consistent with disruption with secretion. Notably,
RNAi of sbp-1 disrupted CLD-1::GFP production, causing increases
in total levels, intracellular aggregation, and accumulation in the
pseudocoelom, consistent with defects in secretory processes
(Fig. 7D). Knockdown of with arf-1 also produced similar effects,
strengthening these links. Interference with hpo-6, a candidate
ILG, also caused accumulation and aggregation of CLD-1::GFP
during PA14 exposure. Notably, mRNA expression patterns
showed that expression of the GFP transcript did not vary with
the same pattern as the GFP fluorescence, showing that increases
in gene expression could not explain changes in GFP protein. To-
gether, this suggests that some ILG genes act to support secretory
function during stress, which may be initiated by lipid imbalances
or by pathogen exposure.

DISCUSSION
Membrane lipids form the organelles of the secretory system, which
can sense changes in protein homeostasis or lipids levels and elicit
gene expression programs when stressed. Multiple well-studied
pathways are linked to changes in proteostasis or lipid levels
within the ER (64). These processes are orchestrated by ER-intrinsic
proteins that sense changes in protein folding or alterations in the
lipid bilayer (6, 7, 16, 85). These ER-linked events are also important
during pathogen exposure in C. elegans; changes in ribosomal func-
tion at the ER have a well-defined impact on pathogen responses
(73, 74) and pathogen responses depend on ER stress pathways to
protect this organelle from the demands of the immune response
(83, 86). The Lee laboratory also found that ILGs are up-regulated
when trafficking is inhibited by blocking ER glycosylation (87). In
addition, pathogen responses require an intact ER stress pathway to
allow adjustment to the increased trafficking load (65, 83), as AMPs
are produced in mass in the ER, sent in lipid vesicles to the Golgi,
where many are glycosylated and then packaged into lipid vesicles
for secretion (88). For example, the C. elegans genome contains
more than 300 genes produced in response to specific pathogens
that share similarities to known antimicrobial effectors (89).
However, many of the genes in the C. elegans innate immune re-
sponse do not have obvious similarity to antimicrobial effectors
and are defined solely as being responsive pathogens (28, 90). It is
this class that is largely shared between pathogen-induced and
membrane stress-induced stress programs. Several lines of evidence
prompted us to hypothesize that some of these genes might be part
of a response linked to stress in membranes of the secretory pathway
rather than a direct response to an extrinsic pathogen. First, the in-
volvement of secretory organs was implicated by alterations in PC
ratios in the ER/Golgi in both sams-1 and sbp-1 RNAi lipidomes.
Second, our targeted RNAi screen for regulators of psysm-1::GFP
identified the arf-1 GTPase and coatomer proteins, which are crit-
ical for Golgi/ER transport. The knockdown of arf-1 was sufficient
to induce ILG up-regulation. Strengthening this link between dis-
ruption of lipid levels and ARF-1 function, we also found that sbp-1
RNAi altered ARF-1::mCherry localization and Golgi morphology.

Other organelles in the secretory pathway, such as the Golgi,
have their own stress sensors and response pathways (91), some of
which act by affecting the ARF1 GTPase (92). ARF-1 is a critical
regulator of trafficking, coordinating retrograde traffic from the
Golgi to the ER and regulating secretory function in the trans-

Fig. 7. Interference with secretory function or knockdown of selected ILGs
can enhance intestinal accumulation of a Pseudomonas-induced CUB
domain protein. Expression of cld-1/C32H9.11 in response to Pseudomonas aeru-
ginosa (PA14) from Ding et al. (9) (A) or after sbp-1 RNAi from Ding et al. (9) (B). (C)
Domain structure of CLD-1 showing signal sequence and CUB domain. (D) Spin-
ning disc confocal micrographs showing intestinal accumulation of cld-1::GFP in
response to PA14 after sbp-1, arf-1, or ILG RNAi taken at 488 mn. Gut granules
are shown with an overlay of a micrograph of the same section from taken at
564 nm. Scale bar, 10 μm. Blinded scoring of animals for increased florescence
and aggregation is in (E). (F) qPCR showing levels of GFP mRNA expression.
Error bars show SD, statistical relevance of individual RNAi to control calculated
by paired t test in GraphPad Prism.
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Golgi (93). Cycling of ARF-1 GTPases depends on membrane local-
ization of the ARF GTPase, guanine exchange factor (GEF), and
GTPase activating protein (GAP) (93). We previously found that
the knockdown of PC synthesis enzymes blocked ARF1 cycling
and limited membrane association of the ARF GEF GBF1 in cul-
tured human cells (10). This suggests that low PC levels affect
ARF1 activity by limiting the ability of the GTPase, GEF, and
GAP to associate at the Golgi membrane and initiate guanosine di-
phosphate–guanosine 50-triphosphate cycling. However, PC could
be linked to ARF1 through other mechanisms. ARF1 and phospho-
lipase D (PLD) function have been linked by multiple laboratories
(94). PLD cleaves PC molecules to produce choline and phosphatid-
ic acid, which in turn stimulates vesicle formation (95). This regu-
latory loop requires PC, which is low in ER/Golgi membranes in
sams-1 and sbp-1 RNAi animals. DAG kinases, which could be
stimulated by changes in DAGs in the sbp-1 or sams-1(RNAi)
animals, can also affect ARF activity and trafficking (96). Last,
protein kinase D (PKD) has an important role in maintaining
Golgi structure, and its ortholog has been linked to immunity in
C. elegans (97, 98). However, loss of DAG kinases or PKD failed
to activate the psysm-1::GFP reporter in our RNAi screen, suggest-
ing that they could be important in other regulatory contexts. While
the lipidomic changes in sbp-1 and sams-1 animals are broad and
individual lipids could act through multiple independent mecha-
nisms, our results show that decreasing PC is sufficient to limit
ARF-1 function (10) and activate ILG expression in the absence
of pathogen.

