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promotes insulin secretion via regulation of proinsulin processing
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ABSTRACT

Insulin/IGF signaling in Caenorhabditis elegans is crucial for proper
development of the dauer larva and growth control. Mutants
disturbing insulin processing, secretion and downstream signaling
perturb this process and have helped identify genes that affect
progression of type 2 diabetes. Insulin maturation is required for its
proper secretion by pancreatic B cells. The role of the endoplasmic
reticulum (ER) chaperones in insulin processing and secretion needs
further study. We show that the C. elegans ER chaperone ENPL-1/
GRP94 (HSP90B1), acts in dauer development by promoting insulin
secretion and signaling. Processing of a proinsulin likely involves
binding between the two proteins via a specific domain. We show that,
in enpl-1 mutants, an unprocessed insulin exits the ER lumen and is
found in dense core vesicles, but is not secreted. The high ER stress
in enpl-1 mutants does not cause the secretion defect. Importantly,
increased ENPL-1 levels result in increased secretion. Taken
together, our work indicates that ENPL-1 operates at the level of
insulin availability and is an essential modulator of insulin processing
and secretion.
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Endoplasmic reticulum, Insulin secretion

INTRODUCTION

Type 2 diabetes (T2D) is a global health problem in which increased
insulin resistance and deficiency in production of insulin by the
pancreatic B cells are the key elements in the disease mechanism.
Initially, the production of insulin is increased to maintain proper
blood glucose levels; however, a continuous demand for insulin
because of insulin resistance can lead to depletion of insulin
production (Bell and Polonsky, 2001; DeFronzo, 2004). During
insulin biosynthesis, the signal sequence of the preproinsulin is
cleaved and the proinsulin enters the endoplasmic reticulum (ER).
The proinsulin undergoes proper folding and formation of three
pairs of disulfide bonds between the six cysteine residues in a fixed
pattern, resulting in the final structure (Orci et al., 1986; Steiner
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et al., 2009). Proinsulin leaving the ER translocates to the Golgi
apparatus and further into dense core vesicles (DCV), in which the
propeptide is cleaved by the proprotein convertases 1/3 and 2
(Rhodes and Alarcon, 1994). When these conditions are met, the
functional and mature insulin is secreted when the DCV fuses with
the cell membrane in a tightly regulated manner. Although the
processing of proinsulin and secretion of the mature insulin have
been well described, much remains to be understood about the
candidate proteins that are necessary for the proper handling of
proinsulin in the cell and what are the candidate proteins that ensure
the correct cysteine pairs form disulfide bonds.

GRP94 (also known as HSP90B1), a homolog of ENPL-1, along
with GRP78 (BiP; HspaS) and GRP75 (Hspa9), form a group of
glucose-regulated proteins (GRPs) that are upregulated under low
glucose conditions (Argon and Simen, 1999). GRP94 is a
ubiquitously expressed protein mainly localized to the ER.
However, a small fraction of this protein has been detected in the
post-ER compartments such as Golgi (Frasson et al., 2009) and
plasma membrane (Patel et al., 2013). GRP94 plays an essential role
as a component of the ER quality control system, ensuring proper
folding of secretory proteins (Argon and Simen, 1999), as well as in
the detection of misfolded proteins during the ER-associated
degradation (ERAD) (Christianson et al., 2008). GRP94 interacts
with a limited set of client proteins, all of which are secreted, or
integral membrane proteins. This includes integrins, toll-like
receptors (Wu et al., 2012), as well as insulin-like growth factor
(IGF) I and IGFII to ensure their proper maturation (Ostrovsky et al.,
2009). The function of GRP94 is crucial in the organism, as the
homozygous knockout in mice causes embryonic lethality (Mao
et al., 2010) and the knockout in the pancreatic f cells in mice leads
to impaired glucose tolerance and a diabetes phenotype (Kim et al.,
2018).

In Caenorhabditis elegans, environmental challenges, such as
nutritional supply, influence growth and metabolism via insulin/
insulin-like growth factor signaling (IIS). IIS involves secretion of
insulin/IGFs (Nakae et al., 2001). Genetic analysis performed in
C. elegans suggests that the IIS pathway is activated by the binding
of DAF-28, one of many agonistically acting insulin-like peptides,
to the DAF-2 insulin receptor homolog and thereby controls growth
and development by regulating the nuclear entry of the FOXO
transcription factor DAF-16 upon activation of the PI3K/AKT lipid
kinase pathway (Ogg and Ruvkun, 1998; Ogg et al., 1997; Zheng
et al., 2018). Although the roles of insulin and IGFs in cell
metabolism and growth have become better understood,
mechanisms that regulate insulin maturation in worms are still
unclear. A better understanding of this pathway involves the
identification of previously unstudied proteins that influence insulin
secretion.
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In this study, we used C. elegans as a model organism to identify
and characterize one such component. We describe the role of
ENPL-1, the GRP94 homolog, in the regulation of DAF-28/insulin
secretion. Our studies showed that lack of enpl-1 leads to defects in
the IIS activity. We showed that ENPL-1 binds to proinsulin/pro-
DAF-28 and this binding requires the client binding domain of
ENPL-1. We found that ENPL-1 is necessary to maintain proper
insulin secretion and is sufficient to increase the insulin secretion
process when overexpressed. The secretion of another neuropeptide
is not affected in the mutants. Furthermore, we found that ENPL-1 is
crucial for DAF-28/insulin biosynthesis and maturation, as the
levels of DAF-28 were reduced significantly and DAF-28 remained
in the unprocessed proinsulin form in empl-I mutants. We also
found that in enpl-1 mutants, pro-DAF-28 can leave the ER lumen
and likely is found in DCVs.

RESULTS

ENPL-1 is a broadly expressed protein localized to both ER
and non-ER compartments

To study the localization of ENPL-1 in the worm, we used 3xFlag::
ENPL-1 and CRISPR/CAS9 knock-in of super folder GFP (sfGFP)
at the ENPL-1 locus. The 3xFlag::ENPL-1 transgene was inserted
as a single copy transgene at another locus on chromosome
4. ENPL-1::sfGFP was broadly expressed throughout the animal,
with strong expression in neurons, vulva, germline and intestine
(Fig. 1A,B). To confirm the neuronal localization of ENPL-1, we
co-expressed ENPL-1::sfGFP with a pan neural nuclear RFP and
showed that ENPL-1::sfGFP is present in a peri-nuclear pattern
characteristic of the ER (Fig. S1A,B). Furthermore, the expression
of ENPL-1 was also observed at the early developmental stages in
the embryo (Fig. 1B,C). Confocal analysis of ENPL-1::sfGFP
worms co-expressing the mCherry tagged rough ER-specific
marker SP12 (spcs-1) indicated that, as expected, ENPL-1
localized to the ER (Fig. 1D). Mammalian ENPL-1 homologs are
found in non-ER locations in addition to the ER localization
(Frasson et al., 2009; Patel et al., 2013). To ask whether this was the
case for the worm ENPL-1, we used retrograde back filling of Dil
into amphid neurons (Tong and Biirglin, 2010). We found that
ENPL-1::sfGFP was present in the cell bodies of these neurons,
where the rough ER and Golgi are found (Rolls et al., 2002), as well
as in axons and dendrites, where there is no rough ER and Golgi
(Fig. 1E). To further characterize the subcellular distribution of
ENPL-1::sfGFP, we performed differential ultracentrifugation
followed by western blotting, to separate and analyze membrane
and cytoplasmic fractions. We discovered that ENPL-1::sfGFP is
present in both the membrane and cytosolic fractions (Fig. 1F). Our
analysis indicates that ENPL-1 is found mainly in the ER lumen,;
however, a fraction of the protein is present outside of the ER.

