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A B S T R A C T

Mesencephalic astrocyte-derived neurotrophic factor (MANF) is the only human neurotrophic factor with an
evolutionarily-conserved C. elegans homolog, Y54G2A.23 or manf-1. MANF is a small, soluble, endoplasmic-
reticulum (ER)-resident protein that is secreted upon ER stress and promotes survival of target cells such as
neurons. However, the role of MANF in ER stress and its mechanism of cellular protection are not clear and the
function of MANF in C. elegans is only beginning to emerge. In this study, we show that depletion of C. elegans
manf-1 causes a slight decrease in lifespan and brood size; furthermore, combined depletion of manf-1 and the
IRE-1/XBP-1 ER stress/UPR pathway resulted in sterile animals that did not produce viable progeny. We de-
monstrate upregulation of markers of ER stress in L1 larval nematodes, as measured by hsp-3 and hsp-4 tran-
scription, upon depletion of manf-1 by RNAi or mutation; however, there was no difference in tunicamycin-
induced expression of hsp-3 and hsp-4 between wild-type and MANF-deficient worms. Surprisingly, larval growth
arrest observed in wild-type nematodes reared on tunicamycin is completely prevented in the manf-1 (tm3603)
mutant. Transcriptional microarray analysis revealed that manf-1mutant L1 larvae exhibit a novel modulation of
innate immunity genes in response to tunicamycin. The hypothesis that manf-1 negatively regulates the innate
immunity pathway is supported by our finding that the development of manf-1 mutant larvae compared to wild-
type larvae is not inhibited by growth on P. aeruginosa. Together, our data represent the first characterization of
C. elegans MANF as a key modulator of organismal ER stress and immunity.

1. Introduction

The endoplasmic reticulum (ER) is the organelle where much of the
assembly, folding, and post-translational modification occurs for pro-
teins destined to be secreted or localized to vesicles and membranes
(Malhotra and Kaufman, 2007). The ER is also the site of synthesis and
assembly of the plasma membrane and the major intracellular calcium
storage compartment (Appenzeller-Herzog and Simmen, 2016). To fa-
cilitate its function, the ER contains molecular chaperones involved in
post-translational modification (Ma and Hendershot, 2004), disulfide
bond formation (Sevier and Kaiser, 2002) and quality control me-
chanisms for ensuring that only properly folded proteins can leave the
ER (Malhotra and Kaufman, 2007). Improperly folded proteins are

retained in the ER through interactions with chaperone proteins or are
actively degraded, either through the proteasome-dependent process
known as ER-associated degradation (ERAD) (Olzmann et al., 2013;
Pisoni and Molinari, 2016) or through autophagy in the lysosomal
pathway (Pisoni and Molinari, 2016).

ER homeostasis is vital for cell function and survival. Environmental
insults or genetic deficiencies can compromise the ER protein folding
machinery leading to an accumulation of unfolded protein substrates in
the lumen (Oakes and Papa, 2015). An increase in the steady-state le-
vels of unfolded or misfolded proteins in the ER (“ER stress”) triggers an
adaptive signaling response known as the unfolded protein response
(UPR) to restore ER homeostasis by reducing the rate of translation
initiation, increasing protein folding capacity, and degradation of
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misfolded proteins. The UPR is comprised of three pathways controlled
by PERK, IRE1 and ATF6 sensor proteins (Bell et al., 2016; Chen and
Brandizzi, 2013; Kania et al., 2015). Under normal conditions, the ER
chaperone BiP/GRP-78 binds to the luminal domains of the UPR sensor
proteins and maintains them in an inactive state. However, when
misfolded proteins accumulate in the ER and sequester the BiP cha-
perone, the stress sensors PERK, IRE1 and ATF6 are then able to initiate
downstream signaling (Gardner et al., 2013; Sano and Reed, 2013). If
the UPR fails to resolve the protein-folding defect, apoptosis is activated
through redundant pathways that include both mitochondrial-depen-
dent (intrinsic) and mitochondrial-independent (extrinsic) apoptotic
activation (Sano and Reed, 2013).

Cerebral dopamine neurotrophic factor (CDNF) and mesencephalic
astrocyte-derived neurotrophic factor (MANF, previously termed
ARMET for Arginine-rich, mutated in early stage of tumors), constitute
a unique family of ER-stress-responsive neurotrophic factors. MANF
was identified in two independent screens for genes upregulated during
ER stress and UPR activation (Apostolou et al., 2008; Mizobuchi et al.,
2007). MANF was also identified as a secreted factor from a rat me-
sencephalic astrocyte cell line that protected dopaminergic neurons
from 6-hydroxydopmaine-induced toxicity (Petrova et al., 2003). Later
studies reported MANF as a secreted protein that, when upregulated,
protected cultured cells against ER stress-induced cell death (Apostolou
et al., 2008). CDNF was also shown to be ER-localized and ER stress-
induced (Lindholm et al., 2007; Parkash et al., 2009). Both CDNF and
MANF have neuroprotective and neurorestorative properties in rodent
models of stroke and Parkinson’s Disease (Airavaara et al., 2010, 2009;
Cordero-Llana et al., 2015; Lindholm et al., 2007; Voutilainen et al.,
2009; Yu et al., 2010; Zhang et al., 2018a). In addition to its role as a
neuroprotective protein (Voutilainen et al., 2015), MANF also responds
to ER stress in the heart to protect cardiomyocytes (Glembotski, 2011)
and is essential for the proliferation and survival of mouse pancreatic β
cells (Lindahl et al., 2014). In fact, MANF deficiency in mice manifests
as severe diabetes due to progressive depletion of the pancreatic β cell
mass, an effect which is driven by chronic UPR. Conversely, loss of
MANF in zebrafish does not result in any apparent behavioral pheno-
type, although dopamine levels and/or numbers of TH positive cells are
decreased by MANF deletion (Chen et al., 2012) and by neurotoxicant
exposures that also downregulate MANF (Wang et al., 2015; Wu et al.,
2016).

Although mammals have two bifunctional genes CDNF and MANF,
the invertebrate genomes of Drosophila melanogaster and Caenorhabditis
elegans contain a single ortholog in the CDNF/MANF family with closest
homology to MANF (Supplementary Figure S1). In Drosophila melano-
gaster, DmMANF is expressed in glia and is essential for maintenance of
dopamine-positive neurites and dopamine levels (Palgi et al., 2009).
Knockdown of DmMANF leads to neurological phenotypes (Palgi et al.,
2009) and defects in wing development (Lindstrom et al., 2017). At the
cellular level, DmMANF is upregulated in response to ER stress and
interacts with UPR and membrane transport pathways (Lindstrom et al.,
2016; Palgi et al., 2012) and, surprisingly, with mitochondrial genes
(Lindstrom et al., 2017). Very recently, depletion of the C. elegans or-
tholog, manf-1, was demonstrated to increase ER stress reporters (Bai
et al., 2018; Richman et al., 2018). Interestingly, this stress response
could be reversed by exposing mutant animals to purified recombinant
human MANF protein in a sulfatide-dependent mechanism (Bai et al.,
2018). However, the role of MANF-1 in C. elegans biology has not been
fully elucidated.

Herein, we characterize a role for C. elegans MANF-1 in modulating
the response to ER stress. First, we examined organismal and dopami-
nergic neuron health following depletion of manf-1 in C. elegans, as well
as the effect of MANF-1 depletion on the UPR. We exposed larval ne-
matodes to tunicamycin, a chemical inhibitor of N-linked glycosylation
and a known inducer of ER stress, which was previously demonstrated
to cause growth delay in wild-type larvae (Richardson et al., 2011). We
measured both the UPR response and larval growth after tunicamycin

exposure. Finally, we performed a microarray analysis to identify bio-
logical pathways that are differentially expressed after wildtype and
manf-1 (tm3603) mutants are treated with tunicamycin. This micro-
array analysis revealed significant changes in genes associated with the
innate immunity pathways, which prompted additional experiments to
test larval growth upon pathogenic bacterial exposures. Our overall
objective was to assess the role of manf-1 in modulating the UPR in
order better understand this gene’s mechanism of action.

