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Loss of the ceramide synthase HYL-2 from Caenorhabditis
elegans impairs stress responses and alters sphingolipid

composition
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Sphingolipids, essential membrane components and
signaling molecules in cells, have ceramides at the core of their
metabolic pathways. Initially termed as "longevity assurance
genes", the encoding genes of ceramide synthases are closely
associated with individual aging and stress responses, although
the mechanisms remain unclear. This study aims to explore the
alterations and underlying mechanisms of three ceramide
synthases, HYL-1, HYL-2, and LAGR-1, in the aging and stress
responses of Caenorhabditis elegans. Our results showed the
knockdown of HYL-1 extends the lifespan and enhance stress
resistance in worms, whereas the loss of HYL-2 function
significantly impairs tolerances to heat, oxidation, and ultra-
violet stress. Stress intolerance induced by HYL-2 deficiency
may result from intracellular mitochondrial dysfunction,
accumulation of reactive oxygen species, and abnormal nuclear
translocation of DAF-16 under stress conditions. Loss of HYL-
2 led to a significant reduction of predominant ceramides
(d17:1/C20~C23) as well as corresponding complex sphingo-
lipids. Furthermore, the N-acyl chain length composition of
sphingolipids underwent dramatic modifications, characterized
by a decrease in C22 sphingolipids and an increase in C24
sphingolipids. Extra d18:1-ceramides resulted in diminished
stress resilience in wild-type worms, while supplementation of
d18:1/C16 ceramide to HYL-2-deficient worms marginally
improved stress tolerance to heat and oxidation. These findings
indicate the importance of appropriate ceramide content and
composition in maintaining subcellular homeostasis and
nuclear-cytoplasmic signal transduction during healthy aging
and stress responses.

Ceramide, as a central intermediate of sphingolipid meta-
bolism, not only acts as the skeleton for sphingomyelins and
glycosphingolipids but also plays critical roles in cell death,
autophagy, and various cellular stress responses (1, 2). De novo
biosynthesis of ceramide is catalyzed by ceramide synthases
(CerS) (3-5). The significance of CerS was identified as early as
30 years ago (6). The gene responsible for CerS expression in
yeast is the so-called longevity assurance gene (LAGI), which
is the first aging-related gene identified in Saccharomyces
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cerevisiae. LAGI expression decreases as yeast cells age and the
deletion of LAGI results in a 50% increase in the lifespan of the
mutated yeast (6). While depletion of another CerS in yeast, a
homolog of the longevity assurance gene (LACI), does not
have a lifespan increase effect (7). LAC1 preferentially cata-
lyzes the formation of dihydroceramides, while LAG1 tends to
catalyze the formation of phytoceramides, which are specif-
ically required for the establishment of a diffusion barrier
against the proliferation of aging factors to daughter cells (8).
These distinct substrate affinities and the specific effect of
LAG1 on asymmetrical inheritance contribute together to
induce different roles in cell aging.

Ceramides with distinct N-acyl chains have different roles in
cellular physiology, and this view has been validated in higher
organisms. In mammals, six paralogs of LAG1 have been
identified and named CerS1-6 (3, 9-13). CerS1-6 exhibits
distinct specificity toward substrates, which is determined by
the length of the N-acyl chain (commonly C14-C26), as well as
the degree of saturation and hydroxylation (14, 15). Sphingo-
lipids with varying amide-linked fatty acid chain lengths
exhibit differences in their tissue distribution (3, 16). Intrigu-
ingly, besides the differences in tissue expression and chain
length specificity of ceramides, the subcellular distribution of
these products may also contribute to the bio-functional
specificity of CerS. While CerS5 and CerS6 exhibit similar
substrate preferences, it is noteworthy that CerS6 but not the
CerS5-derived C16:0 sphingolipids interacted with mitochon-
drial fission factor protein, leading to increased mitochondrial
fragmentation and the development of insulin resistance and
obesity (17).

Caenorhabditis elegans (C. elegans) is an exceptional or-
ganism for evaluating the bio-function of sphingolipids for
lifespan, cellular supervision, and impairment repair and
adapting to environmental stress (18). HYL-1 (named as the
homolog of yeast longevity gene), HYL-2, and LAGR-1 are
three CerS in C. elegans (19). CerS plays an essential for
physiological activities in C. elegans, exhibiting notable dis-
tinctions (20-22). A high glucose diet caused mitochondrial
dysfunction accompanied by reduced levels of hyl-1 and hyl-2
mRNA levels (23). HYL-2 plays a role in resisting anoxia stress
(24), whereas the ceramide catalyzed by LAGR-1 functions as
an indispensable second messenger in the radiation-induced
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Distinct functions of ceramide synthases in C. elegans

apoptosis of germ cells (25). Supplementation with C24 cer-
amide can rescue the insufficiency of mitochondrial surveil-
lance caused by the deficiency of sphingolipid levels (26). Loss-
of-function mutants of HYL-1 or LAGR-1, but not HYL-2,
alleviate radiation-induced cell apoptosis in worms (27).
Although it shortens survival during starvation-induced L1
diapause (28), the absence of LAGR-1 and HYL-1 in worms
leads to reduced food intake but a longer autophagy-
dependent lifespan. Despite previous valuable investigations
revealing the distinct roles of CerS in aging and some stress
tolerance, the underlying mechanism remains unclear.

Ceramides have been implicated in stress tolerance and
aging process (29-31). HYL-1, HYL-2, and LAGR-1 are three
ceramide synthases in C. elegans that are responsible for
catalyzing the acylation of sphingoid bases to ceramides (19,
27, 32). Each ceramide synthase exhibits distinct physiological
functions, while the underlying mechanisms still remain
largely elusive (24, 33). In this study, we assessed the sphin-
golipid profiles of C. elegans with functional loss of three
ceramide synthases, HYL-1, HYL-2, and LAGR-1, and inves-
tigated the impact of their function on aging and stress tol-
erances, including exposure to heat, oxidation, and UV
radiation.

