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Specific regulation of thermosensitive lipid droplet
fusion by a nuclear hormone receptor pathway
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Nuclear receptors play important roles in regulating fat metabo-
lism and energy production in humans. The regulatory functions
and endogenous ligands of many nuclear receptors are still
unidentified, however. Here, we report that CYP-37A1 (ortholog
of human cytochrome P450 CYP4V2), EMB-8 (ortholog of human
P450 oxidoreductase POR), and DAF-12 (homolog of human nuclear
receptors VDR/LXR) constitute a hormone synthesis and nuclear
receptor pathway in Caenorhabditis elegans. This pathway specifi-
cally regulates the thermosensitive fusion of fat-storing lipid droplets.
CYP-37A1, together with EMB-8, synthesizes a lipophilic hormone not
identical to A7-dafachronic acid, which represses the fusion-promoting
function of DAF-12. CYP-37A1 also negatively regulates thermotol-
erance and lifespan at high temperature in a DAF-12-dependent
manner. Human CYP4V2 can substitute for CYP-37A1 in C. elegans.
This finding suggests the existence of a conserved CYP4V2-POR-
nuclear receptor pathway that functions in converting multilocular
lipid droplets to unilocular ones in human cells; misregulation of this
pathway may lead to pathogenic fat storage.
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major challenge in the understanding of nuclear receptor
signaling is to identify the specific ligands and physiological
functions of orphan receptors at the molecular and subcellular
level. In human, essentially all known endogenous steroid and non-
steroid hormones for nuclear receptors are synthesized by members
of a large family of 50 microsomal cytochrome P450 monooxgenases,
which require a common P450 oxidoreductase (POR) to carry out
their catalysis. Many of these putative hormone-synthesizing enzymes
are also of unknown function (1). Typically, the binding of hormone
ligands to cognate nuclear receptors leads to both down-regulation
of the expression of P450s and inactivation of the ligands, main-
taining signaling homeostasis. For this reason, P450s are acclaimed as
the “unsung heroes” of the P450-hormone-nuclear receptor signal-
ing axis (2). Research on orphan P450s will likely lead to important
discoveries of human nuclear receptor signaling and physiology.
The genome of the nematode Caenorhabditis elegans encodes
284 nuclear receptors, 82 P450s, and a single POR (EMB-8) (3—
5), suggestive of a large repertoire of nuclear hormone receptor
signaling. Among the 284 nuclear receptors, only one, DAF-12,
has so far been linked to endogenous hormone ligands, the bile
acid-like steroids A7 and Al,7-dafachronic acids (DAs) (6-8).
DAs are synthesized by a P450 DAF-9 (ie., CYP-22A1) with
help from EMB-8/POR in addition to a Rieske-like oxygenase
DAF-36 and a 3-hydroxysteroid dehydrogenase DHS-16 (9-11).
When DAs are absent, DAF-12 recruits a transcriptional cor-
egulator, DIN-1, to regulate genes that promote the formation of
dauer, an alternative life form resistant to harsh environments.
In contrast, DA-bound DAF-12 regulates the transcription of a
different set of genes to promote reproductive growth and ac-
celerate aging (12, 13). Thus, DAF-9-DAs-DAF-12-DIN-1 rep-
resents the only delineated P450-hormone-nuclear receptor
pathway with clear physiological functions in C. elegans. This
pathway is similar to the synthesis of bile acids that serve as li-
gands for farnesoid X receptor (FXR) in mammals (14).
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Upon binding to DAs, DAF-12 also activates genes involved in
fatty acid oxidation for energy production (15). However, it is not
understood how DAF-12 signaling and metabolic flux converge
on the subcellular fat-storing structures to regulate fat deposition
and mobilization. In eukaryotes, fat is stored in a class of newly
defined cell organelles called lipid droplets (LDs), whose mor-
phological and metabolic status plays active roles in fat metab-
olism (16). Previously, we identified that the subcellular fat-
storing structures of C. elegans are LDs (17, 18). By applying
reliable and effective LD labeling methods to a systematic and
saturated forward genetic screen, we isolated four classes of drop
(lipid droplet abnormal) mutants that form supersized LDs in
intestine cells (19). Here, we cloned two class III mutants, drop-1
and drop-8, and their suppressor mutant drop-31. We show that
the three genes constitute a P450-nuclear receptor pathway.