2. Results

2.1. Depletion of C. elegans manf-1 has minimal effects on total brood size,
lifespan, and neuronal phenotypes

In mouse, zebrafish, and the invertebrate Drosophila, deletion of
MANF has various detrimental effects on the whole organism (Chen
et al., 2012; Lindahl et al., 2014; Lindstrom et al., 2017). In C. elegans,
we used complementary approaches of knockdown by RNAi and a
mutant allele, tm3603, bearing a deletion in the manf-1 gene (Supple-
mental Fig. S1) to test organismal effects of manf-1 depletion. MANF
has previously been reported to be expressed beginning in post-gas-
trulating embryos and continuing throughout larval development and
into adulthood, with highest expression in intestine, hypodermis,
spermatheca, and nervous system based on a transcriptional reporter
with GFP being driven by the manf-1 promoter (Bai et al., 2018;
Richman et al., 2018). We used CRISPR/Cas9 to generate an en-
dogenously tagged MANF::mKate2 fusion allele and visualized the
MANF protein expression throughout development (Supplemental Fig.
S2). Using this novel manf-1 reporter allele, we confirmed that the
MANF protein is expressed throughout development and is expressed in
most somatic cells in L1 larvae, which is the developmental stage that
we focused on in the current study.

Deletion of MANF in the tm3603 strain showed a trend (p=0.05) to
reduced brood size when compared to the wild-type N2 strain (Fig. 1A,
Table 1) which agrees with recent reported reduction in brood size in
this strain (Richman et al., 2018); however, RNAi against manf-1 failed
to reduce brood size (Table 1). The mutant lifespan was also sig-
nificantly different compared to wild-type (Fig. 1B, p=0.0398; in-
dividual traces shown in Supplementary Fig. S3), with a slightly shorter
median lifespan (21 days vs. 20 days for the wild-type) and the emer-
gence of an increased early die-off from days 10–16.

Because MANF supports dopaminergic neuronal development and
survival in cell culture and in other organisms (Palgi et al., 2009;
Petrova et al., 2003; Voutilainen et al., 2009), we hypothesized that
dopaminergic neurons would be impacted by manf-1 depletion in the
mutant tm3603. However, tm3603 mutant animals developed dopami-
nergic neurons normally (Supplemental Fig. S4, panel E) and did not
show any increased sensitivity to 6-OHDA-induced neurodegeneration
(Fig. S4, panel M). Furthermore, tm3603 animals did not have a
swimming-induced paralysis (SWIP) dopaminergic phenotype com-
pared to wild-type or dopamine transporter mutant animals (Fig. S4,
panel N). We also tested non-dopaminergic neuronal phenotypes such
as locomotion (Fig. S4, panels O and P) and chemotaxis (Fig. S4, panel
Q) and found no differences compared to wild-type. Together, these
data suggest that, at least for young adult animals (day 1–2 of adult-
hood), there is not a biologically important role for manf-1 in dopa-
minergic or non-dopaminergic neuronal development or survival.

2.2. C. elegans manf-1 depletion increases expression of ER stress markers
and does not impact UPR activation by tunicamycin

MANF has been implicated as a regulator of and responder to the
UPR in mammals and C. elegans (Apostolou et al., 2008; Bai et al.,
2018). When the UPR is activated in C. elegans, as in mammalian sys-
tems, expression of the ER-resident BiP/Grp78 chaperone protein
homolog HSP-4 is upregulated in an IRE-1 and XBP-1 dependent
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fashion (Kapulkin et al., 2005). A GFP reporter driven by the hsp-4
promoter (zcIs4) allows for monitoring of UPR in live animals (Calfon
et al., 2002) We fed zcIs4 transgenic animals RNAi bacteria against
manf-1 and observed a significant increase in GFP expression compared
to that exhibited by nematodes fed smd-1 RNAi bacteria as a non-UPR
control (Fig. 2A). This increase in zcIs4 expression was also detected
when the reporter was crossed into the manf-1(tm3603) background
(Fig. 2B), an observation first reported in Bai et al (Bai et al., 2018).
Using the COPAS fluorescent biosorter, we observed increased GFP
fluorescence across all life stages in an asynchronous population of
zcIs4; tm3603 mutants compared to the zcIs4 expression in a wild-type
background (Fig. 2C). This difference became more dramatic as animals
developed, with clear separation between groups beginning at lengths
(time of flight) >300. When lysates of these worms were analyzed by
immunoblotting with anti-GFP (Fig. 2D, quantification in panels E and
F), we observed a 5-fold increase in GFP expression for tm3603 L1s
compared to wild-type animals at the same stage, although this dif-
ference was not significant (p= 0.068, two-way ANOVA post-hoc test)
due to variability in L1 expression. We also observed a significant
(p<0.001) 8-fold increase in adult expression of hsp-4p::GFP on

tm3603 compared to wild-type (Fig. 2F).
When exposed to ER stress caused by tunicamycin, an N-linked

glycosylation inhibitor, both wild-type and tm3603 animals displayed
robust induction of the hsp-4p::GFP reporter (Fig. 2E, F). Post hoc two-
way ANOVA analysis revealed significant drug and strain effects at both
L1 (p=0.048 strain effect, p= 0.0006 tunicamycin effect) and adult
(p< 0.0001 for strain and drug effects) stages, but no interaction at
either stage (p=0.30 and p=0.77 for L1 and adults, respectively).
Wild-type L1 larvae had a 16-fold increase in GFP following tunica-
mycin exposure that was trending toward statistical significance
(p= 0.054), while tm3603 had a significant 5-fold increase (Fig. 2E,
p=0.01). Wild-type L4/adult animals showed a significant 3.7-fold
increase in GFP after tunicamycin exposure (p= 0.0021), while tm3603
L4’s/adults showed a significant 1.5-fold increase (Fig. 2E, p=0.001).
Compared to L1 larvae, adult nematodes had far less variability in zcIs4
GFP expression, both with and without tunicamycin exposure. Similar
results were observed for mRNA levels of both C. elegans homologues of
BiP, hsp-3 and hsp-4 (Supplementary Fig. S5A-B). Furthermore, tuni-
camycin exposure also increased manf-1 mRNA levels in wild-type an-
imals (Supplementary Fig. S5C).

2.3. Deficiency of manf-1 confers larval resistance to ER stress-induced
developmental arrest

Previous studies have demonstrated that exposure of wild-type
larval nematodes to tunicamycin caused a dose-dependent growth ar-
rest and death (Richardson et al., 2011; Struwe et al., 2009). Further-
more, mutants defective in either IRE-1 or PEK-1 (C. elegans PERK
homolog) signaling displayed a hypersensitivity to tunicamycin
(Richardson et al., 2011). Based on our observation that manf-1 de-
pletion can induce hsp-4::GFP expression, we hypothesized that MANF-
1 acts as a negative regulator of IRE-1 and/or XBP-1 activity. If this
were true, then the increased expression of XBP-1 transcription targets
in the absence of manf-1 may lead to a “pre-conditioning effect” and
reduce the worm’s sensitivity to tunicamycin. To test this, we allowed
wild-type and tm3603 mutant embryos to hatch on plates containing
tunicamycin and assayed their developmental state after 3 days at 20 °C
(Fig. 3, panels A–B, G–H). We observed that while all wild-type animals
grown on 5 μg/mL tunicamycin died or arrested between L1 and L2,
most of the tm3603 animals achieved adulthood (developed eggs)
within 72 h. Encouraged by this, we repeated the assay with increasing
tunicamycin concentrations and observed that 40% of the tm3603
mutants reached adulthood with 10 μg/mL TM, but the resistance was
not sufficient to overcome 20 μg/mL tunicamycin (Fig. 3, panel O). This
phenomenon was reproduced when wildtype animals were grown on
manf-1(RNAi) plates (Fig. 3, panels M and N). Together, these results
demonstrate that manf-1 deficiency allows the animals to overcome
tunicamycin-induced growth arrest.