Results

HYL-2 is essential for normal life history traits and stress
tolerances in C. elegans

Nematodes lacking HYL-1 exhibit resilience to anoxia and
heat stressors, while the functional loss of HYL-2 results in
anoxia hypersensitivity, lipid depletion, and a reduced lifespan
(Table 1). To further understand ceramide synthases on
development, survival, and stress tolerances in C. elegans, we
initially assessed the survival of each ceramide synthase
mutant worm strain: hyl-1(0k976), hyl-2(ok1776), and lagr-
1(gk331). The results showed that the loss of function in HYL-
1 resulted in a slight but statistically significant increase in
lifespan, however, the loss of function in HYL-2 resulted in a
dramatically shorter lifespan, as well as smaller body size, a
shorter life cycle, and decreased motor ability (Fig. 1, Table 2).

Table 1

In contrast, the loss of function in LAGR-1 did not affect the
lifespan in nematodes, but a slight increase in body bends was
observed. The survivals of hyl-1(0k976), hyl-2(0k1776), and
lagr-1(gk331) under heat, oxidation, and UV stress were sub-
sequently evaluated. The median and maximum survivals of
hyl-1(0k976) and hyl-2(0k1776) exhibited opposite trends un-
der stress conditions (Table 2), with hyl-1(0k976) worms
showing enhanced survival but hyl-2(ok1776) worms display-
ing reduced survival, regardless of stress type (Fig. 1, F-H). No
difference in survival was observed between lagr-1(gk331) and
wild-type animals under heat, or UV stresses, but lagr-1(gk331)
showed a shorter median survival (17 h versus 23 h) under
oxidative stress (Fig. 1G, Table 2). The significantly reduced
survival and abnormal phenotypes caused by HYL-2 mutation
highlight its importance for stress tolerance and healthspan in
C. elegans.

The functional loss of HYL-2 alters sphingolipid composition in
C. elegans

The varying effects of the three ceramide synthases, HYL-1,
HYL-2, and LAGR-1, on the healthy lifespan and stress
tolerance in C. elegans can be attributed to their distinct tissue
distributions and catalytic product specificity. Amino acid
sequence alignment revealed that LAGR-1 exhibited even
higher homology with human CerS1 compared to HYL-1 and
HYL-2 (Fig. S1). LAGR-1 is likely expressed in the head and
pharynx of C. elegans, similar to CerS1 in humans, while HYL-
1 and HYL-2 may have a broader distribution. HYL-1 may be
responsible for synthesizing ceramides with longer acyl chains,
whereas HYL-2 catalyzes the synthesis of ceramides and
sphingolipids containing shorter acyl-fatty acid side chains
(24). However, the substrate preference of LAGR-1 remains
unclear (Table 1). Our sphingolipidomics data revealed
distinct clustering of sphingolipid profiles among wild-type
and three CerS mutant worm stains (Fig. 24). The functional
loss of each ceramide synthase resulted in decreased levels of
ceramides (Cer), hexosylceramide (HexCer), and sphingo-
myelins (SM), with the most significant decrease observed in
hyl-2(0k1766) animals (Fig. 2B). Despite the low levels of 1-

Stress response phenotypes, and majorly reduced ceramides of ceramide synthetase mutants

CerS Phenotypes of the gene Possible tissue expression® Majorly reduced ceramides
HYL-1 Resistance to radiation-induced germ cell apoptosis (Deng X Germ line, head mesodermal C22-C24 (Menuz et al., 2009)
et al., 2008) cell, intestine, neuron >C24 (Mosbech MB et al., 2013)
Lipid composition variant and autophagy (Mosbech MB et al., system, pharynx C16-18, >C24 (Fig. 2D)
2013)
Resistance to anoxia (Menuz et al., 2009)
Resistance to heat stress (Chan et al., 2017; Fig. 1F)
Resistance to oxidation stress (Fig. 1G)
Resistance to UV stress (Fig. 1H)
HYL-2 Anoxia hypersensitive (Menuz et al., 2009) Head, hypodermis, intestine, C20-C22 (Menuz et al., 2009)
Lipid composition variant (Mosbech MB et al., 2013) tail, terminal bulb <C22 (Mosbech MB et al., 2013)
Lipid depleted (Garcia AM et al., 2015) C20-C23 (Fig. 2D)
Shortened life span (Mosbech MB et al., 2013)
Heat, oxidation, and UV stress hypersensitive (Fig. 1, F-H)
LAGR-1 lipid composition variant and autophagy (Mosbech MB et al., Pharynx Subtle effects (Mosbech MB et al.,

2013)
oxidation stress hypersensitive (Fig. 1G)

2013, Fig. 2D)