ENPL-1 is necessary for DAF-28/insulin secretion and is
sufficient to increase insulin secretion

We have previously reported on an RNAi-based screen, which
indicated enpl-1 as a candidate gene to promote larval development
and IIS in C. elegans (Billing et al., 2012). To investigate a possible
role of enpl-1 in insulin signaling we used two enpl-1 mutants: enpl-
1(0k1964) and enpl-1(tm3738), which fully abolish gene (Fig. 2A)
and protein (Fig. 2B) expression. The enpl-I mutations had severe
consequences for the animal. The phenotypes included: sterility
(Fig. 2C), body size defects and starved appearance (Fig. 2D), as
well as cisplatin sensitivity (Natarajan et al., 2013). Depletion of
enpl-1 did not affect the general food intake as the pharyngeal
pumping rate (Fig. S2A), the uptake of bacteria-sized fluorescent

beads (Fig. S2B) and the uptake of fluorescence dye FM4-64 into
the intestinal cells from the lumen (Fig. S2C) in enpl-1(0k1964)
animals was comparable with the wild type.

We performed a series of genetic experiments to evaluate the 1S
status of the mutants. First, we tested the subcellular localization of
DAF-16::GFP/FOXO transcription factor, a well-established
reporter of IIS activity (Henderson and Johnson, 2001). We found
that 40% of the mutant animals had DAF-16::GFP in nuclei, in
comparison with the complete cytoplasmic localization of DAF-
16::GFP/FOXO in enpl-1(+) animals (Fig. 3A). Next, we tested the
ability of enpl-I mutants to synergize with the reduced TGFp
pathway activity in daf-7(el372) mutants to modulate dauer
development, as reduced IIS function synergizes with a reduced
TGFp pathway to fully promote dauer formation (Ogg et al., 1997).
At 15°C, 60% of the daf-7(el1372);enpl-1(0k1964) animals entered
the dauer stage, compared with the 5% dauers in the daf-7(e1372)
single mutants (Fig. 3B). To ask whether the enhanced dauer
phenotype of daf-7(e1372);enpl-1(ok1964) requires daf-16 function
(Ogg et al., 1997), we created the triple mutant daf-7(el372),;enpl-
1(0k1964),daf-16(mgDf50). Our analysis revealed suppression of the
daf-7(e1372);enpl-1(0kl1964) dauer phenotype when daf-16 function
was eliminated (Fig. 3B). To test whether insulin secretion ability is
perturbed in enpl-I mutants, we used the DAF-28::GFP/insulin
reporter (Kao etal., 2007). We found that enpl-1 is necessary for proper
DAF-28/insulin secretion, as in the enpl-1 mutants, secreted DAF-28::
GFP was not found in coelomocytes, which are scavenger cells that
take up secreted proteins accumulating in the pseudocoelomic fluid
(Fig. 3C). Further, we tested the secretion of ANF::GFP, a non-insulin
class neuropeptide (Speese et al., 2007), in the enpl-I mutants.
Interestingly, the secretion of ANF::GFP to coelomocytes was not
affected in the absence of enpl-1, indicating that the coelomocyte
function was normal and that ENPL-1 might not affect the secretion of
all classes of neuropeptides (Fig. 3D). In addition, mutations in another
ER chaperone, hsp-3(0k1083), which display high ER stress (Kapulkin
etal.,2005), did not result in the insulin secretion defect, indicating that
the DAF-28::GFP secretion defect is not a general feature of all
ER-resident chaperones (Fig. S3A,B). Taken together, the results from
DAF-16::GFP localization, enhancement of the dauer phenotype of
daf-7 mutants and blocked DAF-28::GFP secretion strongly supported
the idea that IIS activity is low in enpl-1 mutants. We concluded that
ENPL-1 is a positive regulator of the IIS pathway.

To ask whether increased ENPL-1 levels might be sufficient to
increase insulin secretion, we overexpressed ENPL-1 using a strain
that expresses one extra copy of ENPL-1 tagged with 3xFlag-tag
encoded by the transgene knuSi222, which was inserted at a different
chromosomal locus. Our attempts to generate lines with multiple
copies of the gene were unsuccessful. Expression of ENPL-1 from
both its endogenous locus together with the transgene derived protein
increased overall enpl-I mRNA (Fig. S4A) and protein levels
(Fig. S4B), fully rescued the previously reported cisplatin phenotype
(Natarajan et al., 2013) (Fig. S4C) and the sterility of the mutants
(Fig. S4D). We found that overexpression of ENPL-1 in knuSi222
worms (from the tagged and untagged proteins) was able to
significantly increase the DAF-28::GFP/insulin accumulation in
coelomocytes (Fig. 3E). Taken together, this in vivo analysis confirms
that the ENPL-1 is necessary for insulin secretion and increased levels
were sufficient to increase insulin secretion ability.

Improved ER folding capacity in neurons does not rescue the
secretion block in enpl-1 mutants

Chronically increased ER stress and increased ER stress-unfolded
protein response (UPRER) activity negatively affects insulin
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Fig. 1. ENPL-1 is broadly expressed and localizes to ER and non-ER cell compartments. (A) Representative fluorescence and differential

interference contrast (DIC) images of 4th-larval-stage worms expressing ENPL-1::sfGFP. White arrows indicate different structures where ENPL-1::sfGFP is
present. (B) Representative fluorescence and DIC images of embryos and adult C. elegans gonad expressing ENPL-1::sfGFP. Numbered structures are: (1) the
rachis in the early germline; (2) older cellularized germ cells; (3) oocytes; (4) spermatheca; (5) one-cell embryo; (6) dividing one-cell embryo; (7) two-cell embryo;
(8) embryos with multiple cells. (C) Western blot analysis of lysates prepared from wild-type and 3xFlag::ENPL-1 transgene-expressing embryos. The blot was
probed with anti-Flag and anti-tubulin antibodies. (D) Representative confocal images of an int8 intestine cell expressing ENPL-1::sfGFP and the ER marker
mCherry::SP12 (n>10). (E) Representative confocal images of adult worms expressing ENPL-1::sfGFP and stained with Dil. White arrows indicate areas
where Dil and GFP co-localize (n>10). (F) Western blot analysis and quantification of ENPL-1::sfGFP in membrane (m) and cytosolic (c) fractions after
ultracentrifugation. Blot was probed with anti-GFP and anti-RME-1 antibodies. The experiment was performed in triplicate. Statistical significance was
determined by the two-tailed t-test (***P<0.001). Data are meants.d. Scale bars: 10 um in A,D,E; 50 ym in B.