Fig. 1. Depletion of manf-1 has modest effects on worm phy-
siology. A slight decrease in brood size (Panel A) and lifespan
(Panel B) was observed in the manf-1 (tm3603) mutant com-
pared to wild-type. No decrease in brood size was observed in
wild-type animals fed RNAi against manf-1 (Table 1). For re-
production experiments, L1 animals were grown on OP50
plates until the L4 stage, at which time three animals were
serially moved to new plates each day and followed until they
stopped laying embryos (presumably due to sperm exhaus-
tion). The hatched and unhatched progeny on each plate were
monitored 24 h after the mothers were removed. Data shown
are the average of three biological replicates. For lifespan ex-
periments, 50 worms were used per biological replicate and
the experiment was performed in 4 independent biological
replicates. The curve shown is the combined survival from all
four replicates. Individual traces from each replicate along
with their associated median and maximal lifespans are shown
in Supplementary Fig. S3.

Table 1
Combined deficiency for manf-1 and individual components of the IRE-1 UPR
pathway results in sterility. For experiments, L1 animals were grown on the
appropriate bacteria (OP50 or HT115(DE3) expressing indicated RNAi
(Timmons et al., 2001)) until the L4 stage, at which time three animals were
serially moved to new plates each day and followed until they stopped laying
embryos (presumably due to sperm exhaustion). The smd-1 RNAi was used as a
“negative” control for RNAi phenotypes (Peters et al., 2010). The hatched and
unhatched progeny were monitored 24 h after the mothers were removed. As-
terisk (*) indicates that hatched progeny arrested at L1 stage. Data represent 2
replicate experiments except for N2 and manf-1(tm3603).

Strain Bacteria/RNAi Eggs/plate % Hatch # replicates

N2 (wild-type) OP50 727 99.6 3
manf-1 (tm3603) OP50 632 99.2 3
N2 smd-1 RNAi 804.5 99.6 2
N2 manf-1 RNAi 872.5 99.6 2
N2 hsp-3 RNAi 782.5 99.2 2
N2 hsp-4 RNAi 671.5 92.4 2
N2 xbp-1 RNAi 766.5 99.6 2
manf-1 (tm3603) smd-1 RNAi 344.5 99.1 2
manf-1 (tm3603) manf-1 RNAi 497 99.8 2
manf-1 (tm3603) hsp-3 RNAi 0 0 2
manf-1 (tm3603) hsp-4 RNAi 21.5 37.9* 2
manf-1 (tm3603) xbp-1 RNAi 0 0 2
hsp-3 (ok1083) smd-1 RNAi 886.5 99.5 2
hsp-3 (ok1083) manf-1 RNAi 320.5 77.2* 2
hsp-3 (ok1083) hsp-3 RNAi 788.5 99.4 2
hsp-3 (ok1083) hsp-4 RNAi 0 0 2
hsp-3 (ok1083) xbp-1 RNAi 0 0 2
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2.4. Combined knockdown of manf-1 and UPR genes reveals genetic
interactions in fertility and larval tunicamycin response

To further test our hypothesis that increased resistance to tunica-
mycin exhibited by tm3603 mutant was dependent on the increased
basal activation of the ire-1/xbp-1 signaling, we proceeded to in-
vestigate possible genetic interactions between manf-1 and individual
UPR genes by combining tm3603 with mutant alleles for UPR genes. In
the process of mating the ire-1(v33) allele into the tm3603 background,
we observed that an F1 self-fertilizing hermaphrodite with the double
heterozygous genotype of (ire-1(v33)/ dpy-10(e128) unc-4(e120));
manf-1(tm3603/+)) produced very few non-dumpy non-uncoordinated
progeny that were homozygous for tm3603. Those that were recovered
developed into sterile adults, even when maintained at 16 °C. Thus,
combining ire-1 and manf-1 deficiency yields a synthetic sterile (Ste)
phenotype, wherein the animals do not produce any progeny. Attempts
to bypass this phenomenon by growing single mutant animals (tm3603)
on ire-1 RNAi also resulted in sterility (Table 1). Similar results (steri-
lity/reduced brood size) were obtained when we fed tm3603 worms
RNAi for hsp-3, hsp-4, and xbp-1, but not a non-UPR control RNAi (smd-
1). Conversely, wild-type animals treated with RNAi bacteria for ire-1,
hsp-3, hsp-4, and xbp-1 produced no significant changes in brood size or

mortality. Impaired fertility was also observed when we grew the hsp-
3(ok1083) mutant on RNAi for manf-1. In this case, the total brood size
was reduced to 36% of the control, and the embryos exhibited a de-
creased hatch rate, producing larva that arrested at the L1 stage. Al-
though this failure to produce fertile double-knockouts prevented us
from performing the tunicamycin sensitivity assay for these combina-
tions, it is a clear indication that there is a genetic interaction between
manf-1 and members of the ire-1/xbp-1 signaling pathway.

Moving to the remaining branches of the UPR, we crossed tm3603
into the backgrounds of pek-1(ok275) or atf-6(ok551). These matings
proceeded normally and produced double homozygote animals that
were superficially wild-type and had a normal brood size when main-
tained at 20 °C. As expected, the pek-1(ok275) parental strain exhibited
a significantly increased sensitivity to tunicamycin compared to wild-
type animals in our development assay (Fig. 3, panel O), and essentially
no pek-1 mutant animals reach adulthood at the 5 μg/mL dose (Fig. 3,
panel P). Interestingly, the combined depletion of pek-1 and manf-1
rescues this phenotype slightly, with about 8% of animals reaching
adulthood. We observed a similar effect for atf-6: depletion of atf-6
alone resulted in only 11% of animals reaching adulthood, while
combined depletion of atf-6 and manf-1 resulted in 68% of animals
reaching adulthood (Fig. 3, panel P). Compared to manf-1 depletion

Fig. 2. Depletion of manf-1 either by RNAi or
mutation induces the expression of an hsp-4
reporter. (A) A confocal image showing GFP
fluorescence from the zcIs4 reporter (hsp-4
promoter::GFP). Age-matched hermaphrodites
of several strains and treatments are arranged
from top to bottom: zcIs4 (basal expression of
the hsp-4::GFP reporter), followed by a wild-
type N2 (non-GFP control showing minimal
background autofluorescence), a non-UPR re-
lated control zcIs4; smd-1(RNAi), and zcIs4;
manf-1(RNAi) animals respectively. The inset is
a bright field image of the same worms. (B) A
confocal image and bright field inset demon-
strating the increased expression of the hsp-
4::GFP reporter in manf-1(tm3603) mutant an-
imals (top) compared to wildtype N2 worms
(bottom). (C) Asynchronous cultures of wild-
type (black), zcIs4 (blue), and tm3603; zcIs4
(red) were analyzed by COPAS worm sorter for
time of flight (an indicator of body length) and
integrated GFP intensity. The manf-1(tm3603)
strain has increased expression of the GFP re-
porter at all stages of development. The dashed
and dotted lines denote the best fit line after
linear regression analysis for the zcIs4 and
zcIs4; manf-1(tm3603) populations respec-
tively. (D) An immunoblot showing the relative
GFP expression of synchronized populations
before and after exposure to tunicamycin.
Worms were treated with tunicamycin (5 μg /
mL) or DMSO (vehicle) for 5 h before lysis and
separation by electrophoresis. The quantifica-
tion of tunicamycin-induced GFP expression
(relative to actin) for L1 stage animals is shown
in (E) and for adult animals in (F), (n=4).
While L1 populations exhibited greater levels
of inducibility than the adult populations, they
also showed greater variability. Animals car-
rying the manf-1(tm3603) mutation expressed
higher levels of GFP expression basally and
achieved greater overall levels of GFP expres-
sion after tunicamycin, but did not have an
overall difference in tunicamycin response (no

dose-strain interaction in two-way ANOVA for either L1 or adult animals). Symbols represent significance in two-way ANOVA (strain, dose) with post-hoc analysis: *,
p< 0.05 compared to zcIs4 DMSO control; #, p<0.05 compared to tm3603 DMSO control.
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alone, however, which allowed 90% of animals to reach adulthood,
combined knockdown of manf-1 with atf-6, and especially pek-1, hin-
dered the ability of manf-1 mutation to confer tunicamycin resistance.
Therefore, these results suggest that the resistance to tunicamycin for
the manf-1 mutant resistance partially requires the activity of atf-6 and
especially that of pek-1.