“ Data from wormbase.org.
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Figure 1. HYL-2 mutant reduces normal life history traits and stress tolerances in C. elegans. A, survival curves of wild-type (N2, n = 123) and ceramide
synthase mutant animals, hyl-1(0k976, n = 145), hyl-2(ok1766, n = 144), and lagr-1(gk331, n = 150), under standard culture conditions were plotted and
analyzed. Days were counted from egg lay as day O for all animals (abscissa). B, images of WT and ceramide synthase mutation animals at the day 4 stage
captured using a Nikon optical microscope. Scale bar, 1 mm. C, the body lengths of day 4 animals were measured under a microscope and statical analyzed.
n > 200. D, the duration from a fresh egg (F1) to the first egg (F2) laid by each hatched nematode (F1) was monitored under normal culture conditions. E,
day 7 nematodes were placed in M9 buffer and counted for their total body bends in 1 min. Results are presented as mean values. The p values are relative
to WT (N2) animals analyzed by two-tailed student’s t test (**p < 0.01; ***p < 0.001). F, day 7-stage wild-type (N2, n = 66), hyl-1(0k976, n = 73), hyl-2(ok1766,
n = 76), and lagr-1(gk331, n = 75) nematodes were subjected to survival analysis in a 35 °C incubator. G, survival of Day 7-stage wild-type (N2, n = 143), hyl-
1(0k976, n = 166), hyl-2(ok1766, n = 98), and lagr-1(gk331, n = 113) nematodes were monitored under oxidative stress induced by 240 uM juglone. H, the
survival of wild-type (N2, n = 50), hyl-1(0k976, n = 50), hyl-2(ok1766, n = 47), and lagr-1(gk331, n = 49) animals was assessed after exposure to four rounds of
UV radiation from the day 7 stage.

Table 2
Survival of ceramide synthase mutants in Caenorhabditis elegans in normal and stress conditions
Normal condition Heat stress Oxidation stress UV stress
Survival Median Max Median Max Median Max Median Max
Strains Days Hours Hours Days
wild type (N2) 16 + 0.27 23 n = 123 12 + 0.33 18 n = 66 10 £ 041 22 n = 143 4.5 + 0.13 6.0 n =50
hyl-1(0k976) 17 £ 0.26 24 n = 145 14 + 0.35* 20 n=73 12 + 047* 26 n = 166 5.0 £ 0.12* 7.0 n =50
hyl-2(ok1766) 14 + 0.19* 21 n = 144 10 £ 0.31* 18 n="76 4 + 0.33* 18 n =98 4.0 £ 0.09* 55 n =47
lagr-1(gk331) 16 + 0.27 23 n =150 12 £ 0.28 18 n=75 8 + 0.38* 20 n =113 4.5 + 0.10 6.0 n =49

The heat stress: 35 °C exposure; Oxidation stress: 240 UM juglone treatment; UV stress: UV radiation at 0.1 J/cm? every 24 h for 4 times.

Statistical analysis was performed within the same data set, wild type(N2) was used as a control, significances were analyzed using the log-rank (Mantel-Cox) method and
calculated against control (*p < 0.001). Median lifespan were presented as the mean + standard error of mean (SEM).
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Figure 2. Sphingolipidomic analysis reveals the significant alteration in sphingolipid composition caused by deletion of hyl-2. A, partial least squares
discriminant analysis (PLS-DA) of quantified SLs shows separation of N2 worms with the three CerS mutant strains. B-F, heatmap showing log2-fold change in the
amount of sphingolipids species in the mutant strains compared with N2 worms (n = 3 per group). The white color is set as the average of all samples, with
increasing red indicating higher lipid levels and increasing blue indicating lower levels. B, analysis of total levels of Cer, HexCer, and SM reveals a decrease in
sphingolipid abundance in the posterior averages of hyl-1, hyl-2, and lagr-1 knockouts with hyl-2 deficiency showing the most pronounced reduction. C, decrease in
the levels of atypical sphingolipids paticularly a significant reduction in C22 1-deoxyDHceramide in hyl-2 deficiency. D-F, relative levels of Cer, HexCer, and SM with
different N-acyl chain lengths. D, hyl-1, hyl-2, and lagr-1 gene knockout samples show decreased ceramide levels, with hyl-1 mutant exhibiting a significant
reduction in ceramides with C16 to 18, 2C24 acyl chain lengths. The hyl-2 mutant demonstrated a pronounced decrease in ceramide levels with C20~23 acyl chain
lengths, while lagr-1 mutant displayed a non-specific reduction in ceramide levels across various chain lengths. £ and F, HexCer and SM also exhibit variations in
levels dependent on the N-acyl chain length, similar to the dependency observed in ceramide. The relative levels of sphingomyelins were analyzed, revealing
differences in abundance based on the length of the acyl chains. G, the percentage of subtypes of sphingolipids based on N-acyl chain length classification in
sphingolipidomics.
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deoxyDHCer, there was a significant decrease in these atypical
sphingolipids in hyl-2(0k1766) as well, particularly m17:0/
C22 h and/C22:1 (Fig. 2C). Furthermore, id17-ceramides with
shorter chain lengths (C16-C18) and very long chains (>C24)
were diminished in /yl-1(0k976), while ceramides with long
chain fatty acids (C20~C23) were significantly reduced in /yl-
2(ok1766) worms. There was a relatively mild overall reduction
in lagr-1(gk331) (Fig. 2D). These results were consistent across
Cer, HexCer, SM, and their corresponding dihydro-molecules
(Figs. 2, D-F and S2). These results demonstrate the chain-
length substrate specificity of HYL-1 (involving shorter chain
length, C16~C18 and very long chains, >C24) and HYL-2
(involving long chain fatty acids, C20~C23), with the latter
synthesizing predominantly C20~C23 ceramides (Fig. 2, D and
G). Additionally, changes in the quantity of sphingolipids
corresponded with significant alterations in the proportion of
N-acyl chain length subtypes, underscoring their biological
relevance. While N2, hyl-1(0k976), and lagr-1(gk331) worms
exhibited high consistency in sphingolipid composition, hyl-
2(ok1766) worms displayed specific alterations, characterized
by a decrease in the proportion of C22 sphingolipids and an
increase in the proportion of C24 sphingolipids (Fig. 2G). This
pattern was consistent across both ceramides and complex
sphingolipids, suggesting an association between dysregulated
subtype proportions and the impaired phenotype observed in
hyl-2(ok1766) worms.