Results
CYP-37A1 and EMB-8 Negatively Regulate Thermosensitive Supersized
LD Formation. When fed ad libitum, wild-type (WT) C. elegans
produces triacylglycerol (TAG)-storing LDs with an upper size
limit of 3 pm in diameter (17, 18). We previously isolated two class
IIT supersized LD mutants, drop-1 and drop-8 (19), which upon a
shift from 15/20 °C to 30 °C, quickly form supersized LDs > 3 pm.
We have now cloned drop-1 and drop-8 as cyp-37A1 and emb-8,
respectively (Fig. S1 4 and B). CYP-37A1 is orthologous to human
CYP4V2; as mentioned above, EMB-8 is orthologous to POR.
The 38 alleles of cyp-3741 that we isolated include deletion,
splicing, nonsense, and missense mutations (Fig. S1 4 and C).
Together with a 1,234-bp deletion allele, 0k673, all alleles display
a fully penetrant and strict temperature-sensitive supersized LD
phenotype as revealed by postfix Oil Red O staining (Fig. 1 A-
D), indicating null mutations. Only one emb-§ allele, ssd89
(G22D), was previously isolated (19). ssd89(G22D) displays a
fully penetrant supersized LD phenotype (Fig. 1 E and F). We
have now used a noncomplementation screen strategy to isolate

Significance

Human and animals store fat in the form of multiple small in-
tracellular structures, called lipid droplets, in brown adipocytes,
and in a single large lipid droplet in white adipocytes. When
environmental temperature decreases, white adipocytes can
convert into brown adipocytes, in which fat is more accessible
for burning and thermogenesis, and vice versa. The mechanism
underlying the interconversion between multiple and single
lipid droplets is not clear. Here, we report that a nuclear hor-
mone signaling pathway regulates similar conversions in the
nematode Caenorhabditis elegans, and that components of
this pathway have counterparts in humans.
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Fig. 1. Mutations of CYP-37A1 and EMB-8 cause supersized LD formation.

(A and B) WT animals grown continuously at 20 °C to mid-L4 stage, or shifted
from 20 °C to 30 °C for 4 h before reaching the mid-L4 stage, have no su-
persized LDs (>3 pm in diameter). Images are of postfix Oil Red O staining.
(C and D) When shifted to 30 °C for 4 h, cyp-37A1(ssd9) forms supersized LDs
(arrows) and reduces the number of LDs smaller than 3 pm; (E and F) as in C
and D, so does emb-8(ssd89). (G) cyp-37A1 (ssdEx20) is specifically expressed
in intestine cells (arrow). (Inset) Bright field. (H) CYP-37A1::GFP protein (ssdSi6)
colocalizes with EMB-8::mCherry (ssdSi5). (I) emb-8 (ssdEx11) is expressed in
intestine (arrow), pharynx (red arrowhead), and neurons surrounding the first
pharyngeal bulb (white arrowhead). (J) EMB-8:mCherry (ssdSi5) colocalizes
with an ER marker GFP::SP12 (hjis14). (K) Intestinal expression of CYP-37A1::GFP
(ssdEx18) completely rescues cyp-37A1(ok673). (L) Intestinal expression of
EMB-8::mCherry (ssdSi5) completely rescues emb-8(ssd89). For (G) and (/), GFP
and bright field images are montages of two images (dashed lines indicate
boundaries) covering the anterior and posterior parts of the same animal
sample. For each Oil Red O experiment, more than 50 mid-L4-stage animals
were stained and examined and at least 20 were imaged. Images are of the
anterior half of the animal with head to the left. The same applies to other
Oil Red O experiments, if not otherwise indicated.