2.5. Microarray analysis of wild-type and tm3603 L1 larvae exposed to
tunicamycin reveals differentially expressed pathways

The marked difference in the tunicamycin response between tm3603
and wild-type L1 larvae was further examined at the level of the tran-
scriptome. Using Affymetrix microarray analysis, we looked for changes
in mRNA levels that could identify pathways that might contribute to
the phenotypes described above. Similar to our findings that manf-1
depletion alone had very modest effects on organismal physiology,
there were very few pathways enriched at baseline in the tm3603
MANF-deficient mutant compared to wild-type (Table 2). While there
were common changes in gene expression in response to tunicamycin
(Fig. 4, panel A), the majority of significantly changed genes were
unique to each strain. The wild-type animals had many more enriched
pathways compared to tm3603 (see Table 2), with the majority being
related to organismal growth and metabolism. By contrast, tm3603
manf-1-deficient animals had more differently expressed genes, but
pathway analysis indicates that these were assignable to fewer enriched
pathways. Those pathways that were unique to the tm3603 mutant
were mainly involved with innate immunity (Table 2). A closer look at

the genes involved in these pathways gives a clear picture that the
tm3603 animals had three times more differentially regulated genes
related to immune response compared to the wild-type (Fig. 4, panel B).
In fact, most of the immune-related genes that are shared between the
two strains are upregulated genes related to the UPR (Fig. 4, panel C),
which we also observed in earlier experiments to be upregulated in both
strains. By contrast, the tm3603 MANF-deficient mutant downregulated
many immune genes not directly related to the UPR in response to
tunicamycin exposure. It is also worth noting that there was also robust
and significant tunicamycin-induced down-regulation of the gene
F57F4.4, a putative specific reporter for bacterial infection (Julien-Gau
et al., 2014), in the tm3603 MANF-deficient strain (fold-change -5.9;
p= 0.00033) while the wild-type was not significant (fold-change -1.8,
p= 0.078). Overall, these findings indicate the tm3603 mutants fail to
activate, or are actively repressing several components of the innate
immunity system during ER stress.

2.6. MANF-deficient animals grow differently than wild-type animals on
Pseudomonas aeruginosa but not on Salmonella typhimurium

The hypothesis that manf-1 negatively regulates the innate immune
response in response to cellular stress was tested by growing the worms
on two strains of pathogenic bacteria. Pseudomonas aeruginosa (PA14)
and Salmonella typhimurium (SL1344) are gram-negative bacterial
strains that infect C. elegans and cause induction of the innate immune
response, each through distinct virulence mechanisms (Aballay et al.,
2000; Sem and Rhen, 2012; Tan et al., 1999). Larval growth

Fig. 3. MANF-1 deficiency confers resistance to tunicamycin-mediated developmental arrest. Worms harboring mutations (indicated by “Δ”) in manf-1 (B), atf-6 (C),
and pek-1 (E) have developmental rates similar to wildtype animals (A) when hatched under normal conditions. Similar results were obtained when the manf-1
mutation is paired with either the atf-6 or the pek-1 mutant (D, F). Wild-type (G) and atf-6 mutant (I) larva from embryos hatched in the presence of tunicamycin
exhibit delayed or arrested development, while pek-1 mutants die (K). Manf-1 mutant larvae appear unaffected by tunicamycin (H). The tunicamycin-resistant
phenotype was also observed in the manf-1; atf-6 double mutant (J), although not to the same extent. The manf-1; pek-1 double mutant was only slightly more
resistant to tunicamycin compared to the pek-1 single mutant, and not statistically significant (L). RNAi knockdown of manf-1 also confers resistance to tunicamycin
compared to control RNAi (M,N). Dose response to tunicamycin showing the effects on the larval development up to adulthood (O). The percentage of animals
(n=100 per condition) reaching adulthood in the presence of tunicamycin (5 μg/mL) for wild-type, manf-1, atf-6, pek-1 as single mutants, and in combination (P).
Data shown are the average of four biological replicates. Asterisks represent statistical significance in a two-way ANOVA (dose, strain) compared to the tunicamycin
response in wild-type in a Bonferroni post-test unless otherwise indicated.
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experiments on the pathogenic bacterial P. aeruginosa strain PA14 re-
vealed a PA14-induced growth delay in N2 wild-type animals compared
to growth on the mildly pathogenic OP50 E. coli (Fig. 4D). By contrast,
wild-type larval growth was significantly accelerated by the pathogenic
S. typhimurium strain SL1344 (Fig. 4E). MANF-deficient animals, on the
other hand, were delayed on OP50 compared to wild-type, but not
further delayed with PA14 (Fig. 4F). However, tm3603 manf-1-deficient
larvae had accelerated growth on SL1344 that did not differ from wild-
type (Fig. 4G). Together, these findings suggest that C. elegans response
to pathogenic bacteria may be altered by MANF deficiency. Further
experiments are needed to probe the details of this immune modulation
by MANF.

3. Discussion

The unique and highly conserved CDNF/MANF family of neuro-
trophic factors has widely been reported to be cytoprotective and ER-
stress responsive (Airavaara et al., 2010, 2009; Apostolou et al., 2008;
Hellman et al., 2011; Henderson et al., 2013; Lindahl et al., 2014;

Lindholm et al., 2007; Lindstrom et al., 2013; Palgi et al., 2009; Petrova
et al., 2003; Voutilainen et al., 2015, 2009; Yu et al., 2010; Zhang et al.,
2018a). These cytoprotective roles are seen in mammals (Lindahl et al.,
2014), zebrafish (Chen et al., 2012), and the invertebrate Drosophila
(Lindstrom et al., 2013). Herein, we show that depletion of the con-
served MANF gene in C. elegans, manf-1, has modest effects on nema-
tode development and reproduction, including a previously reported
increase in hsp-4::GFP reporter expression; however, there is a dramatic
effect when manf-1-deficient animals are grown on tunicamycin. We
report for the first time that while wild-type animals arrest at the L1
stage, nematodes lacking manf-1 expression are very resistant to tuni-
camycin-induced growth arrest.

We also observed physiological effects when manf-1 was depleted
along with components of the IRE-1 pathway. Depletion of manf-1
along with reduction in the IRE-1 pathway components generally led to
larval death and sterility. Direct transcriptional regulation of the manf-1
gene at an ER stress response element (ERSE) by spliced xbp-1 in
mammalian cells has been recently reported by Wang et al (Wang et al.,
2018). Our data supports the idea that this feedback loop (Fig. 5) is also
conserved in C. elegans.

Although manf-1;pek-1 and manf-1;atf-6 double mutants developed
into fertile, relatively normal adults in the absence of tunicamycin, both
showed a reduction in the resistance to tunicamycin compared to manf-
1 mutant alone. While these results demonstrated a genetic interaction
between manf-1 and the other branches of the UPR, they do not es-
tablish whether the functions supplied by these other branches are re-
quired for the manf-1mutant’s increased resistance to tunicamycin, or if
it is the manf-1 mutant’s resistance that partially suppresses the UPR
mutants’ increased sensitivity to tunicamycin. Through a transcrip-
tional microarray analysis, we showed that the UPR is upregulated by
tunicamycin exposure in both wild-type and manf-1 (tm3603) mutants.
However, pek-1 was upregulated only in wild-type and ire-1 was upre-
gulated only in the mutant. Together, this establishes C. elegans MANF
as a critical negative regulator of the endoplasmic reticulum UPR stress
response (Fig. 5); however, future studies are needed to further estab-
lish the interaction of MANF with each arm of the UPR (xbp-1, pek-1,
and atf-6).