HYL-2 functional loss enhances ROS accumulation under
stress

Heat and oxidative stress induce the generation of reactive
oxygen species (ROS) in the cytoplasm and mitochondria,
which correlats positively with lifespan-shortening in C. elegans
(34). To understand the involvement of ceramide synthesis in
stress tolerance, we assessed ROS levels in mutant worms on
day 7, following exposure to heat or oxidative stress. Intracel-
lular ROS levels were measured using a dichlorofluorescein-
diacetate (DCFH-DA) assay, revealing excessive whole-body
ROS accumulation in hyl-2(0k1776) animals under both 35 °C
heat and 240 UM juglone-induced oxidative stress, compared to
the N2 wild-type nematodes (Fig. 34). To confirm that the
elevated ROS levels were not limited to juglone-induced
oxidative stress, hyl-2(0k1776) animals were subsequently
treated with 40 mM H,0,, resulting in a similar pattern of
elevated ROS levels (Fig. S3, A and B). While whole-body ROS
slightly increased in /yl-1(0k976) under heat stress, there were
no significant alterations in lagr-1(gk331) (Fig. 3A). Given that
elevated ROS may predominantly be generated by mitochon-
dria, mitochondrial ROS (mtROS) levels were further detected
using MitoTracker Red CMXRos (Invitrogen). Results showed
significantly higher mtROS levels in the hyl-2 (0k1776) strain
compared to the wild-type and other strains (Fig. 3B).
Furthermore, oxidative stress tolerance in hyl-2 (0k1776)
significantly improved upon treatment with the ROS scavenger
N-acetylcysteine (NAC) (Fig. S3C). These findings suggest that
over-accumulation of mtROS may contribute to stress intoler-
ance observed in hyl-2 (0k1776) worms.

SASBMB

Functional loss of HYL-2 exacerbates stress-induced
mitochondria morphological alternations and dysfunction

The rise in ROS levels could be due to morphological and
functional disorders of mitochondria. The assessment of
mitochondrial morphology using MitoTracker deep red
(MTDR) staining and a mitochondrial GFP reporter strain
revealed that mitochondrial networks in hyl-2(ok1766) worms
were less organized and more dispersed compared to those in
wild-type worms (Fig. 3C). This observation was further
confirmed through RNA interference (RNAi) experiments
targeting HYL-1, HYL-2, and LAGR-1 in a transgenic strain
§J4103[myo-3::GFP(mit)] expressing GFP in body wall muscle
cell mitochondria. To further investigate the role of HYL-2 in
mitochondrial regulation, we measured mitochondrial copy
numbers in N2 worms and ceramide synthase mutants. Our
results showed that the loss of HYL-2 function led to a
reduction in mitochondrial DNA (mtDNA) (Fig. 3D), sug-
gesting a decrease in either the number of mitochondria per
cell or the number of mitochondrial genomes per mitochon-
drion. This decline in mtDNA resulted in impaired mito-
chondrial function, as evidenced by a significant decrease in
ATP levels in hyl-2(ok1766) worms compared to wild-type
worms (Fig. 3E). The results demonstrated that HYL-2 defi-
ciency impaired mitochondrial function and altered
morphology, exacerbating mitochondrial dysfunction induced
by heat stress or oxidative stress (Figs. 3, F and G, S4). These
findings suggest a crucial role for HYL-2 played in maintaining
mitochondrial morphology and function wunder stress
conditions.

The regulation of mitochondrial morphology through
fusion and fission processes was analyzed by evaluating the
expression levels of related genes in mutant nematodes using
qRT-PCR. The results revealed a suppression of the overall
gene expression associated with mitochondrial fission and
fusion in hyl-2(ok1766) worms compared to the N2 control
group under normal, heat, and oxidative stress conditions,
indicating weakened mitochondrial metabolism in /hyl-
2(ok1766) worms (Fig. S5). Conversely, an increased mRNA
expression level in hyl-1(0k976) worms compared to the N2
control group under stress conditions suggests activation of
mitochondrial quality control mechanisms. This observation
may contribute to the hypothesis that improved mitochondrial
morphology and function in HYL-1 mutants leads to higher
survival rates, whereas the highly disordered mitochondria in
HYL-2 functional loss animals result in shorter survival times
and lower survival rate under stress conditions.

Functional loss of HYL-2 or LAGR-1 disrupts DAF-16 nuclear
accumulation in response to stress

The forkhead transcription factor DAF-16, akin to the
mammalian FoxO protein, plays a vital role in various stress
response and aging processes (35, 36). Its activation is char-
acterized by translocalization to the nucleus, as observed
during heat stress (Fig. S6). To investigate the potential
involvement of the DAF-16 signaling pathway in the reduced
lifespan and stress intolerance associated with /y/-2 mutation,
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Figure 3. Hyl-2 is required for maintaining ROS homeostasis under heat and oxidative stress. A, wild-type (N2) and ceramide synthase mutant
nematodes were exposed to 35 °C heat or 240 UM juglone-induced oxidative stress. Intracellular ROS levels of worms were assessed by monitoring green
fluorescence using dichlorofluorescein (DCF). Scale bar, 100 um. B, mitochondrial ROS levels were determined by staining with MitoTracker Red CMXRos
(MTRC), represented by red fluorescence. Scale bar, 100 pm. The rightmost graphs display the quantitative results for each condition. Error bars represent
SD (two-tailed student’s t test, *p < 0.05; **p < 0.01; ***p < 0.001). C, fluorescence micrographs showed MitoTracker Deep Red (MTDR)-labeled
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Figure 4. Functional loss of hyl-2 or lagr-1 disturbs DAF-16 nuclear accumulation in response to stress. A, mild heat stress (30 °C, 8 h) induced
differential nuclear accumulation of DAF-16 in response to either empty vector control bacteria Control(RNAI) or the indicated RNAi strains. hyl-2(RNAi) and
lagr-1(RNA) led to reduced nuclear entry of DAF-16 under heat stress, while hyl-1(RNAi) showed similar effects to control bacteria. Scale bar of main image
panel, 100 pm and associated zoom magnification image panel, 40 pm. B, quantitative RT-PCR (qRT-PCR) analysis of sod-3 expression in wild-type (N2) and
mutant nematodes at day 7 after heat stress (30 °C, 10 h) and oxidative stress (120 M juglone, 10 h). Error bars represent SD (n = 3, two-tailed student’s t
test, *p < 0.05; **p < 0.01; ***p < 0.001). C-E, cumulative survival curves of N2 and daf-16(mu86) under 35 °C heat stress, exposed to either empty vector
control bacteria Control(RNAI) or the indicated RNA: strains. The heat stress response of the indicated RNAi strains mirrored the corresponding mutant lines.
C, when subjected to hyl-1(RNAI), the reduced lifespan of daf-16(mu86) was extended but not fully restored to the level of N2 animals. D and E, when