biosynthesis, leading to insulin secretion defects, pancreatic B cell
dysfunction and development of diabetes mellitus (Kim et al.,
2012). To understand how ENPL-1 regulates insulin secretion, we
asked whether the lack of enpl-1 caused increased ER stress. In
enpl-1(ok1964) mutants, expression of the ER stress marker sp-4/
BIP was significantly upregulated compared with wild type
(Fig. 2A) (Natarajan et al., 2013). It has been shown that the high
ER stress in ire-1(0k799) mutants leads to the accumulation of
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DAF-28::GFP in the neuronal cell body, where the rough ER is
present (Rolls et al., 2002), and blocks its exit from the ER towards
dendrites and axons, thereby inhibiting insulin secretion (Safra
et al., 2013). We found the same phenotype in xbp-1(tm2457)
mutants (Fig. 4A). To understand whether the elevated ER stress
levels of enpl-1 mutants influenced transport of insulin from cell
bodies to axons and dendrites, we analyzed DAF-28::GFP
localization in ASI and ASJ neuronal cells. In contrast to ire-/
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Fig. 2. enpl-1 mutants have body size defects, inviable embryos and display high ER stress. (A) Relative gPCR analysis of enp/-1 and the ER stress
marker hsp-4 expression in adult wild-type and enpl-1 (ok1964) mutants. Statistical significance was determined using the two-tailed t-test (*P<0.05, **P<0.01).
Data are meanzs.d. cdc42 was used as a normalizing control for the experiment. The experiment was performed in triplicate. (B) Western blot analysis of
ENPL-1 in wild-type animals, enpl-1(ok1964) mutants and enpl-1(tm3738) mutants. Blots were probed with anti-GRP94 antibody 9G10. Tubulin was used

as a loading control. The 9G10 antibody recognizes C. elegans ENPL-1 protein. The experiment was performed in triplicate. (C) Quantification of hatched
embryos 24 h after egg laying in wild-type and enpl-1(ok1964) mutants (n>50). (D) Representative DIC images of adult wild-type and enpl-1(ok1964)

animals of the same age. Scale bars: 100 pm.

and xbp-1 mutants, in enpl-1(ok1964) mutants, DAF-28::GFP did
not accumulate in the cell body and the transit through the ER to
dendrites and axons was comparable with wild type (Fig. 4A). This
indicates that the level or quality of ER stress in enpl-/ mutants did
not affect the transit of DAF-28::GFP through the ER to the post-ER
compartments and that ENPL-1 is not needed for the exit of DAF-
28/insulin from the ER. We conclude that the role of ENPL-1 in the
process of insulin secretion might be more important at the post-ER
levels.

One of the branches of UPRFR activated by increased ER stress is
the IRE-1/XBP-1 pathway (Calfon et al., 2002; Shen et al., 2001).
The transcription factor XBP-1 acts downstream of IRE-1 to
increase the production of ER chaperones and improve the folding
capacity of the ER (Calfon et al., 2002; Klabonski et al., 2016).
Overexpression of neuronally expressed and constitutively active
xbp-1 (xbp-1s) from the uthls270 transgene rescues tunicamycin
resistance by increasing the expression of ER chaperones, indicating
that the XBP-1s can be used to decrease ER stress (Taylor and
Dillin, 2013). To ask whether improved folding capacity in the ER
could suppress the enpl-1(ok1964) insulin secretion defect, we
examined the uthls270;enpl-1(ok1964) strain and did not observe
any rescue of the DAF-28::GFP secretion defect (Fig. 4B). This
indicates that improved chaperoning capacity in the ER lumen of
neurons does not bypass the DAF-28::GFP secretion block in enpl-1
mutants.

ENPL-1 regulates DAF-28/insulin expression and processing

To investigate the role of ENPL-1 in insulin processing and
secretion we asked whether the transcriptional and translational
levels of different insulin-type neuropeptides were affected by the
absence of enpl-1. The qPCR analysis of three insulins, daf-26,

ins-4 and ins-6 in enpl-1 mutants showed that the transcriptional
level of daf-28 was significantly downregulated (Fig. 5A), whereas
expression of the two other insulins, which belong to the same
family of neuropeptides (Pierce et al., 2001), was not affected.
(Fig. 5A).

To detect and analyze the processing of DAF-28 in enpl-
1(0k1964) mutants, we created a double epitope-tagged DAF-28.
The OLLAS tag was inserted in the F peptide, which is present only
in the pro-DAF-28, and the MYC tag, which was inserted at the end
of DAF-28. This reports on both the processed (mature) and the
unprocessed (proinsulin) DAF-28/insulin (Fig. 5B). daf-28
transcriptional level was significantly upregulated in the ollas.:
daf-28::myc expressing strain (Fig. S5A), as was expected for a
multi-copy transgene. Western blot analysis of the otherwise wild-
type strain detected pro-DAF-28 tagged with Ollas and Myc, as well
as the mature processed DAF-28 tagged with only Myc (Fig. 5C).
The DAF-28 protein produced by the transgene was biologically
active as ollas::daf-28::myc could force dauer exit in daf-7(-)
dauers at 25°C (Fig. S5B), as is the case for overexpressed untagged
DAF-28 (Kao et al., 2007).

In C. elegans, processing of proinsulins to mature insulins requires
the function of four proprotein convertases: AEX-5, BLI-4 and KPC-
1, which are the homologs of human proprotein convertase 1 (PC1;
PCSK1) (Thacker and Rose, 2000; Thacker et al., 2000), and EGL-3,
which is a homolog of proprotein convertase 2 (PC2; PCSK2) (Kass
etal., 2001). Proprotein convertases act in the dense core vesicles, in
which the insulins are processed before secretion (Orci et al., 1986).
Processing of pro-DAF-28 requires only the proprotein convertase
KPC-1, which cleaves the proinsulin to remove the F peptide (Hung
etal., 2014). We used the kpc-1(gk8) mutants to test whether ollas::
daf-28::myc is indeed processed by the KPC-1. As expected, only
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Fig. 3. ENPL-1 is necessary for maintaining proper DAF-28::GFP secretion and sufficient to increase DAF-28::GFP secretion. (A) Representative
fluorescence images of adult enpl-1(+) animals and enpl-1(ok1964) mutants expressing DAF-16::GFP from the z/s356 transgene. White arrows indicate nuclear
localization of DAF-16::GFP. Quantification shows percentage of animals with DAF-16::GFP in nuclei (n>15). (B) Quantification of the Daf-c dauer phenotype in
animals of the genotypes daf-7(e1372), enpl-1(ok1964);daf-7(e1372) and enpl-1(ok1964);daf-7(e1372);daf-16(mgDf50) at 15°C. Data are meanzs.d.,
percentage of dauer phenotype (n>40). Statistical significance was determined using the two-tailed t-test (****P<0.0001). ns, not significant. The experiment was
performed in triplicate. (C) Representative fluorescence and DIC images of adult enp/-7(+) animals and enpl-1(ok1964) mutants expressing DAF-28::GFP. White
arrows indicate localization of coelomocyte in each animal. Insets (top right) show magnified fragment of animal with visible coelomocyte, dashed line shows
DAF-28::GFP-negative coelomocyte. Quantification shows percentage of animals in which DAF-28::GFP is localized to coelomocytes (n>15). (D) Representative
fluorescence and DIC images of adult enpl-1(+) animals and enpl-1(ok1964) mutants expressing ANF::GFP. White arrows indicate ANF::GFP-positive
coelomocytes. Quantification shows percentage of animals in which ANF::GFP is localized to coelomocytes (n>15). (E) Representative fluorescence and DIC
images of adult non-transgenic animals and knuSi222(3xFlag::ENPL-1) animals expressing DAF-28::GFP from the sv/s69 transgene. White arrows indicate
DAF-28::GFP-positive coelomocytes. Quantification shows relative DAF-28::GFP fluorescence in coelomocytes, normalized to the non-transgenic strain,
meanzs.d. (n>15). Statistical significance was determined using the two-tailed t-test (****P<0.0001). The experiment was performed in triplicate. Scale bars:
15 umin A; 50 ymin C; 10 ym in D,E.

unprocessed DAF-28 (pro-DAF-28) was detected in the kpc-1(gk8)  together, these data indicate that the expression of daf-28 is
mutant (Fig. 5C), thus validating the transgenic model. To ask influenced by enpl-1, and the maturation of DAF-28 neuropeptide
whether the lack of enpl-1 affects DAF-28 protein expression and  requires ENPL-1.