Pathogen-elicited gene expression programs are part of a special-
ized stress response where specific sets of AMPs are produced and
then secreted in response to pathogens. This type of innate immune
response initiates as pathogens are recognized by interaction with
cellular proteins or cellular processes are disturbed (99). In C.
elegans, evidence for microbe/pathogen-associated molecular pat-
terns has been less clear. Instead, C. elegans rely on surveillance of
cellular processes such as translation that are affected by pathogenic
attack (73). Lipid imbalances caused by exogenous cholesterol have
been suggested to act as a similar intracellular signal in recent
studies (33). However, alterations in PC leading to activation of
pathogen-responsive genes do not necessarily confer pathogen re-
sistance (9), and ILG expression levels are much lower than what
occurs in a pathogen response. Many of the ILGs, for example,
those in the STRESS RESPONSE: Pathogen: unassigned
WormCat categories (27, 28), lack domains associated with AMP
function. While some could have antimicrobial properties with dis-
tinct motifs, the activation of these genes through intrinsic stress in
the Golgi prompted us to ask if others acted to support secretory
function. Our data showing that reduction of hpo-6, irg-2, and
irg-8 increased aggregation and pooling of secreted reporters and
endogenous proteins secreted in an immune response in control
suggest that they could protect or support secretory function occur-
ring after broad disruption in membrane lipids or after pathogen
exposure occurs. Thus, some ILGs may function in a “multimem-
brane” stress response encompassing the roles of both the ER and
the Golgi in trafficking. Together, these results illustrate mecha-
nisms linking lipid metabolism to genes activated in the immune
response through effects on the secretory system.

MATERIALS AND METHODS
C. elegans strains, RNAi constructs, and screening
N2 (wild type), psysm-1::GFP (AU78), myo-3::GFP (GS1912),
MANS::GFP (RT1315), and OP50-1 were obtained from the Caeno-
rhabditis Genetics Center. Exglo-1::ssGFP (GH639) was a gift from
G. Hermann (Lewis and Clark University). myo-3::ssGFP;sbp-1
(ep79) (WAL510) was constructed in this study. CRISPR-tagged
ARF-1, parf-1::ARF-1::mCherry (knu418), was obtained from the
In Vivo Biosystems (COP1415) and then outcrossed three times
(WAL10). Imaging of MANS::GFP was done from a strain also har-
boring a CRISPR-taggedwarf-1::RFP (ker4) (WAL12). WAL511 was
constructed by crossing MANS::GFP and WAL510 (parf-1::ARF-1::
mCherry (knu4180). cld-1/C32H11.6::GFP was constructed by
SUNY Biotech using CRISPR [PHX2081(sybIS7080)]. Normal
growth media (NGM) was used unless otherwise noted. For
RNAi, gravid adults were bleached onto NGM plates supplemented
with ampicillin, tetracycline, 6 mM isopropyl-β-D-thiogalactopyra-
noside, and 10× concentrated bacterial cultures. C. elegans were
allowed to develop until the young adult stage before harvesting.
Because of larval arrest, copa-1 RNAi bacteria were diluted 1:10 in
control RNAi bacteria before plating. For the RNAi screen of psysm-
1::GFP, L1 larvae were plated into 96-well plates spotted with RNAi
bacteria, and L4/young adults were scored from −3 to +3 with 0 as
no change in four independent replicates on a Zeiss GFP dissecting
scope with an Axiocam camera. Candidates that were positive in
three-fourth replicates were tested an additional four times,
imaging three sets of 10 animals per RNAi. Image quantitation is
described below. For the RNAi screen of myo-3::ssGFP and myo-
3::ssGFP; sbp-1(ep79), four independent replicates were subjected
to RNAi, placed in channeled agarose pads, and confocal images
were collected on a Leica SP6.