subjected to hyl-2(RNAi) and lagr-1(RNAI), the shortened lifespan of N2 did not appear in daf-16(mu86) animal.

we individually knocked down ceramide synthase genes using
RNAI in a transgenic strain expressing DAF-16::GFP (7]356).
Imaging results showed that the nuclear translocalization of
DAF-16 was impaired upon hyl-2 or lagr-1 RNAi under heat
stress compared to control(RNAi), while hyl-1 RNAi did not
affect DAF-16 activation (Fig. 44). Additionally, the mRNA
expression of sod-3, a DAF-16 target gene encoding a protein
that reduces intracellular superoxide radicals, was reduced in
heat-stressed  hyl-2(ok1766) and lagr-1(gk331) strains
compared to control (Fig. 4B).

To explore the relationship between DAF-16 and ceramide
synthase function, we employed RNA interference on a daf-
16(mu86) strain and evaluated survival under heat stress. The
survival rates of i1yl-1, hyl-2, and lagr-1 RNAi under 35 °C heat
stress were similar to those of the mutant lines. Notably, /hyl-1
RNAI resulted in greater stress tolerance (p < 0.001, Fig. 4C),
suggesting that the stress tolerance induced by hyl-1 RNAi
may occur independently of DAF-16. Conversely, neither /yl-2
nor lagr-1 RNAi exacerbated stress damage in daf-16(mu86)
mutants under heat stress, as evidenced by overlapping sur-
vival curves (p = 0.523 and p = 0.708, respectively, Fig. 4, D and
E). These findings support the observations of DAF-16 nucleus
localization and sod-3 qRT-PCR results, emphasizing the

involvement of DAF-16 in the abnormal stress tolerance of
hyl-2(ok1766) and lagr-1(gk331) nematodes.

Supplementation of d18:1/C16 ceramide marginally rescued
stress resilience in hyl-2 mutants

The supplementation of d18:1- ceramides with varying
chain lengths (C16, C20, C22, and C24) to wild-type worms
(N2) appeared to exacerbate heat or oxidative stress-induced
reduction in survival rates, resulting in increased ROS levels
in the nematodes (Fig. S7). Subsequently, we supplemented
hyl-2(0k766) worms with these ceramides to assess their
potential to mitigate or exacerbate the detrimental pheno-
type caused by ceramide synthase deficiency. Supplementa-
tion with d18:1/C24 ceramide further intensified ROS
accumulation and worsened oxidative stress tolerance in /hyl-
2(ok766) worms (Fig. S8, A and B). In contrast, supple-
mentation with d18:1/C16 ceramide demonstrated a modest
rescue effect on stress tolerance and the expression levels of
mitochondrial fission-fusion-related genes (Fig. 5, A-D).
While supplementation with d18:1-ceramides failed to
rescue mitochondrial morphological disorder or decreased
nuclear localization of DAF16 of hyl-2(0k1766) with a

mitochondria in wild-type (N2) and mutant nematodes, with a higher magnification image of the mitochondria. D, compared to wild-type worms (N2), hyl-
2(ok1766) worms exhibited a lower mitochondrial copy number at day 7 of adulthood. E, ATP production was reduced in hyl-2(ok1766) worms at day 7 of
adulthood compared to wild-type worms (N2). Scale bar of main image panel, 100 pum and associated zoom magpnification image panel, 10 pm. Error bars
represent SD (n = 3, two-tailed student’s t test, *p < 0.05; **p < 0.01; ***p < 0.001). F and G, comparison of body wall muscle mitochondrial between hyl-
2(RNAi)-treated and Control(RNAi)-treated SJ4103 strain worms at day 7 under 35 °C heat or 240 UM juglone-induced oxidation stress, using a mito-
chondrially localized GFP reporter. The white arrow indicates abnormal mitochondrial morphology, Scale bar, 10 pm.
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Figure 5. Exogenous supplementation of C16 ceramide marginally rescues the decrease in stress tolerance caused by HYL-2 dysfunction. A and B,
supplementation of d18:1/C16 ceramide in HYL-2-deficient worms marginally rescued their stress tolerance and the expression of mitochondrial fission and
fusion genes (C). D, this supplementation did not lead to further accumulation of reactive oxygen species (ROS).

diminished corresponding chain length of id17-ceramides
(Fig. S8, C and D).