processing we expressed ollas::daf-28::myc in the enpl-1(0kl1964)

mutant background. DAF-28 protein levels were decreased in enpl-/  Pro-DAF-28 binds to ENPL-1 and requires its conserved client
mutants (Fig. 5C). Furthermore, western blot analysis showed that  binding domain region

the processing of DAF-28 was also affected in enpl-1 mutants, aswe  As we observed that pro-DAF-28 was processed into DAF-28, we
could not detect the mature form of this insulin (Fig. 5C). Taken next asked whether this maturation event required a physical
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Fig. 4. Improved ER folding capacity in neurons does not rescue the secretion block in enpl-1 mutants. (A) Schematic of amphid neurons with
indicated cell body and axon (left) and representative confocal images of adult enpl-1(+);xbp-1(+), enpl-1(+);xbp-1(tm2457) and enpl-1(ok1964);xbp-1(+) animals
expressing DAF-28::GFP. White arrows indicate the neuronal cell bodies; red arrows indicate axons (n>10). (B) Representative fluorescence and DIC
images of adult enpl-1(+), enpl-1(ok1964) mutant and enpl-1(ok1964);knuSi222 co-expressing DAF-28::GFP and the neuronally expressed constitutively
spliced form of XBP-1 from the uthls270 transgene. White arrows indicate DAF-28::GFP-positive coelomocytes. Quantification shows percentage of

animals in which DAF-28::GFP is localized to coelomocytes (n>15). Scale bars: 5 ym in A; 10 um in B.

interaction between ENPL-1 and DAF-28. To analyze this, we
generated a CRISPR knock-in of the mKate2 fluorescent protein
just before the last four amino acids (HSEL) of ENPL-1. The
expression pattern of ENPL-1::mKate2 was identical to that of
ENPL-1::sfGFP including detection in all neuronal cells; confocal
microscopy of C. elegans neuronal cells showed that ENPL-1::
mKATE2 is expressed in the same cells as DAF-28::GFP and the
two proteins co-localized (Fig. 6A). Co-immunoprecipitation
followed by western blot analysis in a strain expressing ollas::daf-
28::myc together with 3xFlag::ENPL-1 revealed that the tagged
DAF-28 was found in the immunoprecipitate after the pull-down
with the anti-Flag beads. This indicated that ENPL-1 can physically
bind with the unprocessed ollas::daf-28::myc (Fig. 6B). To further
understand how ENPL-1 binds to pro-DAF-28/proinsulin and
which residues are necessary for the interaction, we deleted the
highly conserved client-binding domain (CBD) of ENPL-1 in the
3xFlag::ENPL-1 strain (Fig. 6C). Although the 3xFlag:ENPLACBEP
protein levels were comparable with its wild-type epitope-tagged
counterpart (Fig. S4E), the 3xFlag:ENPLACBP encoding transgene
rescued neither the mutant sterility defect (Fig. S4D) nor the
cisplatin sensitivity phenotype of enpl-1(oki1964) (Fig. S4C), even
though 3xFlag::ENPL-1 fully rescued both these defects of
enpl-1(0k1964) mutants (Fig. S4C,D). Co-immunoprecipitation
experiments from worms expressing both 3xFlag::ENPL-14¢BP
and ollas::daf-28::myc revealed that the interaction between

ENPL-14¢BD and pro-DAF-28::0llas was not detected, indicating
that the ENPL-1 requires the client-binding domain to bind to the
proinsulin (Fig. 6D).

Unregulated DCV release bypasses the secretion block of
enpl-1 mutants

To understand whether the enpl-1 mutation affects DCV secretion
ability, we analyzed the fluorescence levels and expression of
transmembrane protein IDA-1::GFP, which spans the membrane of
the DCV (Zahn et al., 2001). The levels of IDA-1::GFP were not
affected in enpl-1(0k1964) mutants (Fig. 7A), indicating that the
DCYV levels were likely unchanged in enpl-1 mutants. The tom-1
(tomosyn) mutant, which causes unregulated DCV release and
increases insulin exocytosis (Gracheva et al., 2007a; McEwen et al.,
2006; Zhang et al., 2006), was further used. We found that the
tom-1(0k285) mutant significantly increased DAF-28::GFP
secretion (Fig. 7B), consistent with results from previously
published work (Lee et al., 2011). Furthermore, we found that the
severe insulin secretion defect of enpl-1(0k1964) mutants
was partially bypassed in tom-1(0k285);enpl-1(0k1964) double
mutants, as we detected DAF-28::GFP secretion in the
coelomocytes of all animals (Fig. 7C). As DAF-28 is found only
in the pro-form in enpl-I mutants, we asked whether the
unprocessed form of DAF-28 can be secreted. To do this, we
examined the secretion ability of DAF-28::GFP in kpc-1(gk8)
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The experiment was performed in triplicate.

mutants. As mentioned above, KPC-1 is necessary to process pro-
DAF-28 and, in the absence of the enzyme, DAF-28 accumulates in
the unprocessed form (Fig. 5C) (Hung et al., 2014). We found that
DAF-28::GFP was secreted in kpc-1 mutants (Fig. 7D); however,
the secretion level was significantly decreased (Fig. 7D). Taken
together, this analysis indicates that pro-DAF-28 reaches the DCVs
in enpl-1 mutants and the block in its maturation likely prevents the
DCVs from releasing this cargo.

DISCUSSION

Here, we provide evidence that ENPL-1 is a new positive regulator
of insulin signaling and insulin secretion in C. elegans. DAF-16::
GFP is localized to nuclei in enpl-I mutants, the secretion of
DAF-28/insulin::GFP is blocked and enpl-1 mutants synergize with
daf-7(ts) at the permissive temperature to enhance inappropriate
entry into the dauer stage. Further, the overexpression with one extra
copy of enpl-1 is sufficient to elevate DAF-28/insulin secretion.
This indicates that enpl-I is necessary for insulin secretion and
sufficient to increase insulin secretion levels. ENPL-1 interacts with
pro-DAF-28/proinsulin and this binding requires its client binding
domain. We further found that ENPL-1 is necessary for proper
conversion of pro-DAF-28 to processed DAF-28 and that DAF-28
levels are significantly lower in enpl/-I mutants. Taken together,
these various lines of evidence show that ENPL-1 acts at the level of
DAF-28 in the IIS signaling cascade to stimulate IIS signaling in
worms. We found that the elevated ER stress in enpl-1 mutants does
not contribute to the insulin secretion defect and that DAF-28::GFP
exits the ER lumen properly in the mutants and likely reaches
the DCVs.

Our previously published RNAi-based screening identified new
genes that are involved in the regulation of IIS in C. elegans (Billing
etal., 2012). Among the genes reported in that paper, we found that
RNAI against enpl-1 resulted in a larval growth arrest reminiscent of
IIS defects (Billing et al., 2012). Previously, identification of

mutants in genes that have a role in IIS was based on their ability to
influence dauer development or affect the longevity (Fielenbach and
Antebi, 2008). However, our approach allowed us to look for
essential genes that impact IIS and cause sterility, primarily
identifying enpl-1 as an essential modifier of IIS in C. elegans. In
addition, a study conducted in Drosophila melanogaster on the
Gp93 gene, an ortholog of ENPL-1, indicated that Gp93 plays a
crucial role in organismal development because the gp93 mutation
caused defects in larval midgut. Furthermore, gp93 mutants exhibit
a starvation-like phenotype and highly upregulated levels of the
hemolymph trehalose. Both observations indicate suppressed
insulin signaling pathway activity (Maynard et al., 2010). Our
results agree with their findings, showing that the enpl-1 gene is
necessary for proper activity of the insulin signaling pathway.
Here, we develop further the function of the gene in the insulin
secretion process.