three additional alleles with a similar supersized LD phenotype
(Fig. S1B). We constructed two transgenic lines, ssdEx20 and
ssdEx21, in which a 1,259-bp cyp-374A1 promoter drives GFP
reporter expression. The result shows that cyp-37A41 is specifically
expressed in intestine cells (Fig. 1G). In another experiment, we
constructed two transgenic lines, ssdEx!7 and ssdEx18, in which a
CYP-37A1::GFP fusion protein is driven by an intestine-specific
promoter vha-6p. Both ssdEx17 and ssdEx18 rescued the super-
sized LD phenotype of cyp-3741(0k673) (Fig. 1K). To investigate
the subcellular localization of CYP-37A1 protein, we created a
single-copy transgenic line ssdSi6 to express CYP-37A1::GFP
driven by vha-6p using the MosSCI technology (20). The result
shows that CYP-37A1::GFP localizes in a pattern characteristic
of the endoplasmic reticulum (ER) (Fig. 1H). With similar experi-
ments, we found that: emb-8 is expressed in the intestine, pharynx,
and neurons surrounding the first pharyngeal bulb (Fig. 1]); trans-
genic EMB-8::mCherry protein colocalizes with CYP-37A1::GFP
and an ER marker GFP::SP12; and EMB-8::mCherry rescues
emb-8(ssd89) when expressed in the intestine (Fig. 1 H, J, and L).
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CYP-37A1 and EMB-8 Mutations Derepress a Nonasymmetric and
Thermosensitive LD Fusion Process. To test the mechanism of su-
persized LD formation, we time-lapse—imaged GFP::DGAT-2-
labeled LDs in live cyp-37A41(ssd2) animals shifted to 30 °C. In
21 time-lapse movies, 57 LD fusion events but no single LD
growth event was found. Similar to what was reported before
(19), all fusion events happened in a time window shorter than
30 s and displayed no asymmetric partnership (Movie S1 and S2).
The sizes of the two fusing LDs displayed no asymmetry either
along the mediolateral or along the anteroposterior polarity axis
of intestine cells (Fig. 2.4-D). To test whether the supersized LD
phenotype of the mutants can be attributed to increased LD
growth, we used lipid extraction and quantitative lipid analytical
chemistry to measure the TAG levels. As shown by the results, at
20 °C, cyp-37A1(ssd9), emb-8(ssd89), and WT animals stored
similar amounts of TAG. After being shifted to 30 °C for 4 h,
emb-8(ssd89) had no increase in TAG, while cyp-3741(ssd9) and
WT had a modest decrease (Fig. 2E). Furthermore, fasting ex-
periments showed that small and supersized LDs formed before
and after temperature shift in the mutants are liable to hydro-
lysis, with no obvious difference to LDs in WT (Fig. S2), ruling
out the possibility that the supersized LDs are a result of de-
creased LD hydrolysis.

We used genetic analyses to test whether the supersized LD
phenotype is dependent on TAG synthesis, lipogenesis, or other
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Fig. 2. Mutation of cyp-37A71 derepresses a nonasymmetric and thermo-
sensitive LD fusion process. (A-D) The two fusing LDs are designated as
medial (M) vs. lateral (L), or anterior (A) vs. posterior (P). The absolute di-
ameters of the two LDs (A and C) and relative diameters normalized to the
mean (B and D) are plotted as connecting lines. No significant size asym-
metry is found between the two LDs. Paired two-sample t test. n = 57.
(E) There is no significant difference of TAG level between WT and cyp-37A1
(ssd9)/emb-8(ssd89), between before and after fusion for WT and emb-8
(ssd89). There is a small but significant decrease after fusion for cyp-37A1
(ssd9). Data are mean + SEM. n = 3 for WT and cyp-37A1(ssd9); n = 7 for
emb-8(ssd89). **P < 0.01. Unpaired two-sample t test. (F and G) The volume
of supersized LDs formed in the second intestine in cyp-37A71(ssd2); glo-4
(0k623) is used to quantitate the fusion rate upon different temperature
treatment or with different treatment time. Fusion starts at 25 °C, peaks at
30 °C, and declines beyond 30 °C (F). Fusion in cyp-37A1(ssd2); glo-4(ok623)
increases over time and plateaus at 4 h, displaying a first-order kinetics (G).
Data are mean + SEM. n > 10.
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factors. As shown by postfix Oil Red O experiments on double
mutants, the formation of supersized LDs of cyp-37A41(ssd9) and
emb-8(ssd89) is not dependent on the LD growth-mediating
ACS-22-DGAT-2 enzyme complex (17, 21), the lipogenic tran-
scription factor SBP-1 (22), or the ER GTPase ATLN-1 (23)
(Fig. S3 A-H). We also measured the phospholipid compositions
of WT and mutants. The results showed that, compared with
WT, cyp-37A41(ssd9) and emb-8(ssd89) do not show any obvious
alteration in the relative amount of phosphatidylcholine or other
phospholipids (Fig. S4).