Discussion

In the current study, we aimed to characterize the involve-
ment of three ceramide synthases (HYL-1, HYL-2, and LAGR-
1) in the defense mechanism of C. elegans against heat stress
(35 °C) and oxidative stress induced by juglone. Our findings
revealed that while HYL-1 loss function improves the nema-
tode survival under normal and stress conditions, HYL-2 is
essential for normal life history traits and stress tolerance in
C. elegans (Table S1). Interestingly, hyl-2 mutants were
significantly smaller, which may be attributed to mitochondrial
dysfunction-mediated energy deficiency or the effects of /yl-2
on growth factors. LGAR-1 results in mild damage under heat
and oxidative stresses, possibly due to its limited tissue dis-
tribution and substrate preference (27, 33). These results
partially align with prior studies (24, 33), indicating that HYL-1
and HYL-2 have opposing effects on aging: loss of HYL-1 is
beneficial, whereas loss of HYL-2 decreases lifespan and stress
tolerance (Table 2).

The disparity may be due to different roles in the synthesis
of distinct chain lengths of ceramides and downstream com-
plex sphingolipids. In N2 C. elegans, the predominant
ceramides were id17:1/C20~C23 synthesized by HYL-2, while
HYL-1 was responsible for shorter (C16-C18) and very long-
chain (>C24) ceramides (Fig. 2). In hyl-2(ok1766) mutants,
the content of 1-deoxyceramide containing C22 was reduced,
indicating that m17:0/C22 ceramide could be synthesized by
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HYL-2 using m17:0 as substrate. It has been reported that
shorter-chain  ceramides can resist radiation-induced
apoptosis, while long-chain ceramides can accelerate cancer
cell death under chemotherapy (37). Our study demonstrates
that excessive ceramide-induced ROS is considered harmful.
Furthermore, supplementation of d18:1/C20~C23 ceramides,
corresponding to the N-acyl chain lacking in HYL-2 deficient
worms, failed to alleviate stress intolerance phenotypes.
Caution must be exercised when interpreting the effects of
exogenous supplementation, as the endogenous sphingolipids
of C. elegans are composed of iso-d17-sphingoid backbones,
which differ structurally from supplemented mammalian
sphingolipids (d18-). Nonetheless, supplementation of d18:1/
C16, a ceramide with a shorter N-acyl chain, partially
improved the adverse phenotype. This suggests that functional
differences between long and short-chain sphingolipids also
exist in C. elegans.

Glycosphingolipids and sphingomyelins are the main com-
ponents of biofilms, and it has been hypothesized that complex
sphingolipids with different amide chain lengths have distinct
effects on physical properties, such as fluidity and permeability,
of plasma and subcellular membranes (38). Therefore, the
modification of ceramide synthase may induce biophysical and
functional alternation of membranes. Ceramides have been
reported to localize in the inner membrane of mitochondria to
regulate mitochondrial autophagy under stress conditions (17).
Our results demonstrate that the absence of ceramides with
C20~23 N-acyl fatty acids caused more pronounced disorders
in mitochondrial morphology and function in nematodes un-
der stress. Additionally, ceramide synthase deficiency affected
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gene expressions of mitochondrial fusion and fission in
C. elegans, the underlying mechanisms require further study.
The absence of /yl-2 and lagr-1 affected the nuclear localiza-
tion of DAF-16 and the expression of its downstream target
gene sod-3. We hypothesize that different ceramides may also
play a role in the heterogeneity of transcriptional regulation
and post-transcriptional regulation of these genes.

One possible explanation for the observed phenomenon
that “loss of HYL-1 appears to be beneficial, whereas the loss
of HYL-2 is harmful to C. elegans” is that a moderate reduction
in ceramide levels may confer benefits, while excessive
reduction or inhibition of key ceramide types may be detri-
menta. Another plausible interpretation is that certain types of
sphingolipid species, such as id17:0/or id17:1/C20~C23
ceramides and downstream complex sphingolipids synthesized
through HYL-2, are critical for maintaining ROS homeostasis,
mitochondrial morphology, and function as well as nuclear
localization of forkhead transcription factor. The conse-
quences of the LAGR-1 mutation are comparatively subtle but
significantly affect the nuclear translocation of DAF-16 with
heat.

Our findings underscore the essential role of HYL-2 in
maintaining normal lifespan and oxidative, heat, and ultravi-
olet stress while indicating the potential of HYL-1 as a target in
aging. Given the intricate physiological functions of ceramide
synthases and the diversity of their products as well as
downstream metabolites, further investigations are warranted
to elucidate the specific mechanisms connecting ceramides to
specific aspects of aging or stress with the development and
validation of specific modulators for each ceramide synthase.

Experimental procedures
C. elegans strains and maintenance

C. elegans were cultured on a nematode growth media
(NGM) agar plate with a lawn of Escherichia coli strain OP50
at 20 °C unless otherwise specified for stress experiments. The
first day after egg hatching was scored as day 1 for all exper-
iments. The wild-type animals were Bristol strain (N2). Mutant
strains,  including  RB1036[hyl-1(0k976)],  RB1498[hyl-
2(ok1776)], VC765[lagr-1(gk331)], and transgenic strains
SJ4103[myo-3::GFP(mit)], CF1038[daf-16(mu86)], 1356 [daf-
16p::daf-16a/b::GFP + rol-6(sul006)] were purchased from
the C. elegans Genetics Center (CGC, University of Minne-
sota). Genotyping of the three ceramide synthase mutants was
performed using specific PCR primers (Table S2), and the
presence of deletion mutations was confirmed by agarose gel
electrophoresis (Fig. S3D).