Cell culture and siRNA transfection
HepG2 cells (American Type Culture Collection, HB-8065) were
grown in minimum essential medium (Invitrogen) plus 10% fetal
bovine serum (Invitrogen), glutamine (Invitrogen), and sodium py-
ruvate (Invitrogen). siRNA oligonucleotides transfections were
done for 48 hours using Lipofectamine RNAiMAX Transfection
Reagent (Invitrogen, 13778100), and cells were held for 16 hours
in 1% lipoprotein-deficient serum (Biomedical Technologies,
BT907) and ALLN (25 μg/ml; Calbiochem) for 30 min before
harvesting.

Immunoblotting
HepG2 cells
Syringe passage was used to lyse cells in high-salt radioimmunopre-
cipitation assay (RIPA) [50 mM tris (pH 7.4), 400 mM NaCl, 0.1%
SDS, 0.5% Na-deoxycholate, 1% NP-40, 1 mM DTT, ALLN (2.5 μg/
ml), and complete protease inhibitors (Roche)]. Invitrogen NuPage
gels (4 to 12%) were used for protein separation before transfer to
nitrocellulose. Blots were probed with antibodies to phosphorylated
p38 MAP Kinase, and total p38 and signal transducers and activa-
tors of transcription 1 were used as a control. Immune complexes
were visualized with Luminol Reagent (Millipore). Densitometry
was performed by scanning the film and then pixel intensity anal-
ysis with ImageJ software. Graphs show the average of at least three
independent experiments with control values normalized to one.
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Whole C. elegans
Young adult animals were lysed by sonication in high-salt RIPA,
and immunoblotting was performed as above.

Microscopy and image quantitation
ARF-1::mCherry, MANS-1::GFP, and ssGFP images were acquired
on a Leica SPE confocal, and projections of confocal slices were pro-
duced. All images were taken at identical gain settings within exper-
imental sets, and Adobe Photoshop was used to correct levels across
experimental sets. Image quantitation of GFP fluorescence was
done using Fiji/ImageJ2. Briefly, each photo was processed individ-
ually, beginning by splitting the image into three color channels
(red/green/blue) and choosing the green channel for analysis.
This image was then converted to an eight-bit gray image and pro-
cessed using the function “Enhance Local Contrast (CLAHE)”
[block size: 250, histogram bins: 256, max slope: 5.00, mask:
none, fast (less accurate): no (unchecked)]. Using the circle selection
tool, four sections (width: 55; height: 25) of the brightest areas
across each worm’s intestine were selected from this processed
image and measured for intensity (integrated intensity). One addi-
tional section was taken from beside each worm to account for back-
ground fluorescence. The background reading was subtracted from
each individual intestinal reading, then the four corrected readings
were added to get a sum of fluorescent intensity. Imaging of
C32H11.9/cld-1::GFP was performed on a W1 Yokogawa spinning
disk confocal microscope equipped with a Photometrics Prime BSI
Express scientific complementary metal-oxide semiconductor
camera. Quantitation was performed with Nikon Imaging System
software. Statistical tests performed include normality and log nor-
mality tests (Anderson-Darling, D’Agostino & Pearson, Shapiro-
Wilk, and Kolmogorov-Smirnov) and Mann-Whitney tests.

Lipidomics
C. elegans total and microsomal lipidomics, including fractionation
protocols, were performed at the Whitehead Metabolomics core as
in (10). Enrichment of ER or Golgi proteins was confirmed by im-
munoblotting with antibodies to SQV-8/B3GAT3 and CNX-1/Cal-
nexin obtained from the Developmental Studies Hybridoma Bank.
Statistical analysis was performed in GraphPad Prism.

Gene expression analysis
Lysis of young adult C. elegans was performed in 0.5% SDS, 5% beta
mercapto ethanol (β-ME), 10 mM EDTA, 10 mM tris-HCl (pH 7.4),
and proteinase K (0.5 mg/ml) before purification of RNA by TRI-
Reagent (Sigma-Aldrich). cDNA was produced with Transcriptor
First-strand cDNA kits (Roche), and RT-PCR was performed
using Kappa SYBR Green 2X Mastermix. qRT-PCR was performed
on an Eppendorf RealPlex2.

RNA for sequencing was purified using RNAeasy columns
(QIAGEN). RNA-seq, including library construction, was per-
formed by BGI (Hong Kong). Reads were analyzed through the
Dolphin analysis platform using DeSeq to identify differentially
expressed genes (100). Gene set enrichment was performed using
WormCat (www.wormcat.com) (27, 28). The Gene Expression
Omnibus (GEO) accession number is GSE242371.

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
Legends for data S1 to S4

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S4
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