The genome of C. elegans encodes for 40 insulin-like peptides
and only one insulin/insulin-like growth factor receptor DAF-2
(Pierce et al., 2001). We chose daf-28 to study the secretion
phenotype because its features indicate that it behaves functionally
as an insulin. Previous work from our lab shows that secretion of
DAF-28/insulin requires mitochondrial function (Billing et al.,
2011). This is consistent with the studies in mammalian tissues,
which show that the mitochondria metabolism controls insulin
secretion from the pancreatic B-cells (Maechler, 2013). Another
indication, that daf-28 functionally resembles an insulin is a fact that
its secretion is affected by mutants in DCV components. Insulins,
but not IGFs, are packed into DCVs before secretion, and mutants in
DCV components, such as unc-31 or tom-1, affect DAF-28::GFP
secretion (Lee et al., 2011). In addition, INS-6, which functionally
resembles DAF-28 (Hung et al., 2014), can bind to and activate the
human insulin receptor, with greater affinity than other reported
analogs of human insulin (Hua et al., 2003). Confirmation of this
notion is provided by our studies of mouse ASNA-1 (Get3; Norlin
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etal., 2016) drawn from our previous work, showing that worm asna-1
positively regulates DAF-28 secretion. This study led to the
identification of a diabetic phenotype in murine ASNA-1/TRC40
knockdown animals. Thus, investigations in worms using DAF-28
secretion as an output will have substantial relevance for understanding
insulin metabolism. Similarities of the functions between C. elegans
and mammalian insulin show that study of DAF-28 control is relevant
for human insulin biology and provides meaningful implications for
understanding the role of insulin in the mammalian cells.

The maturation of pro-DAF-28 to the active form is analogous to
the process for mammalian insulin (Li et al., 2003). Functional
analysis has highlighted the RXXR sequence in DAF-28, where a
proprotein convertase cleaves the proinsulin. daf-28(sal91)
mutants, in which the RXXR is mutated to RXXC, form dauers
in a semi-dominant manner, because the PERK (PEK-1) arm of
the UPR pathway is cell-autonomously activated leading to
ASlI-specific phosphorylation of elF2o (Kulalert and Kim, 2013).
A later study identified the proprotein convertase to be KPC-1, as
mutants failed to process DAF-28::GFP via the RXXR site. In kpc-1
mutants, the migration pattern of DAF-28::GFP was altered (Hung
etal., 2014). Our analysis, with a small double epitope-tagged DAF-
28, which is of a similar size to wild-type DAF-28, confirms that
this insulin is processed by kpc-1.

One of the main functions of GRP94 is to maintain ER
homeostasis in the cell (Eletto et al., 2010; Mao et al., 2010;

-12kDa

Marzec et al., 2012). It has been shown that GRP94 is one of the
main targets of the ER stress response (Marzec et al., 2012).
Consistently, in worms, depletion of enmpl-I activity resulted in
increased ER stress (Natarajan et al., 2013). We asked whether the
defect in insulin secretion observed in enpl-1 mutants is the main
consequence of the high ER stress. Interestingly, a previous study
has shown that mutants for of one of the UPRER branches, IRE-1/
XBP-1, results in high ER stress and causes a defect in insulin
secretion (Safra et al., 2013). Their study using DAF-28::GFP
indicated that ire-/ mutants displayed accumulation of DAF-28::
GFP in the ER that is present only in neuronal cell bodies and no
DAF-28::GFP reached the axons. This block consequently led to a
lack of DAF-28::GFP secretion. Our analysis shows that the effect
of the enpl-1 mutation is different even though ER stress is high.
The mutants are not blocked in DAF-28::GFP transport from the ER
in the cell body to the dendrites and axons, suggesting that the
ER stress is not a cause of the defective DAF-28::GFP secretion
in enpl-1(—) animals. The neuronally expressed spliced form of
XBP-1 has decreased ER stress by its ability to promote
overexpression of ER chaperones. This leads to the activation of
UPRER in neuronal and non-neuronal cells, leading to the rescue
stress resistance (Taylor and Dillin, 2013). Furthermore, the same
strain has been reported to rescue the daf-28(sal91) dauer mutant
phenotype, by boosting IIS activity likely via improved folding and
secretion of DAF-28 (Klabonski et al., 2016). As we report in this
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Fig. 7. Unregulated DCV release bypasses the secretion block of enpl-1 mutants. (A) Representative fluorescence images of adult enp/-1(+) animals
and enpl-1(ok1964) mutants expressing IDA-1::GFP. Quantification shows relative IDA-1::GFP fluorescence measured in head neurons, normalized to the
enpl-1(+) strain, meants.d. (n>15). Statistical significance was determined using the two-tailed t-test; ns, not significant. The experiment was performed in
triplicate. (B) Quantification shows relative DAF-28::GFP fluorescence in coelomocytes, normalized to the tom-1(+) strain, meants.d. (n>15). Statistical
significance was determined using the two-tailed t-test (*P<0.05). The experiment was performed in triplicate. (C) Representative fluorescence and DIC images of
adult enpl-1(+);tom-1(+), enpl-1(+);tom-1(0k285), enpl-1(ok1964);tom-1(+) and enpl-1(ok1964);tom-1(0k285) animals expressing DAF-28::GFP. White

arrows indicate localization of coelomocyte in each animal. Dashed line shows DAF-28::GFP-negative coelomocyte. Quantification shows percentage of animals
in which DAF-28::GFP is localized to coelomocytes (n>15). (D) Representative fluorescence and DIC images of adult kpc-1(+) animals and kpc-1(gk8)
mutants expressing DAF-28::GFP. White arrows indicate DAF-28::GFP-positive coelomocytes. Quantification shows relative DAF-28::GFP fluorescence in
coelomocytes, normalized to the kpc-1(+) strain, meanzts.d. (n>15). Statistical significance was determined using the two-tailed t-test (****P<0.0001). The
experiment was performed in triplicate. Scale bars: 100 um in A; 10 um in C,D.

study, reduction of ER stress by the overexpression of XBP-1s did  secretion. Furthermore, increased ENPL-1 levels are sufficient to
not improve the insulin secretion phenotype of enpl-1 mutants. elevate secretion of DAF-28/insulin. Our results, together with

In our study, we show that ENPL-1 interacts with pro-DAF-28/ results presented by Ghiasi et al. (2019), are not in agreement with a
proinsulin and that its activity is essential for DAF-28/insulin  study that indicated the conditional pancreatic knockdown of
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GRP94 resulted in increased insulin content, increased insulin
secretion and increased mRNA levels of insulin genes (ins-1 and
ins-2) (Kim et al., 2018).

The analysis of the binding of ENPL-1 to pro-DAF-28 also
showed that this interaction was important to ensure stable levels of
pro-DAF-28. We expressed epitope-tagged DAF-28 using a multi-
copy transgene that promoted high levels of the mRNA and protein.
The ability of epitope tagged DAF-28 to force daf-7/TGFBeta
dauers to exit the dauer state at 25°C was similar to the effects of
overexpressed untagged DAF-28 (Kao et al., 2007) and indicated
that ollas::daf-28::myc was functional. The lowered levels of ollas::
daf-28::myc from the same transgene in enpl-1 mutants indicated
that binding to ENPL-1 protected DAF-28 from degradation. It is
unlikely that increased accumulation of pro-DAF-28 by itself
provides a signal for degradation, as levels of unprocessed DAF-28
were high in kpc-1 mutants, which lack the proprotein convertase.
This analysis indicates that one role for ENPL-1 could be to protect
pro-DAF-28 from degradation before it reaches the immature DCV,
in which it would be cleaved by KPC-1. Alternatively, the role of
ENPL-1 might be to promote the proteolytic activity of KPC-1 by
presenting the RXXR cleavage site of pro-DAF-28 in the proper
orientation to the KPC-1 convertase.