RNA interference

RNAI constructs targeting /yl-1 and lagr-1 were obtained
from the Open Biosystems ORF-RNAI library (39) and un-
derwent sequence verification before experimentation. The
RNAI strain of hyl-2 was constructed by our research group,
and the targeted sequence accounted for 42% of the total
mRNA and 60% of the CDS sequence, and the knockdown
efficiency met the requirements. Synchronized L4 stage

SASBMB

C. elegans nematodes were utilized. RNAi-treated strains were
fed with E. coli HT115 bacteria carrying an L4440 empty
vector as the Control (RNAi) or a vector expressing double-
stranded RNAi targeting each ceramide synthase, namely
hyl-1(RNAi), hyl-2(RNAi), and lagr-1(RNAi), respectively. The
identity of the clones were confirmed through sequencing.

Lifespan assay

A lifespan assay was conducted following the protocol
described in reference (40). To synchronize populations,
gravid nematodes were subjected to bleaching, and the
resulting eggs were collected in an M9 buffer at room tem-
perature for overnight incubation with gentle rocking. Subse-
quently, L1-stage nematodes were transferred to the NGM
plate seeded with E. coli OP50. 50 worms at day 7 were
monitored at the specified time points and transferred to a new
NGM plate each day until the last worm exhibited no response
to mechanical stimulation, determined by prodding with a
platinum wire, indicating death.

Body movement assay

The body movement assay was conducted following the
procedure described in reference (41). Synchronized eggs were
allowed to grow until the L4 stage before being transferred to
NGM plates seeded with OP50 bacteria for 7 days. Subse-
quently, they were cultured in an S-complete medium, and
body movement was assessed by observing the number of
bends observed over a 1-min period. Each experiment was
conducted in triplicate, with 10 nematodes per replicate.

Body length assay

Synchronized worms were grown on NGM plates seeded
with OP50 bacteria until adulthood. Then their body lengths
were measured at various stages using a stereomicroscope
(Zeiss, Axio Zoom.V16) with Zen software.

Measurement of ROS in C. elegans

The ROS levels were quantified using DCFH-DA (HY-
D0940, MedChemExpress, USA). Day 7 worms were incubated
with 10 pM DCFH-DA at 20 °C for 30 min. Subsequently, the
treated worms were observed by a fluorescence microscope
(Zeiss, LSM800) to detect dichlorofluorescein (DCF). The
fluorophore MitoTracker Red CMXRos (MTRC, Cell
Signaling Technology, 9082S) was used to measure the relative
mitochondrial ROS production (42). Treated worms were
stained with 0.5 UM MTRC for 12 h before microscopy
observations.

Mitochondrial morphology

Mitochondrial morphology was assessed in worms labeled
by 0.5 puM MitoTracker Deep Red (Thermo Scientific,
M22426) and RNAij-treated SJ4103 strains. Following stress
stimulation, the animals were collected and washed three
times with M9 buffer. The alive nematodes were then rapidly
transferred to a 2% agarose-coated slide (about 1 mm thick).
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The observations were conducted by a confocal microscope
(Zeiss, LSM800). We conducted three independent experi-
ments and integrated the analysis of image results, showcasing
specific regions.

Mitochondrial DNA analysis

Mitochondrial DNA content was quantified using quantifica-
tion polymerase chain reaction (qQPCR). DNA was extracted from
individual C. elegans and resuspended in 10 pl PCR buffer
(10 mM Tris—HCI pH 8.5, 50 nM Mg**, KCl free) as the template
for qPCR. The experiments were conducted in triplicate, with
95 bp target PCR product of the mito fragment using forward
primer "-CACACCGGTGAGGTCTTTGGTTC-" and reverse
primer "-TGTCCTCAAGGC TACCACCTTCTTCA-", as well
as 225 bp target PCR product of the nuclear fragment using
forward primer "-“TCCCGTCTATTGCAGGTCTTT
CCA-" and the reverse primer "-GACGCGCACGATATCT
CGATTTTC-".

ATP levels measurement

ATP levels were quantified using a Chemiluminescence
ATP Determination Kit (Beyotime, S0027). The supernatant
from approximately 500 synchronized worms was applied to
the ATP Determination Kit. The luminescence signal was
normalized to protein content, which was measured using a
Pierce BCA protein determination kit (Thermo Scientific,
23227). The experiments were carried out in triplicate.

Stress assays

Heat stress assay was performed by transferring day 7 adult
worms grown on OP50-NGM plates to a temperature of 35 °C,
with survival monitored every 2 h. Oxidative stress assay
involved transferring day 7 adult worms to 240 UM juglone
NGM plates with an OP50 bacterial lawn, with survival
recorded hourly until all worms had died. Nematodes dis-
playing internal hatching, crawling off, or bursting were
excluded from the analysis.

UV stress assay involved irradiating day 7 adult worms on
OP50-free NGM plates using a germicidal bulb (254 nm) at a
dose of 0.1 J/cm? for four consecutive days using UV cross-
linkers. After each irradiation, animals were transferred to
OP50-seeded NGM plates, with survival monitored every 12 h
to generate survival curves.

Translocation of DAF-16

The TJ356 strain, carrying a daf-16::GFP fusion gene, was
employed to investigate the nuclear translocation of DAF-16
and its downstream gene sod-3. L4 larvae of TJ356 worms
were transferred to NGM plates seeded with E. coli expressing
dsRNA specific to hyl-1(RNAi), hyl-2(RNAi), lagr-1(RNAi), or
Control(RNAi) strain. DAF-16 nuclear translocation was
induced by incubating 77356 worms at 35 °C for 30 min or 30
°C for 8 h for mild heat stress induction. Confocal laser
scanning microscope (Zeiss, LSM800, Germany) was utilized
to capture the GFP intensity and location of DAF-16.
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Lipid extraction