It is interesting that depletion of MANF in different organisms re-
sults in vastly different phenotypes: for example, in mice, MANF defi-
ciency manifests as severe loss of β cells through chronic and sustained
UPR activation, resulting in diabetes mellitus (Lindahl et al., 2014).
These observations are consistent with our findings that loss of MANF
leads to constitutive expression of UPR genes. Conversely, knockdown
of MANF in zebrafish manifests in a dopaminergic phenotype (Chen
et al., 2012), and in Drosophila causes larval lethality and loss of do-
paminergic neurons (Palgi et al., 2009); yet, MANF-deficient worms
exhibit a fairly normal physiology with only mild effects on lifespan and
brood size, and therefore it seems that, unlike other organisms, there
are no cell types in C. elegans for which MANF is essential for devel-
opment and function under laboratory conditions. This leads to an in-
teresting and unanswered question of the evolutionary pressure to keep
manf-1 in C. elegans.

We did not observe any dopaminergic neurodegeneration pheno-
types in manf-1-deficient animals. Wild-type and MANF mutant day 1
adult animals had similar sensitivity to the model neurotoxicant 6-
OHDA, which selectively damages and kills dopaminergic neurons, and
did not display a swimming-induced paralysis (SWIP) phenotype, a
behavior previously linked to the function of dopaminergic neurons
(McDonald et al., 2007). Recent evidence shows that overexpression of
human MANF in C. elegans dopaminergic neurons can protect from
alpha-synuclein or 6-OHDA toxicity in aged animals (Zhang et al.,
2018b) and that manf-1 mutants have accelerated aging-related dopa-
minergic neurodegeneration and aggregation of alpha-synuclein
(Richman et al., 2018). These studies suggest that, for worms, manf-1
neuroprotection seems to be more important in aged animals, and may
not extend to neurodegeneration from 6-OHDA challenge. Further

Table 2
Pathways enriched in changed genes after exposure to tunicamycin. For ex-
periments, L1 animals were synchronized overnight by liquid starvation and
then exposed to tunicamycin (5 μg/mL) for 5 h. Total RNA was extracted and an
Affymetryx microarray analysis was performed. Pathway analysis was per-
formed with GoMiner using a fold-change cutoff of 1.3 and a p-value cutoff of
0.05. * indicates this term was also found in N2 exposed to tunicamycin.

Go Categories Description

Enriched pathways shared between wild-type and tm3603, after tunicamycin treatment

34976, 30968, 6986, 6984 ER stress response/UPR
71445, 51789, 71216 Response to protein stimulus
6950 Stress response
10033, 71310, 70887 Response to organic chemical
51605, 6465 Protein maturation
45454, 42592, 19725 Cell homeostasis
44281, 6662, 18904 Small molecule/ether metabolism
8104, 51641, 15031, 70727, 34613,

46907, 45184, 6886
Protein localization/transport

42303, 18988, 18996 Molting cycle
Enriched pathways only in wild-type animals, after tunicamycin treatment
45926, 40015, 48519 Negative regulation of growth
30811, 31329, 9154, 46700, 9261,

9894
Regulation of cellular catabolism

9166, 9150, 33121, 33124, 9141,
9199, 9205, 9144, 9207

Nucleoside/nucleotide catabolism

44270, 44106, 46700 Cellular heterocyclic amine metabolism
43087, 32312 Regulation of GTPase activity
48870, 46039, 6140, 6520, 42180,

6082, 19752, 16071
Regulation of metabolism

40035, 45137, 46546, 46661, 48806,
46660, 46545

Genitalia development and differentiation

19098, 18991, 33057 Reproduction
40012, 7610 Locomotion/Behavior
1703, 7369 Gastrulation with mouth forming first
9888, 35121 Tissue development
51674, 48870, 16477, 40039 Cell localization and motility
9306, 46903 Protein secretion
10038, 10035 Response to inorganic substance/metal
7167, 23034 Intracellular signaling pathways
6888, 33365, 48193, 51649 Vesicle-mediated transport
Enriched pathways only in tm3603 mutant, after tunicamycin treatment
40014, 51704, 35264, 10171 Multicellular organism growth
50829, 6952, 9617, 6955, 2376,

51707, 45087, 9607
Innate immune response

7592, 40002 Cuticle development
Enriched pathways in tm3603 mutant compared to wild-type without tunicamycin
34504*, 51170, 6606*, 51169 Protein localization/transport to

nucleus
23060, 23046, 7165 Signal Transduction
6996 Organelle Organization
6913 Nucleocytoplasmic transport
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Fig. 4. MANF deficiency modulates immune
pathway during tunicamycin exposure and
ameliorates growth delay from Pseudomonas
aeruginosa. Panel A represents the differentially
expressed genes (combined up and down-regu-
lated genes) in wild-type and tm3603 (manf-1
deficient) animals. Panel B, differentially ex-
pressed genes related to immune response in
each strain, and Panel C, a visual representation
of gene expression for the immune-related
genes. Red indicates downregulated genes,
while green indicates upregulated genes, and
white indicates no significant change; the in-
tensity of the shading indicates the fold-change
(light color for 1.3-1.9-fold; dark color for >2-
fold). For experiments, L1 animals were syn-
chronized overnight by liquid starvation and
then exposed to tunicamycin (5 μg/mL) for 5 h.
Following, RNA was extracted and a microarray
analysis was performed. Pathway analysis was
performed with GoMiner using a fold-change
cutoff of 1.3 and a p-value cutoff of 0.05. Venn
diagrams were created using the free online
webtool at http://bioinformatics.psb.ugent.be/
webtools/Venn/. Panels D–G represent larval
growth on OP50 (E. coli), PA14 (P. aeruginosa),
and SL1344 (S. typhimurium) normalized to
wild-type (N2) animals’ growth on OP50. Worm
size was determined from bright field images
using ImageJ, as described in Methods.
Asterisks represent significance in a 2-way
ANOVA (bacterial strain vs. time).

Fig. 5. Hypothetical Conserved Pathway for
MANF-1 regulation of IRE-1 bifurcation. ER
stress activates the regulators of UPR (atf-6, ire-
1 and pek-1) and the data presented herein
support a role for manf-1 in the regulation of
the ire-1 arm of the unfolded protein response
(UPR) by acting as both a negative regulator of
xbp-1 transcriptional activation and a positive
regulator of innate immunity factors in re-
sponse to tunicamycin. ER stress and protein
misfolding activate the ire-1 pathway by dis-
sociating hsp-3/4 from ire-1 allowing ire-1 to
become phosphorylated (yellow circles)
leading to activation of xbp-1 as well as of other
transcriptional factors. We also suggest a con-
served feedback loop whereby ER stress and
xbp-1 activation results in increased manf-1
expression (as also reported in mammalian cell
culture (Wang et al., 2018)), suppressing fur-
ther xbp-1 activation and acting as a negative
regulator of the UPR.
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experiments are needed to understand the role of C. elegans MANF in
dopaminergic neuronal health.

Our observation that depletion of manf-1 by mutation (tm3603) or
RNAi increases the expression of UPR reporter hsp-4 is consistent with
recent literature (Bai et al., 2018; Richman et al., 2018) reporting up-
regulation of hsp-4 in the tm3603 mutant and/or after RNAi against
manf-1. In general, these findings and others (Apostolou et al., 2008;
Lindahl et al., 2014; Voutilainen et al., 2015) point to a role for MANF
as a negative regulator of the UPR. However, the role of MANF in the
UPR is likely more complex than simple inhibition, given that depletion
of MANF or UPR genes alone did not impact reproduction, but synthetic
sterility (lack of progeny) was observed when MANF depletion was
combined with depletion of UPR components. Furthermore, it was re-
cently suggested that MANF plays a dual role in alleviating ER stress
while activating autophagy pathways (Zhang et al., 2018b).