Our studies also indicate that DAF-28::GFP likely reaches the
DCVs in enpl-1 mutants, as the block is bypassed in the fom-1;enpl-
1 double mutant. TOM-1 negatively regulates the release of
neuropeptides from DCVs by blocking the fusion of DCVs to the
cell membrane (Gracheva et al., 2007a,b; McEwen et al., 2006),
which results in unregulated DCV release in the mutants. tom-1(-)
lack the inhibitory function and display increase in DAF-28::GFP
secretion (Lee et al., 2011). DAF-28::GFP secretion was restored in
enpl-1;tom-1 double mutants. This analysis first indicates that
insulin reaches DCVs in enpl-1 mutants, and second, that the defect
is likely related to DCVs as fom-1 only works in DCVs. In addition,
we show that unprocessed insulin can be secreted, which
strengthens our observation that the content of DCVs is affected
in enpl-1 mutants, preventing biologically active, mature DAF-28/
insulin from being secreted. However, when the secretion block is
challenged with tom-1 mutants, the pro-DAF-28/proinsulin
secretion is partly rescued.

Numerous studies have shown that ER resident proteins, such as
GRP94, GRP78 and PDI, can translocate into different subcellular
compartments in which they can function (Frasson et al., 2009,
Patel et al., 2013; Shim et al., 2018; Sun et al., 2006; Takemoto
etal., 1992; Tsai et al., 2001; Turano et al., 2002). Our study shows
that some ENPL-1 can be found in the cytosol. This could be
explained by the fact that ENPL-1 has, at the C-terminus, a form of
an ER retention signal. However, the ER retention sequence of
ENPL-1 (HSEL), is not a classical ER retention sequence (KDEL),
but it is a weaker version, although still functional in retaining
ER-resident proteins to the ER (Hirate and Okamoto, 2006). This
observation, together with the fact that ENPL-1::sfGFP can be
observed in the dendrites and axon of neurons that do not contain
rough ER (Rolls et al., 2002), indicates additional post-ER
localization of the protein. Furthermore, mammalian GRP94 has
been demonstrated in several studies to have roles outside the ER
Iumen (Frasson et al., 2009; Patel et al., 2013). A notable example
of this function is the role of GRP94 acting in plasma membranes
to maintain proper levels of the oncogene HER2 at the cell
membranes in HER2-overexpressing breast cancer cell lines.
Inhibition of GRP94 disrupts HER2-stimulated signaling
cascades (Patel et al., 2013). The localization of GRP94 both to
the plasma membrane and to the ER lumen is phylogenetically

conserved and not just a feature of mammalian GRP94 homologs
(Robert et al., 1999).

GRP94 interacts with its client proteins via a C-terminal CBD.
This region is well conserved in worm ENPL-1 and the crucial
GNMER residues in the region required for client protein binding
are perfectly conserved (Wu et al., 2012). We found that pro-DAF-
28 binding to ENPL-1 requires the CBD as binding is not observed
in an ENPL-1 variant deleted for this region. This matches the
prediction of Ghiasi et al. that human proinsulin likely binds to this
region (Ghiasi et al., 2019). The correspondence between the
predicted human insulin binding to the CBD in GRP94 and our
studies with GRP94/pro-DAF-28 again show that the study of DAF-
28 in worms is relevant to human insulin biology. The 3xFlag::
ENPL-14¢BP protein is produced by the transgene at levels similar
to its undeleted counterpart. Deletion in the CBD region in mouse
GRP94 does not affect dimerization and the intrinsic ATPase
activity of GRP94 (Wu et al., 2012), indicating that this deletion will
not have a significant effect on the overall structure of ENPL-1. We
therefore think it is unlikely that the 3xFlag::ENPL-14CBP protein is
non-functional because of structural defects.

Here, we demonstrate that ENPL-1 regulates insulin processing
and insulin secretion in C. elegans and that it acts at the level of
insulin availability. Our study shows that proinsulin requires ENPL-
1 for its proper cleavage and maturation, giving novel information of
the role of ENPL-1 in the animal. A deeper understanding of how
the insulin is processed and which protein complexes are associated
with that mechanism might further contribute to the design of new
drugs to target metabolic diseases.

MATERIALS AND METHODS

Plasmids

The double-tagged daf-28 was made by inserting the OLLAS tag
(SGFANELGPRLMGK) in the genomic DAF-28 coding region after the
glycine residue in the FKAEG sequence of the protein. The Myc tag
(EQKLISEEDL) was inserted just N-terminal to the stop codon of the gene.
The hybrid double-tagged gene was synthesized (Genscript) as a Nhel-Kpnl
fragment and cloned downstream of the daf-28 promoter to replace the
untagged daf-28 coding region in pVB298 (Kao et al., 2007) to yield pAP2.
Three transgenic lines bearing Ex[ pAP2+Pmyo-3::mCherry] were generated
in N2 animals by co-injection of 100 pug/ml of pAP2 together with Pmyo-3:
mcherry 50 pg/ml. The transgenic line rawEx 11, which produced the highest
levels of protein as determined by western blot analysis, was used for further
analysis.

C. elegans genetics and maintenance

Worms, males and hermaphrodites, were maintained under standard
conditions at 20°C on nematode growth media (NGM) plates unless
otherwise stated. N2 is the wild-type parent for all the strains in the study.
The svIs69 transgenic worms expressing daf-28.:gfp have been previously
described (Kao et al., 2007). The single copy 3xFlag::ENPL-1 (knuSi222)
was created using the MosSCI system (Frekjer-Jensen et al., 2014). The
insertion of the transgene was at the #7i5605 locus in chromosome 4. The
3xFlag sequence was inserted after the signal sequence of ENPL-1. 3xFlag::
ENPL-1(ACBD) with an in-frame deletion of the CBD (deleted peptide
sequence: YGWSGNMERIMKSQAYAKAKDPTQDFYA) was inserted
using MosSCI technology at the cx7i/0882 site on chromosome 2 to
generate  knuSi430. The knock-in strains ENPL-1:mKATE2:enpi-
1(syb698) and ENPL-1::sfGFP: enpl-1(syb594) were generated using
Crispr-CAS9 technology. mKATE2 and sfGFP were introduced by
genome editing N-terminal to the coding region for the final four amino
acids, HSEL, of ENPL-1. In both cases, a flexible linker (encoding
GASGASAS) was introduced just upstream of the fluorescence tags. The
remaining strains enpl-1(ok1964) (backcrossed eight times with N2 and then
used for this study), daf-7(el372), kpc-1(gk8), tom-1(0k285), daf-
16(mgDf50), xbp-1(tm2457) and the transgenic strains xbp-1s(uthls270),
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daf-16.:gfp(zIs356), ida-1::gfp(inls181;inls182) and otls356 expressing
pan neural nuclear RFP were obtained from the Caenorhabditis Genetics
Center (University of Minnesota). ANF::GFP (ox/s180)-expressing worms
were a kind gift from Prof. Eric Jorgensen (University of Utah, USA). enpl-
1(tm3738) mutants were a kind gift from the Shohei Mitani lab (Tokyo
Women’s Medical University, Japan) and the National Bioresource Project
(Tokyo, Japan). enpl-1(ok1964) and enpl-1(tm3738) were maintained in
trans to the balancer nT1(qls51).