Approximately 5000 nematodes from each experimental
group were used for lipid extraction. The worm samples were
initially freeze-dried overnight and then homogenized with
1 ml H,O. Each homogenized solution (900 pl) was transferred
to a new glass tube, to which 1 ml of methanol and 0.5 ml of
chloroform were added. The mixture was vortexed for 1 min
and incubated in a water bath at 48 °C for 24 h after adding
internal standard (25 pmol #LM-6005, Avanti Ploar Lipids).
Following cooling, 150 il of 1 M KOH in methanol was added
and the mixture was briefly sonicated and then incubated with
shaking for 2 h at 37 °C. After cooling, neutralization was
achieved by adding 6 |l of glacial acetic acid. Upon centrifu-
gation, the lower layer (chloroform phase) was carefully
collected. The upper layer and interface were subjected to re-
extraction using 1 ml of CHCI; by centrifugation. Then, the
combined chloroform phases were evaporated using a speed
vacuum, being careful not to overheat. The extracted residues
were dissolved in LC solvents for LC-MS/MS analysis. The
remaining 100 pl was used for protein quantification to
normalize the sphingolipid content as pmol/mg.

Sphingolipidomics

The sphingolipids separation and analysis followed the pro-
tocol adopted from the LIPID MAPS protocols (www.lipidmaps.
org) and a published method for sphingolipidomic analysis of
C. elegans (43), with slight modifications, utilizing an ultra-high
performance liquid chromatography (UPLC) system (Shi-
madzu, JP) coupled with a Triple Quad 5500" QTRAP (AB Sciex).
The UPLC system comprised a binary pump system (LC-30AD),
a degasser (DGU-20A5), a temperature-controlled autosampler
(SIL-30AC), a column oven (CTO-20AC), and a control unit
(CBM-20A). The mass spectrometer was operated in positive
electrospray mode coupled with multiple reaction monitoring
(MRM) transitions of mass-to-charge ratio (m/z), as detailed in
Table S4. The ion source (ESI) voltage was set at 4.5 kV, and the
ion source temperature was 400 °C. The ion source gas half and
curtain gas flows were 60 psi and 40 psi, respectively. Dwell time
and inter-channel delay were set to 50 and 5 ms. MS system was
controlled by Analyst 1.7.3 software (Applied Biosystems). For
chromatographic separation, a C18 column (2.6 um,
100 x 2.1 mm, 100 A, Phenomenex) was used with a binary sol-
vent system comprised of mobile phase A (methanol: water:
acetonitrile = 1:1:1, 7 mM ammonium acetate) and mobile phase
B (isopropanol, 7 mM ammonium acetate). Prior to sample in-
jection, the column was equilibrated for 2 min with 50% mobile
phase B. The gradient elution was as follows: 0-1 min, 50% B; 1 to
10 min, 50 to 90% B; 10 to 11 min, 90 to 98% B; 11 to 13 min, 98%
B; 13 to 14 min, 98 to 50% B; 13 to 14 min, 50% B. The flow rate
was set at 0.3 ml/min, with 2 pl sample injection. For each LC
analysis, mixture of standards (C17-sphinganine, C17-
sphingosine, C17-sphingosine-1-phosphate, C17-sphinganine-
1-phosphate, C12-ceramide, C12-ceramide-1-phosphate, C12-
SM, C12-glucosylceramide, C12-lactosyl (j3)-ceramide (Avanti
Polar Lipids) were analyzed at the beginning, middle, and end of
the run. In addition, the LC solvent as blank was analyzed at
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varying intervals throughout the run to assess for possible
carryover. If carryover or shifts in the LC retention times for any
of the analytes or standards were noticed, the column was cleaned
before resuming the run. Data analysis including peak smoothing
and integration of areas under the curves for each peak was
performed by SCIX OS (Version.3.0.0.3339, Applied Biosystems).
The semi-quantitation of individual metabolites was normalized
with the respective internal standards, and calculated with the
formula as follows. Analyte Conc. (nmol/L) in worm sample =
Area (analyte MRM peak) x Standard Conc.(nmol/L)/Area
(Standard MRM peak). Multivariate and univariate analyses and
partial least squares-discriminate analysis (PLS-DA) were used to
identify features that differed markedly between different
experimental groups, and performed based on the concentrations
of SLs (>50 variables) by MetaboAnalyst (44). In the heatmap,
each group was standardized against the N2 (wild type) group’s
average to show the variations in individual lipids clearly. The
proportional line graph emphasizes the proportion of individual
sphingolipids relative to the total within each subclass.

Ceramides supplementation

The d18:1-ceramides purchased from Avanti polar lipids
were used for supplementation. Synchronized L1 worms (100
animals per dish) were cultured on a 3.5 cm dish with 20 g
ceramide dissolved in ethanol (20 pl), along with 20 pul OP50
seeding. ROS levels and survival under stress were assayed
after 3 days.

RNA isolation and qRT-PCR

The Total RNA of nematodes was extracted using RNAiso
Plus reagent (Takara Bio, Japan). Amplification and quantifi-
cation of PCR products were conducted using the SYBR Green
Real-Time PCR Supermix (Mei5 Biotechnology) and the
qTOWER®G Real-Time PCR Detection System (Analytikjena).
The transcriptional expression levels of the target genes were
normalized to act-1, which served as the internal control. The
primers utilized for qRT-PCR are listed in (Table S3).

Statistical analysis

Lifespan curves were compared using the Kaplan—Meier
survival method and analyzed by log-rank test. All other data
are presented as the mean + standard deviation (SD) unless
specifically indicated. Statistical analyses included two-tailed
student’s £ test or one-way analysis of variance (ANOVA) (*p
< 0.05; *p < 0.01; ***p < 0.001). All figures were created and
data were analyzed using GraphPad Prism 8 (GraphPad Soft-
ware) and Photoshop CS3.

Data availability

Data underlying this article are available in the article and in
its supporting Information.
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