In MANF-depleted animals, we observed a basal increase in larval
expression of hsp-3 and hsp-4, the C. elegans homologues of the BiP
protein, a molecular chaperone whose expression is linked with XBP-1
activation (Gardner et al., 2013; Shen et al., 2005). We also observed
remarkable larval protection from tunicamycin-induced growth arrest
after depletion of manf-1. One possible explanation for this protection is
that it is mediated by preconditioning or hormesis (De Haes et al., 2014;
Kozlowski et al., 2014; Pinto et al., 2018) from the elevated expression
of hsp-3 and hsp-4. Although we were not able to examine double
mutants of UPR genes and MANF due to synthetic sterility, the higher
baseline expression of UPR genes with chaperone function in the manf-1
mutant animals provides a plausible means to better accommodate
protein misfolding caused by tunicamycin. Further studies are needed
to explore this possibility. Similar to MANF, HPL-2 is reported to be a
negative regulator of the UPR, and lack of HPL-2 confers protection
from ER stress by increasing baseline levels of XBP-1 and ER chaperones
(Kozlowski et al., 2014). This paradigm agrees with the larval protec-
tion we observe in MANF-deficient animals. However, MANF depletion
was previously reported to sensitize cells to tunicamycin-induced cy-
totoxicity (Apostolou et al., 2008) and was recently demonstrated to
sensitize young adult C. elegans nematodes to tunicamycin-induced re-
productive defects (Bai et al., 2018). These apparent contradictory roles
for MANF in worms could be due to developmental sensitivity to ER
stress (larvae vs. young adults) as well as tissue-specific functions
(whole organismal development vs. germline effects). As the me-
chanism of this reproductive defect has not been reported (Bai et al.,
2018), it is unclear if there is decreased egg production, impaired
spermatogenesis, or both. These details would be important for future
studies further exploring the role of MANF in preconditioning or
hormesis.

We found that the ability of MANF-deficient tm3603 mutants to
overcome larval L1 arrest in the presence of tunicamycin was depen-
dent on atf-6 and pek-1, which agrees with other findings showing that
MANF interacts with multiple arms of the UPR (Apostolou et al., 2008;
Lindahl et al., 2014; Zhang et al., 2018b). The double mutants (atf-
6;manf-1 and pek-1;manf-1) failed to maintain the tunicamycin-re-
sistance phenotype. Thus, the animals must be able to mount a UPR
response to tunicamycin to continue through development. However,
the hsp-4 induction by tunicamycin did not differ between manf-1
(tm3603)mutants and wild-type animals, as measured by the hsp-4:GFP
reporter and confirmed by qPCR. Our microarray analysis clearly
showed that the manf-1 (tm3603) mutants failed to change the nu-
merous growth and metabolism pathways that were altered in the wild-
type animals by tunicamycin (which have been previously reported
(Shen et al., 2005; Urano et al., 2002)), suggesting that other me-
chanisms are involved in tunicamycin resistance in manf-1-depleted
animals.

Furthermore, the analysis of genes that changed in response to tu-
nicamycin revealed significant modulation of components of the innate
immune response only in the manf-1 mutant, including downregulation
of components of the p38-MAPK (pmk-1) pathway and the TGF-β (dbl-1)

innate immunity pathways (Ermolaeva and Schumacher, 2014) and
failure to activate antioxidant genes (gst-1 and prx-11) downstream of
skn-1 (the C. elegans homolog of NRF-2). Our data supports that MANF
is a regulator in the crosstalk between the UPR and bacterial immune
response in developing nematodes. These findings are supported by
previous studies that have shown that MANF can negatively regulate
inflammatory responses via altered NFkB signaling in neural stem cells
(Zhu et al., 2016), rat primary astrocytes (Zhao et al., 2013), and
human cell lines (Chen et al., 2015). Furthermore, MANF and CDNF
have been shown to be protective in animal models where inflamma-
tion is a contributing pathogenic mechanism (e.g. ischemia, Parkinson’s
and diabetes) (Airavaara et al., 2010, 2009; Lindahl et al., 2014;
Lindholm et al., 2007; Voutilainen et al., 2009; Yu et al., 2010; Zhang
et al., 2018a). Our findings support the growing body of evidence that
MANF and the UPR play key roles in immunity and are highly con-
served from mammals to C. elegans (Janssens et al., 2014).

Differential regulation of immune genes in response to ER stress in
manf-1 mutants likely impacts pathogenic susceptibility, given that
infection of C. elegans with Pseudomonas aeruginosa (PA14) induces
XBP-1/IRE-1-dependent UPR (Richardson et al., 2010; Singh and
Aballay, 2017). Animals deficient in xbp-1 arrest as L1 larvae and die on
PA14, while combined loss of xbp-1 and pmk-1 suppresses this larval
arrest phenotype (Richardson et al., 2010). Another study implicated
the microRNA mir-233 as essential for PA14 innate immune response
and UPR, which works by downregulating SCA-1 (C. elegans sarco-en-
doplasmic reticulum Ca2+ ATPase or SERCA), inducing the UPR (Dai
et al., 2015), supporting the involvement of the UPR pathway in PA14
resistance. We observed similar growth of manf-1 mutants on OP50 and
PA14 bacteria, whereas wildtype animals were delayed on PA14 com-
pared to OP50. This differential response reveals decreased sensitivity
to PA14 in MANF-deficient animals. In comparison to a previous study
(Mohri-Shiomi and Garsin, 2008), we observed no difference in growth
on SL1344 between wild-type and MANF-deficient animals; in fact,
both strains displayed dramatic growth acceleration throughout de-
velopment. This contrasts with PA14 growth inhibition in wild-type but
not MANF-deficient animals, suggesting that SL1344 and PA14 are
impacting developing C. elegans larvae differently, which could have
contributions both from nutritional availability and toxicity from pa-
thogenic bacteria virulence mechanisms. Additionally, since these stu-
dies were carried out in larval stages, pathogenic bacteria had not yet
colonized the gut. Thus, if MANF-deficient animals have dysregulated
innate immune function, MANF deficiency may also impact adult pa-
thogenic exposures, when animals are susceptible to gut colonization
and infection (Aballay et al., 2000; Tan et al., 1999). Future studies are
needed to fully characterize the mechanisms of MANF regulation of
host-pathogen interactions during development and to expand this
knowledge to include pathogen-induced killing of adult animals.

Conclusions. In mammals, MANF/CDNF can promote cytoprotection
and modulate the UPR response, but the mechanisms by which these
neurotrophic factors carry out these roles are still poorly understood.
Efforts to understand the mechanism of MANF action are critical to
support future endeavors to manipulate MANF therapeutically
(Lindholm et al., 2016). C. elegans represents an inexpensive, efficient
model to identify molecular mechanisms underlying MANF activity. We
have shown here that MANF functions as a modifier of the UPR in
nematodes and impacts other UPR-sensitive processes such as innate
immunity. In fact, many important physiological processes may be af-
fected by MANF modulation of the UPR, including exercise, thermo-
tolerance, and sensitivity to environmental chemicals. Together, our
findings represent a new aspect of MANF biology and future research
using this model may uncover critical details about MANF biology.
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4. Materials and methods

4.1. Worm maintenance and strains

A complete list of strains used in this study is provided in Supporting
Information, Table S1. The wild-type reference strain N2 (Bristol), and
the mutant strains unc-119 (ed3), and dpy-10(e128) unc-4(e120)
strains, as well as the bacterial strains OP50 and HT115(DE3), were
obtained from Andy Golden (NIDDK, Bethesda, MD). PA14 and SL1344
pathogenic bacterial strains were obtained from Alejandro Aballay
(Oregon Health and Science University, Portland, OR). Novel deletions
were obtained from Sohei Mitani (Tokyo, Japan). The vtIs1/vsIs33 re-
porter strain was given to us by Oliver Hobert (Columbia University
Medical Center, NY). Other mutants and reporter strains were obtained
from the Caenorhabditis Genetic Center (USA). All strains were culti-
vated on MYOB (Modified Youngren’s, only Bacto-peptone, Eric
Lambie, personal communication) media with seeded with OP50 bac-
teria using standard protocols and maintained at 20 °C with the ex-
ception of ire-1 (v33) which was maintained at 16 °C.