Antibodies and western blotting

For experiments with extrachromosomal transgenic lines, 600 to 1000 animals
were handpicked and washed with M9 buffer. For experiments with integrated
lines, wild-type or mutants, animals were directly washed from the plate using
M9. Worms were lysed in Next Advance Bullet Blender Homogenizer in
buffer containing 10 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM EDTA,
0.5% NP40 (between 80 ul and 200 pl) using 0.2 mm stainless steel beads for
3 min at 4°C, followed by centrifugation at 14,000 rpm (18,400 g) for 20 min
at 4°C. Protein estimation was conducted using the BCA assay. Lysates were
boiled with a 1x loading buffer containing SDS and B-mercaptoethanol. To
detect proinsulin and insulin, lysates were separated by electrophoresis
through 12.5% gels followed by 90 min wet transfer onto PVDF membranes.
For analysis of other proteins, Mini-Protean TGX stain-free gradient precast
gels (Bio-Rad) were used with Tris/Glycine/SDS Buffer (Bio-Rad) and Trans-
Blot Turbo Transfer System Transfer pack membranes (Bio-Rad) for transfer
to PVDF membranes. Proteins were detected using the following antibodies:
anti-GFP [3H9, ChromoTek, RRID: AB_10773374, Cat# 3h9-100, LOT#
80626001AB, dilution: 1:1000], anti-GRP94 [9G10, Santa Cruz
Biotechnology, RRID: AB_627676, Cati sc-32249, LOT# K2717, dilution:
1:1000], anti-Flag [M2, Sigma-Aldrich, RRID: AB_262044, Cat# F1804,
LOT# SLCD3990, dilution: 1:1000,] anti-tubulin [Sigma-Aldrich, RRID:
AB_477579, Cat# T5168, LOT# 00000089494, dilution: 1:5000], anti-RME-
1 [5G11, Developmental Studies Hybridoma Bank, RRID: AB_10571460;
Cat# RME], concentration: 0.5 pg/ml], anti-OLLAS [L2, Novus Biologicals,
RRID: AB_1625980, Cat# NBP1-06713SS, dilution: 1:1000], anti-Myc
[9E1, ChromoTek, RRID: AB_2631398, Cat# 9¢1-100, LOT# 70117003AB,
dilution: 1:1000]. The secondary antibodies, used at a dilution of 1:5000,
were HRP conjugated: goat anti-rat [GE Healthcare Life Sciences, RRID:
AB_772207, Cat# NA935, LOT# 16918042], sheep anti-mouse [GE
Healthcare Life Sciences, RRID: AB_772193, Cat# NA9310, LOT#
16921365] and donkey-anti-rabbit [GE Healthcare Life Sciences, RRID:
AB_2722659, Cat# NA934, LOT# 9670531]. Supersignal West Femto
detection reagent (Thermo Fisher Scientific) was used to generate a signal,
which was detected using a LAS1000 machine (Fujifilm).

Co-immunoprecipitation

Worms were grown on the NGM plates for 4 days at 20°C and lysed as
described above. Then 300-1000 pg of total protein lysates were added to
40 pl of anti-Flag magnetic beads (M8823, Sigma-Aldrich) and tumbled
end-over-end for 1 h at 4°C. Beads were magnetically separated and washed
3x for 10 min with 500 pl of wash buffer [10 mM Tris-HCI (pH 7.4),
150 mM NacCl, 5 mM EDTA]. Proteins were eluted by resuspending the
washed beads in 20 ul of 2x loading dye with B-mercaptoethanol,
followed by heating for 10 min at 95°C. SDS PAGE was performed as
described above.

Fluorescence microscopy

Embryos, larvae and 1-day-old adult animals were grown at 20°C on NGM
plates and anesthetized in 2 mM levamisole. Worms were imaged using a
Nikon Ni-E microscope, equipped with Hamamatsu Orca flash4.0 camera.

Insulin signaling and neuropeptide secretion assays

One-day-old adult animals carrying daf-16::gfp, daf-28::gfp and anf::gfp
transgenes were grown at 20°C and anesthetized in 2 mM levamisole.
Animals were imaged using a Nikon Ni-E microscope, equipped with a
Hamamatsu Orca flash4.0 camera. Subcellular distribution of DAF-16::GFP
was measured directly after preparing the slide to avoid stress conditions.
DAF-28::GFP and ANF::GFP uptake was measured in the coelomocytes of
adult worms.

Quantification of fluorescence in coelomocytes

GFP fluorescence from coelomocytes was measured using ImageJ software.
Correlated total cell fluorescence was calculated using the equation
CTFC=integrated density—(area of selected cellxmean fluorescence of
background readings). The protocol for fluorescence quantification is
available at: https:/theolb.readthedocs.io/en/latest/imaging/measuring-cell-
fluorescence-using-imagej.html. Pictures for control and mutant animals
expressing DAF-28::GFP were collected on the same day for each analysis
at the same exposure settings.

daf-7 dauer enhancement assay

The dauer enhancement assay of the enpl-1(0k1964);daf-7(e1372) and daf-
7(el372),enpl-1(0k1964);daf-16(mgDf50) animals was carried out at 15°C
and the dauer exit assay of the ollas::daf-28::myc;daf-7(e1372) animals was
carried out at 25°C. The resulting dauers were observed for the presence of
dauer alae.

Confocal microscopy

One-day-old adult animals were anesthetized using 2 mM levamisole,
mounted on 2% agarose pads and directly imaged. The fluorescence signal
was analyzed at 488 nm, 555 nm and 647 nm using a confocal laser
scanning microscope (LSM700, Carl Zeiss) with LD C-Apochromat 40x/
1.1 W Corr objective. Image processing was performed using ZEN Lite
(Carl Zeiss) software.

RNA extraction and quantitative RT-PCR (qPCR)

Worms were grown on the NGM plates for 4 days at 20°C. Worms were
synchronized by allowing a mixed-stage worm suspension in M9 buffer to
settle for 3 min and collecting the supernatant which contained embryos and
L1 larva. These were placed on fresh NGM plates for 48 h to grow until the
young adult stage. Worms were resuspended in 75 puL Nucleozol (Macherey-
Nagel). After lysis by three rounds of freeze/thaw (37°C and ethanol/dry ice),
the RNA was extracted using the Aurum Total RNA Mini Kit (Bio-Rad).
cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad).
qPCR was performed on a StepOnePlus Real-Time PCR System (Applied
Biosystems) instrument using KAPA SYBR FAST qPCR Kit (Kapa
Biosystems). The comparative Ct method was used to analyze the results
and the reference gene used for the analysis was cdc-42.

Membrane fractionation

Worms were grown at 20°C on NGM plates for 4 days and harvested from
the plate using M9 buffer. Worms were washed 3% using M9 buffer and
lysed in Next Advance Bullet Blender Homogenizer, in 400 pl extraction
buffer containing 50 mM Tris (pH 7.2), 250 mM sucrose, 2 mM EDTA with
protease/phosphatase inhibitor cocktail (HALT, #1861281 Thermo Fisher
Scientific). The lysates were cleared of carcasses by centrifugation at 2900 g
at 4°C for 20 min. The supernatant was collected, resuspended to a volume
of 2 mL with an extraction buffer, placed in polycarbonate centrifuge tubes
(Beckman Coulter, 349622) and centrifuged for 60 min at 100,000 g at 4°C
in a fixed-angle rotor. The supernatant fraction was concentrated to a volume
of 20 pl using Vivaspin 2 Concentrators, 3000 MWCO (Sigma-Aldrich,
VS0291). The pellet fraction was re-suspended in 20 pl of extraction buffer.
Pellet and supernatant fractions were boiled using 2x loading dye with
B-mercaptoethanol for 10 min at 95°C. SDS-PAGE was performed as
described above. The anti-RME-1 antibody (Hadwiger et al., 2010) was
used to show the proper separation of the membrane and cytoplasmic
fractions, as it has been shown that RME-1 localizes to recycling endosome
membranes (Grant et al., 2001).