The null nature of cyp-3741 alleles indicates that LD fusion is
not a result of thermosensitive loss of CYP-37A1 enzyme func-
tion, but rather an up-regulation of a thermosensitive process.
We used the LD marker GFP::DGAT-2, vital BODIPY staining,
and vital BODIPY staining combined with a lysosome-related
organelle-negative glo-4(0ok623) mutant background to label LDs
in WT and mutants (18, 19). We confocal-imaged these animals
in three dimensions and quantified the volume of supersized LDs
as an index of fusion process. The different labeling methods
yielded the same result. In WT, no supersized LDs (diameters >
3 pm) formed. In both cyp-3741(ssd2) and cyp-37A1(ssd9) mu-
tants, supersized LDs formed; the total volume of all supersized
LDs formed in the two cells of the second intestine segment
reaches ~300 pm? (Fig. S5). This volume can be approximated as
10 fusion events of LDs 3 pm in diameter in each cell, certainly an
underestimation since small LDs (diameters < 3 um) also fuse (Fig.
24). We then used confocal imaging to quantify temperature
dependence and reaction time course of the fusion process. As
shown by the LD volume data, the fusion is temperature-dependent;
it is first evident at 25 °C, peaks at 30 °C, and decreases beyond
30 °C (Fig. 2F). The fusion process also exhibits first order ki-
netics: the number of fusion events increases over time and pla-
teaus at 4 h (Fig. 2G), when most small LDs are consumed (Fig.
1 D and F and Fig. S5 D-F).

All of these results demonstrate that cyp-3741 and emb-8
mutants form supersized LDs not through LD growth or lipo-
genesis but through a direct, thermosensitive, fast, and non-
asymmetrical fusion process. The function of WT CYP-37A1 and
EMB-S8 is to repress this thermosensitive LD fusion process.

CYP-37A1 Is a Functional Ortholog of Human CYP4V2 and Represses
Thermosensitive LD Fusion Without Affecting the Bulk Fatty Acid
Composition. The LD fusion repression function must lie in the
specificity of CYP-37Al1, which should function at the same
biochemical and genetic level as EMB-8, the general electron
donor for all microsomal P450s. Consistent with this notion, the
double-mutant cyp-3741(ssd9); emb-8(ssd89) has a similar phe-
notype to each single mutant (Fig. S37). At the protein sequence
level, C. elegans CYP-37A1 is orthologus to human CYP4V2 and
most of the missense mutations of CYP-37A1 are after amino
acid residues that are conserved in CYP4V2 (Fig. S1C). We
synthesized a synonymous CYP4V2 cDNA optimized for C. elegans
codon use (24), and made two transgenic lines, ssdEx51 and
ssdEx52, that express CYP4V2:GFP protein in intestine (Fig.
S64). In both lines, human CYP4V2 rescues the LD fusion phe-
notype of cyp-3741(ssd9) (Fig. S6 B and C). Thus, CYP-37A1 and
CYP4V2 are functional orthologs.

CYP4V2 mutation is a risk factor for human Biette crystalline
corneoretinal dystrophy (BCD), a chronic, severe eye disease
that is marked by the pathological formation of glistening lipid
inclusions with an unknown etiology in retinal pigment epithe-
lium cells (RPEs) (25, 26). CYP4V2 w-hydroxylates fatty acids
in vitro and in a heterologous cell system and is thought to de-
grade bulk fatty acids in RPEs (27-30). Thus, to test the possi-
bility that CYP-37A1 mutants affect the fatty acid composition in
C. elegans, we used lipid analytical chemistry to quantitate fatty
acid compositions of WT and the LD fusion mutants cyp-37A41
(ssd9) and emb-8(ssd89). WT and cyp-37A1(ssd9) grown in
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parallel under the same food condition were not obviously dif-
ferent in TAG fatty acid composition, before or after LD fusion
(Table S1). Changing the growth time of the OP50 Escherichia
coli food on nematode growth medium (NGM) affects the fatty
acid compositions of OP50, and then of C. elegans. This change
does not affect the LD fusion phenotype of cyp-3741(ssd9) and
emb-8(ssd89). On such a different batch of food, WT and emb-8
(ssd89) grown in parallel were both different to WT grown on the
other batch of food in TAG fatty acid composition; but WT and
emb-8(ssd89) were not different from each other (Table S1).
Finally, when grown under the same food condition in parallel,
WT, cyp-37A41(ssd9), and emb-8(ssd89) showed no consistent
difference in total fatty acid composition (Table S1). Thus, we
conclude that the role of CYP-37A1 and EMB-8 is not for the
degradation of bulk fatty acids.