4.2. Genotyping

All deletion alleles were confirmed and followed using polymerase
chain reaction (PCR) with allele-specific primer sets (Supplemental
Table S2). Single worm lysates and PCR reactions were performed as
described (Williams et al., 1992).

4.3. Cloning and transgenes

Multiple Gateway-compatible (ThermoFisher) entry vectors were
constructed by PCR amplification from genomic or cDNA templates
using attB linkered oligos, followed by BP recombination with appro-
priate donor vectors (Supplemental Table S2). All entry vectors were
confirmed by primer extension sequencing (Seqwright, Houston, TX).
Transgenic expression constructs were produced by recombining var-
ious entry vectors with a destination vector containing the unc-119(+)
rescue cassette, and subsequently introduced into animals by micro-
particle bombardment (Praitis et al., 2001).

The NK2548 strain containing the fusion allele qy74[manf-
1::mKate2] was generated using Cas9-triggered homologous re-
combination with a self-excising selection cassette (Dickinson et al.,
2015). The target sequence was 5′- CTGGTGATTGTCGTCGCCTCGG -3′
with PAM site shown in bold; the guide RNA was cloned into the eft-
3p::Cas9+sgRNA expression vector pDD162 using this primer sequence
(excluding the PAM). The PAM is 43 nucleotides downstream of the
start codon of manf-1, just downstream of the putative signal peptide
sequence, which has previously been demonstrated to be an ideal lo-
cation to insert a tag in the mammalian MANF protein (Norisada et al.,
2014). Homology arms were amplified by PCR from N2 genomic DNA
(5′ homology arm forward primer manf-1 sequences are 5′-TGGCCGC
TGAAACTTATCGG-3′ and reverse primer 5′-TGGAGCAGCAGCTGAG
GCG-3′ (with mutation in PAM site shown underlined); 3′ homology
arm forward primer manf-1 sequences 5′-GAAGGTTTGTAAATTTGAG
AAAGC-3′ and reverse primer 5′-TTTTCCTCGAGTTTTCAACG-3′) and
cloned into a plasmid modified from (Dickinson et al., 2015) containing
an N-terminal linker sequence (with an ATG codon added during as-
sembly), an mKate2 coding gene, and a self-excising cassette (SEC)
flanked by LoxP sites in an intron of mKate2. The plasmid was co-in-
jected with sgRNA+Cas9 plasmid into N2 animals, and genome-edited
animals were selected by hygromycin B treatment and phenotypic
identification (roller). The selection cassette was excised by heat shock
as described in (Dickinson et al., 2015).

4.4. Lifespan assay

For lifespan experiments, semi-synchronous gravid adults were

obtained by washing the adults and larvae from a plate containing food
and eggs, then allowing the eggs to hatch overnight. The following day,
L1-L2 animals were transferred to fresh plates seeded with OP50 (300
animals per 10 cm plate) and allowed to develop for 48 h (until adult
day 2). Following, synchronous populations were obtained by
bleaching the gravid adults and plating eggs to fresh food plates. After
72 h, 50 worms were picked from each 6 cm plate. Adults were trans-
ferred every day during adult days 2–10, then transferred as needed for
food depletion. The number of surviving animals was determined by
gently prodding each animal with a platinum wire. An animal was
considered dead if it did not respond to two repeated prods with the
platinum wire. The surviving population was recorded every 1–2 days
until all worms were dead.

4.5. Brood size assay

For brood size experiments, synchronized populations of L4 animals
were obtained as described for the Lifespan assay. At the L4 stage,
single worms were placed onto 6 cm plates and allowed to lay eggs.
During the first four days of reproduction, the worms were moved to
fresh plates. Offspring were allowed to hatch and were counted after
48 h. The final plate was counted 48 h after the worm was placed there
(when the adult had reached day 6). Brood size was considered to be
the sum of all offspring from a single worm.

4.6. Microscopy

Worms expressing GFP or mCherry reporters were mounted on 1%
agarose pads in 15 microliters of M9 buffer containing 25mM leva-
misole. Epifluorescent imaging was performed using a Nikon AZ100MS
stereomicroscope.

4.7. -OHDA neurotoxicity assay

A 10mM solution of 6-hydroxydopamine was produced by dissol-
ving 6-OHDA Br salt (Sigma) in a nitrogen-bubbled solution of 2mM
ascorbic acid (Sigma). Synchronized L1 populations of the dat-1::GFP
reporter strain were fed OP50 bacteria at 20 °C for 24 h at which time
they were harvested, rinsed in 2mM ascorbic acid, and exposed to
various doses of 6-OHDA for 90min at room temperature with mild
agitation. Degeneration of dopaminergic neurons was assayed by
fluorescent microscopy in the dat-1::GFP reporter strain 24 h later. A
worm was considered to have degeneration of DA neurons if any of the
four DAT-positive neurons in the head showed signs of blebbing or
breaks(Nass et al., 2002).

4.8. SWIP assay

For determination of swimming-induced paralysis (SWIP), we used
a standard protocol (Bermingham et al., 2016) with minor modifica-
tions. For each biological replicate, ten wild-type and tm3603 day 2
adult animals were placed into each of 5 wells in a 48-well plate con-
taining 100 μL of molecular biology grade water. The number of ani-
mals paralyzed was visually counted after 10, 20, 30, 40, 50, and
60min. The dopamine transporter-deficient strain dat-1 (ok157) was
used as a positive control for SWIP.

4.9. Locomotion assay

For determination of adult nematode locomotion, we used a stan-
dard worm tracking procedure to measure the speed of wild-type and
MANF-deficient animals on food-free plates (Au - Nussbaum-Krammer
et al., 2015). For each biological replicate, wild-type and tm3603 day 1
adult animals were transferred to food-free 10 cm plates (around 100
worms per plate) and allowed to acclimate to the plate for 30min.
Following, 15 s brightfield videos were collected using the Keyence BZ-
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X700 All-in-One Microscope (15 videos per plate) with the experi-
menter blind to strain. The maximal and average velocities were then
measured using the wrMTrck plugin in ImageJ (Au - Nussbaum-
Krammer et al., 2015).

4.10. Chemotaxis assay

For determination of chemotaxis, a standard four-quadrant assay
design was used (Margie et al., 2013). For experiments, 6-cm chemo-
taxis plates were labeled to divide into equal quadrants, and a 0.5 cm
circle was drawn in the center. Dots were then placed equidistant
(1.5 cm) from the center in each quadrant and labeled with alternating
“C” for control and “T” for test solution. Synchronized day 1 adult
worms (wild-type and tm3603 MANF-deficient strains) were then wa-
shed off plates, rinsed three times to remove residual bacteria, and 5 μL
of the concentrated worm pellet was applied to the center of the plate,
which amounted to 100–150 worms. While the worm spot was drying,
two microliters of the control and test solutions were applied to the
appropriately labeled spots. The control solution was an equal mixture
of 0.5M sodium azide and distilled water, while the test solution was an
equal mixture of 0.5M sodium azide and either 100% ethanol or 1%
benzaldehyde in ethanol. Therefore, the final concentrations of ethanol
or benzaldehyde in the test solutions were 50% and 0.5%, respectively.
Under these conditions, the plates dried within 3min, allowing the
worms to crawl out of the center circle and into the quadrants. Once the
plates were dry, they were inverted and placed in the 20 °C incubator
for 60min. Following the incubation, plates were immediately placed
at 4 °C until they were counted (within 4 h of the experiment). The
chemotaxis index was calculated as: (Number of Worms in Test Quad-
rants – Number of Worms in Control Quadrants)/Total Number of
Worms. Only worms that left the center circle were counted. The ex-
perimenter was blind to strain throughout the procedure.