Dil staining

Dil stain (1,1’-dioctadecyl-3,3,3",3 -tetramethylindocarbocyanine perchlorate;
D282, Thermo Fisher Scientific) was dissolved in DMSO to obtain a
concentration of 2 mg/ml. The solution was diluted 1:200 with M9. One-
day-old adult animals were placed into 150 pl of the solution and incubated
for 3h at room temperature. The worms were then transferred to fresh
plates to de-stain for 1 h and then mounted on a 2% agarose slide with 2 mM
levamisole. Animals were imaged using a confocal microscope as
described above.
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Cisplatin sensitivity assay

Cisplatin plates were prepared using MYOB media with 2% agar, and the
drug was added at the concentration of 300 pg/ml. Cisplatin solution (Accord
Healthcare AB) was added to the autoclaved media cooled to 56°C. Young
adults were exposed to the cisplatin for 24 h and the death was scored by the
absence of touch-provoked movement after stimulation with a platinum wire.

Pharyngeal pumping studies

The number of pharyngeal strokes per 20 s in 1-day-old adult animals was
counted using a Leica MZFLIII dissecting microscope. A graph of
recordings was plotted using Prism 7 software (GraphPad Software).

Fluorescent beads uptake assay

One-day-old adult animals of N2 or enpl-1(okl964) mutants were incubated
on NGM plates seeded with OP50 bacteria mixed with Fluoresbrites 0.2 pm
multifluorescent microspheres (Polyscience, Inc.) at a ratio of 50:1 at 20°C.
The mixture of bacteria and beads was added to the plates 20 h before use.
The worms were incubated for 2 h at 20°C and then the micrographs of the
treated worms were taken using the fluorescence microscope.

FM4-64 dye uptake assay

One-day-old adult animals were incubated in a solution of 0.4 mM FM4-64
dye (Molecular Probes) for 1 h at 20°C and the animals were then transferred
to M9 buffer and incubated for 1 h at 20°C. Micrographs of the treated
worms were taken using the fluorescence microscope.

Statistical analysis

Statistical analysis was performed using Prism 7 software (GraphPad
Software). Statistical significance was determined using a two-tailed,
unpaired Student’s #-test. P-values <0.05 indicated statistical significance
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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A
pan-neural nuclear RFP ENPL-1::sfGFP Merged

B pan-neural nuclear RFP ENPL-1::sfGFP Merged

Fig. S1.

(A) Representative confocal images of adult animals co-expressing pan-neural nuclear RFP and ENPL-
1::sfGFP in the lateral and ventral ganglia. Merged panel shows co-localization of both tagged proteins
(n>10). Scale bar: 10um. (B) Representative confocal image of adult animals co-expressing pan-neural
nuclear RFP and ENPL-1::sfGFP in ventral nerve cord. Merged panel shows co-localization of both
tagged proteins (n>10). Scale bar: 10pm.

C
ks)
)

©

£
fus
qg
£

e

(]
i)

C

(]

S
Q

o

o

=}
(%]

(]
=

C

()

£

Q
o

()

>

(O]
(@]




Development: doi:10.1242/dev.190082: Supplementary information

A
wild-type

enpl-1(ok1964) H ns

0 20 40 60 80
Pharyngeal pumps /20s

B wild-type enpl-1(0k1964)

Fluorescent beads uptake

DIC

wild-type

FM4-64 uptake
.
.

DIC

Fig. S2.

(A) Pharyngeal pumping rate in adult wild-type and enpl-1(ok1964) animals. Bars represent mean = SD
(n>50). Statistical significance was determined by the two-tailed t-test. The experiment was performed
in triplicate. (B) Fluorescence beads uptake of adult wild-type and enpl-1(0k1964) animals. White
arrows indicate 0.2mm fluorescence beads in the intestinal lumen of treated animals (n=20). Scale bar:
25um. (C) FM4-64 endocytosis of adult wild-type and enpl-1(0k1964) animals. White arrows indicate
the FM4-64 uptake by the vesicles in the intestinal cells of treated animals (n=20). Scale bar: 25um.
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A B

hsp-3(+) hsp-3(ok1083)

hsp-3(ok1083)

DAF-28::GFP

% of animals with DAF-28::GFP
in coelomocytes

Fig. S3.

(A) Representative fluorescence images of adult Asp-3(+) animals and hsp-3(0ok1083) mutants
expressing DAF-28::GFP. White arrows indicate localization of DAF-28::GFP-positive coelomocytes
(n>15). Scale bar: 10pum. (B) Bars represent percentage of animals in which DAF-28::GFP is localized
to coelomocytes (n>15).
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Fig. S4.

(A) Relative qPCR analysis of enpl-1 expression in wild-type and 3xFlag::ENPI-1(knuSi222) animals.
Statistical significance was determined by the two-tailed t-test (**p<0,01). Bars represent mean + SD.
cdc42 was used as a normalizing control for the experiment. The experiment was performed in triplicate.
(B) Western blot analysis of ENPL-1 in wild-type animals and 3xFlag::ENPL-1(knuSi222) expressing
animals. Blots were probed with the anti-GRP94 antibody 9G10. Tubulin was used as a loading control.
The experiment was performed in triplicate. (C) Quantification of survival of young adults after 24h
exposure to 300ug/ml of cisplatin in wild-type animals, enpl-1(ok1964) mutants, enpl-1(ok1964)
mutants carrying the knuSi222 transgene (full-length ENPL-1) or £nuSi430 (CBD deleted ENPL-1).
Statistical significance was determined by the two-tailed t-test (****p<0,0001). Bars represent mean =+
SD (n>50). The experiment was performed in triplicate. (D) Quantification of embryonic viability in
wild-type animals, enpl-1(ok1964) mutants, enpl-1(ok1964) mutants carrying the knuSi222 transgene
(full-length ENPL-1) or knuSi430 (CBD deleted ENPL-1). Bars represent percentage of hatched
embryos (n>50). (E) Western blot analysis of ENPL-1 in 3xFlag::ENPL-1(knuSi222) and
3xFlag::ENPL-1“®P(knuSi430) expressing animals. Blots were probed with the anti-Flag antibody.
Tubulin was used as a loading control. The experiment was performed in triplicate.
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Fig. S5.

(A) Relative qPCR analysis of enpl-1 and daf-28 genes in non-transgenic animals and rawFExlI1
(ollas::daf-28::myc) bearing transgenic animals. Statistical significance was determined by the two-
tailed t-test (***p<0,001). Bars represent mean = SD. cdc42 was used as a normalizing control for the
experiment. The experiment was performed in triplicate. (B) daf-7(el372) mutants with and without the
transgene expressing ollas::daf-28::myc were analyzed for exit from the dauer state at 25°C after 96
hours. The transgene promoted dauer exit of daf-7 dauers raised at 25°C. Statistical significance was
determined by the two-tailed t-test (****p<0,0001). Bars represent mean + SD (n>150). The experiment
was performed in triplicate.
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