CYP-37A1 and EMB-8 Synthesize a Lipophilic Hormone to Repress DAF-
12-Mediated LD Fusion. It is possible that CYP-37A1, together
with EMB-8, modifies fatty acids or other lipid molecules to
generate trace amount of bioactive metabolites that exert a sig-
naling role. To investigate this possibility, we conducted cyp-
37A1(ssd9) suppressor screens. We identified a suppressor group
drop-31 with two alleles. Molecular cloning showed that drop-31
is mutated in the nuclear receptor gene daf-12 (Materials and
Methods). daf-12(ssd155) and daf-12(ssd240) are nonsense mu-
tations that abolish both the ligand binding domain and the
transactivation domain (6), and thus are likely to be null mu-
tants. daf-12(ssd155), daf-12(ssd240), and a known nonsense null
mutation daf-12(m583), completely suppress LD fusion in cyp-
37A1(ssd9) and emb-8(ssd89) (Fig. 3 A-D and Table 1). This
result suggests that DAF-12 mediates the LD fusion activity that
is derepressed in cyp-37A41(ssd9) and emb-8(ssd89), and that WT
CYP-37A1 synthesizes a lipophilic hormones to repress DAF-12.
To test this idea, we prepared a total lipid extract equivalent to
6 mg total protein (defined as 1X) from WT animals and found
that applying the 1X lipid extract to intact cyp-3741(ssd9) ani-
mals suppressed the LD fusion phenotype by 50.8%. In contrast,
the 1X lipid extract from cyp-3741(ssd9) suppressed cyp-3741
(ssd9) by only 5.3%. Delipidated extracts showed no activity in
this assay (Fig. 3 E and F and Table 1).

DAF-12 mediates the decision between reproductive devel-
opment and dauer diapause; reproductive development is pro-
moted by the presence of hormone ligands, known as DAs,
whereas dauer formation is promoted by the absence of DAs (7,
8). Is DA the putative hormone synthesized by CYP-37A1? To
address this question, we supplemented populations of cyp-37A41
(ssd9) mutants with the classic DAF-12 ligand A7-DA (at con-
centrations of 0.02, 0.2, 2 uM) to test its effect on LD fusion. The
results showed that A7-DA does not suppress LD fusion in cyp-
37A1(ssd9) at the L3 stage but partially suppresses it at the
L4 stage. However, the partial suppression at L4 is associated
with a depletion of LDs rather than a block of LD fusion (Fig. 3
G and H). Moreover, the effect is nonlinear with A7-DA con-
centration (Table 1 and Fig. S7).

One explanation for these observations is that DAF-12 is
acted upon by two functionally distinct ligand types: (i) the
previously described DAs that inhibit dauer formation and pro-
mote lipolysis (15); and (if) a novel hormone ligand that inhibits
thermosensitive LD fusion. Consistent with this reasoning, the
DA-defective mutants, daf-9(e1406), daf-36(k114), and the DA
binding-defective mutant, daf-12(rh274), already form supersized
LDs at 20 °C. However, in these three mutants, the formation of
supersized LDs at 20 °C is not coincident with a decrease of
small LDs (i.e., it is characteristic of LD growth instead of LD
fusion). Moreover, supersized LDs or small LDs do not fuse
when the three mutants are shifted to 30 °C (Fig. S8 A-F). Fi-
nally, the LD growth/lipogensis phenotype of daf-9(e1406) and
daf-36(k114) is largely suppressed by the supplementation of
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Fig. 3. DAF-12 mediates LD fusion in cyp-37A1 and emb-8 mutants. (A) The
two drop-31 alleles, ssd155 and ssd240, are nonsense mutants of daf-12.
m583 and rh274, two other daf-12 mutants, are null and gain-of-function
(dauer-constitutive), respectively. (B-D) Null mutations of daf-12 completely
suppress LD fusion of cyp-37A1(ssd9) and emb-8(ssd89). (E and F) A total
lipid extract (LE) of WT but not of cyp-37A7(ssd9) suppresses LD fusion in
cyp-37A1(ssd9) animals. (G) A supplementation of 0.2 pM A7-DA does not
suppress LD fusion but occasionally decreases the amount of LDs in cyp-37A1
(ssd9) (H). (/) din-1(dh127) does not suppress cyp-37A1(ssd9). (J and K) din-1
(dh149) completely suppresses the supersized LD phenotype of daf-9(e1406)
and daf-36(k114).