4.11. Western Blotting

Thirty adult hermaphrodites were placed into tubes containing
twenty microliters of phosphate-buffered saline. Ten microliters of 4x
LDS buffer (Invitrogen) containing beta-mercaptoethanol (Sigma) were
added and samples incubated at 95 °C for 10min. The entire volume of
each sample was loaded into a single well of a 10% Bis-Tris NUPAGE
polyacrylamide gel with MES buffer (Invitrogen). The gels were trans-
ferred to PDVF membranes and subsequently probed with mouse anti-
Actin (clone C4; Millipore), and rabbit anti-MANF-1 (YZ1272) or rabbit
anti-GFP (GN-16469). Anti-MANF-1 is an affinity-purified polyclonal
antibody directed against the peptide sequence C-RIEELKPKYVKEEL
(amino acids 155–168; YenZyme, Inc.). Anti-GFP is an affinity-purified
polyclonal antibody directed against His-tagged EGFP (Sigma-Genosys,
Inc., gift from Andy Golden). Primary antibodies were detected using
donkey anti-rabbit IRdye 800 and donkey anti-mouse IRdye 700
(LiCor). All blocking and antibody incubations were performed in 1x
LiCor Blocking solution. Quantitative measurements of the im-
munoblots were performed using the Odyssey Infrared Imaging System
(LiCor Biosciences). Actin levels were used to normalize sample
loading.

4.12. Flow-sort analysis

Asynchronous cultures of worms were grown on MYOB plates with
OP50 bacteria and resuspended in M9 and analyzed for body length
(time of flight) and GFP fluorescence on a COPAS Biosort (Union
Biometrica, Inc.) (Pulak, 2006).

4.13. Tunicamycin exposure

Animals were synchronized at the L1 larval stage using alkaline
hypochlorite treatment followed by overnight synchronization on food-

free plates. These animals were then suspended in M9 solution (3 g.
KH2PO4, 6 g. Na2HPO4, 5 g. NaCl, 1 mL 1M MgSO4)per L H20) and left
untreated or exposed to 5 μg/mL tunicamycin (in DMSO) for 5 h.
Following treatment, the animals were pelleted for subsequent analyses
(immunoblot, qPCR, or microarray).

4.14. Quantitative taqman real-time PCR assay

Treated and untreated worm pellets (˜50,000 worms) were sus-
pended in 300 μl TRIzol reagent (Invitrogen) with 5 μg of linear poly-
acrylamide (GenElute LPA), extracted with chloroform and the RNA
was precipitated with isopropanol. The obtained RNA was then DNase
treated (Qiagen) followed with the RNeasy MinElute Cleanup protocol
(Qiagen). Total RNA (0.1-0.5 μg) was reverse transcribed following the
standard protocol of the iScript Select cDNA Synthesis Kit (Bio-Rad) in
20 μl reactions. The cDNA samples were diluted 1:5 with nuclease-free
water. To quantify the gene expression for hsp-4, hsp-3, manf-1 and act-3
(actin), each 25 μl reaction contained forward and reverse primers
(900 nM each), 50 nM 5′-FAM/3′BHQ1 probe (BioResearch
Technologies), 1x of TaqMan Universal Mix (Roche) and 5 μl of diluted
cDNA. These reactions were performed with the DNA Engine Opticon 2
Thermocycler (MJ Research Inc.) using the following program: 20 cy-
cles of 50 °C for 10 s, plate read; 40 cycles of 95 °C for 5min, 94 °C for
20 s, 60 °C for 1min, plate read. The comparative CT method (ΔΔCT)
was used for relative quantitation of gene expression using Actin as a
housekeeping gene. Primer and probe sequences are listed in
Supplemental Table 2.

4.15. Larval tunicamycin resistance assays

Tunicamycin plates were prepared by adding 40 microliters of
(100x of final dose) tunicamycin dissolved in dimethyl sulfoxide
(DMSO) directly 30mm (4mL) MYOB plates, which were seeded with
OP50 bacteria two hours later. Plates were considered ready for use on
the following day. A similar method was also used for
tunicamycin+RNAi plates, except that the MYOB plates also con-
tained carbenicillin (25 μg/milliliter) (United States Biologicals) and
2mM isopropyl-β-D-thio-galactoside (IPTG) (Roche Diagnostics). They
were seeded with HT115 bacteria harboring various dsRNA-producing
plasmids and kept at room temperature for 3 days prior to use
(Timmons et al., 2001). The smd-1 RNAi was used as a “negative”
control for RNAi phenotypes (Peters et al., 2010). Tunicamycin was
obtained from Sigma. Young adult hermaphrodites could lay eggs for
3 h and then removed. The resulting progeny were incubated at 20 °C
for three days at which time their developmental state was scored vi-
sually using a Nikon SMZ1500 light stereomicroscope with a HR Plan
Apo 1x WD54 objective.

4.16. Affymetrix microarray analysis

Following overnight synchronization and 5 -h exposure to tunica-
mycin, wild-type and tm3603 L1 larvae were pelleted on ice. RNA was
extracted from the worm pellets using Trizol, precipitated with iso-
propanol, and resuspended in RNAase-free water. Microarray analysis
was carried out at the Microarray Core at NIDDK. The probes were
normalized using Robust Multi-Array Average (RMA) and fold-changes
and p-values were calculated for pairwise comparisons (wild-type DMSO
vs. tunicamycin; tm3603 DMSO vs. tunicamycin; wild-type DMSO vs.
tm3603 DMSO). Microarray data have been deposited in the National
Center for Biotechnology Information’s GEO and are accessible through
GEO series accession number GSE118294. For each trial, all genes with
p<0.05 and fold change > 1.3 in at least one probe were subjected to
Gene Ontology pathway analysis using High-Throughput GoMiner
(Zeeberg et al., 2005). Because most pathways involve both positive and
negative regulators of the pathway, we chose to focus on pathways en-
riched from changed genes (both up- and down-regulated genes).
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4.17. Larval growth assays on pathogenic bacteria

For larval growth, thin NGM agar plates (2mL agar/35mm dish)
were prepared (3 g/L NaCl, 2.5 g/L bacto-peptone, and 20 g/L bacto-
agar); they were autoclaved and then cooled to 55 °C before adding to
each liter the following: 25mL 1M potassium phosphate buffer, pH 6.0,
1mL 1M MgSO4, 1mL CaCl2, 1 mL cholesterol (10mg/mL), 5mL
nystatin (1.25mg/mL in ethanol)). After being allowed to solidify,
plates were stored at 4 °C until use. For experiments, bacteria from a
frozen glycerol stock was spread on a LB plate and allowed to grow
overnight. Colony plates were stored at 4 °C and used for one week
before a new plate was prepared. Fresh overnight cultures were pre-
pared by placing 3–4 colonies into a 4mL overnight LB culture for 16 h.
After 16 h, room-temperature NGM plates were seeded with 50 μL
bacteria, which was spread over the entire plate, and then placed at
37 °C for 24 h. The plates were equilibrated to room temperature for
1 h, during which time synchronized eggs were obtained by bleaching
2-day gravid adult hermaphrodites. Egg density in liquid was de-
termined by counting 10 μL drops under the dissecting microscope; 30
eggs were placed on each plate and the plates were kept at 20 °C.
Images were taken every 24 h using a Keyence BZ-X700 microscope.
Worm area was determined using the Wand selection tool in ImageJ.

4.18. Statistical analysis

All statistical tests were performed in GraphPad Prism 7.04. For
lifespan experiments, because we observed an early die-off in every
replicate, the Gehan-Breslow-Wilcoxon test was used, which provides
extra weight for early time points. For quantified immunoblot and qPCR
analysis of hsp-4 induction, tunicamycin growth experiments, and
growth on pathogenic bacteria, two-way ANOVA tests were used to
compare treatment and strain effects.
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