0.2 uM A7-DA and is completely suppressed by 2 uM A7-DA
(Table 1 and Fig. S8 G-J). Thus, the role of DA in LD regulation
differs from that of the postulated hormone synthesized by
CYP-37A1.

In the DA-defective mutants daf-9(e1406) and daf-36(k114),
the prodauer function of DAF-12 requires the transcription co-
factor DIN-1 (12). If DA synthesized by DAF-9/DAF-36 and the
hormone synthesized by CYP-37A1 differentially regulate LD
growth/lipogenesis and LD fusion, daf-9/daf-36 and cyp-37A1
mutants may differ in their DIN-1 dependence. Our results
showed that this indeed is the case: when DIN-1 is dysfunctional,
daf-9(e1406), daf-36(k114), and daf-12(rh274) do not form su-
persized LDs at 20 °C or when shifted to 30 °C (Fig. 3 J and K,
Table 1, and Fig. S9 A-D); in contrast, when DIN-1 is dys-
functional, cyp-3741(ssd9) still forms supersized LDs via ther-
mosensitive fusion with a nearly full penetrance (Fig. 3/ and
Table 1).

To further test the differential roles of the hormone synthe-
sized by CYP-37A1 and of DA, we compared double-mutant din-
1(dh127) cyp-37A1(ssd9) (DA-present) and triple mutants din-1
(dh127) cyp-37A1(ssd9); daf-9(e1406) and din-1(dh149) cyp-37A1
(ssd9); daf-36(k114) (DA-deficient). The results showed that,
with or without DAF-36, LD fusion in din-1(dh127) cyp-37A1
(ssd9) is normal. With the presence of DAF-9, LD fusion in din-1
(dh127) cyp-37A1(ssd9) is normal; without DAF-9, LD fusion in
din-1(dh127) cyp-37A1(ssd9) is not enhanced but is partially
impaired, indicating an unexpected cross-talk between CYP-
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37A1 and DAF-9 at the level of DAF-12 (Fig. 3/, Table 1, and
Fig. S9 E-H).

cyp-37A1 Mutant Tolerates Heat Stress in a DAF-12-Dependent
Manner. The thermosensitive LD fusion regulated by CYP-
37A1 and DAF-12 may be linked to heat adaptation for C. ele-
gans in its natural habitat. To test this hypothesis, we measured
the survival rates of WT and cyp-37A41(ssd9) 1-d-adult animals
upon exposure to 34 °C. The results showed that both WT and
cyp-37A1(ssd9) start to die by 2-h exposure and that no animal
survived an 8-h exposure (Fig. 44). However, at the 4-h time
point, the survival rate of cyp-3741(ssd9) was much higher than
WT. The increased survival of cyp-3741(ssd9) is partially de-
pendent on DAF-12 (Fig. 4B). We also measured the lifespans of
WT and cyp-37A1(ssd9). At 20 °C, the mean lifespan of cyp-37A41
(ssd9) is slightly longer (~2 d longer) than that of WT. The ex-
tended lifespan of cyp-37A41(ssd9) is dependent on DAF-12 (Fig.
4C). At 25 °C, lifespans of both WT and cyp-3741(ssd9) are
shortened. However, the mean lifespan of cyp-3741(ssd9) is
much longer (~5 d longer) than that of WT. The extended
lifespan is completely dependent on DAF-12 (Fig. 4D). These
results demonstrate that cyp-3741 mutants have a better toler-
ance of acute heat stress and ambient heat stress in a DAF-12—
dependent manner.

Table 1. Epistasis analysis of the supersized LD phenotype
Genotype and treatment % SLD* n
cyp-37A1(ssd9) 100 109
cyp-37A1(ssd2) 100 100
cyp-37A1(0k673) 100 97
emb-8(ssd89) 98.8 83
cyp-37A1(ssd9); daf-12(ssd155) 0 62
cyp-37A1(ssd9); daf-12(m583) 1.0 97
emb-8(ssd89); daf-12(m583) 0 102
cyp-37A1(ssd9) + WT LE(1X) 49.2 61
cyp-37A1(ssd9) + WT LE(1X)-Del 100 73
cyp-37A1(ssd9) + cyp-37A1(ssd9) LE(1X) 94.7 95
cyp-37A1(ssd9) + cyp-37A1(ssd9) LE(1X)-Del 100 69
cyp-37A1(ssd9)+ DA%7(0.02 pM) 79.3 58
cyp-37A1(ssd9)+ DA7(0.2 uM) 87.7 57
cyp-37A1(ssd9)+ DA (2 uM) 55.9 102
cyp-37A1(ssd9)+ DA*7(0.02 pM)* 98.4 63
cyp-37A1(ssd9)+ DA7(0.2 uM)* 95.5 66
cyp-37A1(ssd9)+ DA (2 uM)* 90.2 61
daf-9(e1406)" 87 54
daf-9(e1406)+ DA*7(0.2 uM)" 34 58
daf-9(e1406)+ DAY (2 pM)* 0 58
daf-36(k114)" 21.4 56
daf-36(k114) + DA%7(0.2 uM)* 14 57
daf-36(k114) + DA*’(2 uM)* 0 56
daf-12(rh274) 100 54
din-1(dh149); daf-12(rh274) 0 81
din-1(dh149); daf-9(e1406) 0 81
din-1(dh149); daf-36(k114) 0 87
din-1(dh127) cyp-37A1(ssd9) 94.2 104
din-1(dh127) cyp-37A1(ssd9); daf-9(e1406) 11.1 45
din-1(dh149) cyp-37A1(ssd9); daf-36(k114) 98.5 66

All data are of L4 stage animals shifted to 30 °C for 4 h unless otherwise
indicated. % SLD*, percentage of animals with supersized LDs. LE(1X), total
lipid extract equivalent to 6 mg total protein. LE-Del, total lipid extract
delipidated.

*Scored at L3 stage.
*Scored at 20 °C.
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Fig. 4. Thermotolerance and lifespan. (4) WT and cyp-37A7(ssd9) 1-d adult
animals started to die upon 2-h treatment of 34 °C. All animals died upon 8-h
treatment. (B) Under a 34 °C/4-h treatment, the survival rate of cyp-37A71
(ssd9) is higher than that of WT. The better survival of cyp-37A1(ssd9) is par-
tially impaired by daf-12(m583) mutation. Data are mean + SEM of six repli-
cates. ***P < 0.001, *P < 0.05, unpaired two-sample t test. (C) At 20 °C, the
lifespan of cyp-37A1(ssd9) is slightly increased compared with that of WT. The
lifespan increase of cyp-37A7(ssd9) is abolished by daf-12(ssd7155) mutation.
(D) At 25 °C, the lifespan of cyp-37A1(ssd9) is much increased than that of WT.
The lifespan increase of cyp-37A1(ssd9) is abolished by daf-12(ssd155) muta-
tion. Lifespan results are typical of two independent experiments.

Discussion

In summary, we have identified a hormone synthesis and nuclear
receptor pathway consisting of CYP-37A1, EMB-8, and DAF-
12 that regulates environment temperature-dependent LD fu-
sion in the nematode C. elegans. This pathway shares compo-
nents with the DAF-9-DAs-DAF-12 pathway (6, 7, 12), but
differs from that pathway in three respects: (i) the DAF-12 hor-
mone ligand synthesized by CYP-37Al is not DA; (ii) DAF-
12 does not require DIN-1 to exert its LD fusion-promoting
function; and (iii) the DAF-9-DAs-DAF-12 pathway regulates
LD growth/lipogensis rather than LD fusion. These functional
differences also correlate with the facts that CYP-37Al is
expressed and functions in intestine while the DA-synthesis en-
zymes DAF-9 and DAF-36 are mainly in hypodermis (9, 10).

To our knowledge, the CYP-37A1-hormone-DAF-12 path-
way described here constitutes a second C. elegans nuclear re-
ceptor pathway for which both the hormone synthesis enzyme
and cognate nuclear receptor are identified, and for which evi-
dence of an endogenous hormone ligand is provided. Our results
also suggest that this hormonal pathway may interact with the
DA pathway at the DAF-12 level. It is possible but unlikely that
CYP-37A1-EMB-8 and DAF-12 act in parallel and the metab-
olite synthesized by CYP-37A1-EMB-8 is not a hormone ligand
for DAF-12. This alternative scenario still predicts a novel non-
DA hormone DAF-12.

Among nuclear receptors, DAF-12 is evolutionarily basal (31).
DAF-12 may have adapted to sense multiple hormone ligands
and carry out pleiotropic physiological functions before the
proliferation of nuclear receptors during evolution. This kind of
adaptation may allow the poikilothermic C. elegans to survive
diverse environmental stresses (e.g., temperature stress). Thus, it
is interesting that dysfunction of the CYP-37A1-hormone-DAF-
12 pathway results in not only thermosensitive LD fusion but also
a better tolerance of a high temperature of 34 °C, a longer
lifespan at a moderately high temperature of 25 °C, and a re-
duced reproduction rate (19). It suggests that C. elegans in the
wild may use this pathway to balance individual survival and
reproduction (population survival) according to environment
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temperature. Similar environment temperature-regulated adaptation
responses include the DAF-9-DAs-DAF-12 pathway-regulated
dauer formation and the PARQ-2 (adiponectin receptor)-
regulated fatty acid unsaturation (6-13, 32, 33).

Perhaps what is more interesting is that the thermosensitive
LD fusion process regulated by the CYP-37A1-hormone-DAF-12
pathway is analogous to the temperature-dependent interconversion
of beige/brown adipocytes (with multilocular LDs and active lipol-
ysis) and white adipocytes (with unilocular LD and reduced lipoly-
sis) in mammals (34). In other eukaryotic systems, multilocular LDs
convert to unilocular LD through direct fusion (typical fusion),
which has been regarded as a purely biophysical coalescence process
affected by LD surface phospholipid composition (35-37). Another
mode of multilocular-to-unilocular conversion is the asymmetrical
transfer of TAG from one LD to another (atypical fusion) through
the pore formed by the Cidec protein complex (38, 39). Neither of
these processes is known to be temperature-dependent.

In contrast, the LD fusion process uncovered by the cyp-3741/
emb-8 mutants differs in several respects to typical fusion and
atypical fusion. First, it is dependent on environment tempera-
ture. Second, it has an optimal reaction temperature with a first-
order kinetics typical of an enzymatic reaction, which is not
predicted by a pure biophysical coalescence model (typical fu-
sion). Third, it is not accompanied by an increase in TAG levels,
although we cannot exclude the possibility of complementary
changes in TAG synthesis and TAG hydrolysis in cyp-3741/emb-8,
that maintain TAG levels constant. In contrast, both typical
fusion and atypical fusion were found to be accompanied by an
increase of TAG levels (37, 40, 41). Fourth, it is not accompa-
nied by detectable changes in phospholipids. Fifth, the C. elegans
genome does not encode an apparent Cidea/Cidec homolog.
These differences indicate that the thermosensitive LD fusion in
C. elegans may involve a novel mechanism. However, it remains
possible that the thermosensitive LD fusion shares some com-
mon mechanistic aspects with typical LD fusion, as both modes
of fusion are fast and not asymmetric. For example, it could be
that at 20 °C, cyp-37A1/emb-8 has already changed the LD
membrane phospholipid or fatty acid composition so as to alter
membrane fluidity, but that the higher temperature is required to
facilitate fusion. We have not been able to obtain evidence to
support this hypothesis, which was shown to be the basis of typical
LD fusion (35, 37).

Given the conservation of the CYP-37Al-hormone-DAF-12
pathway components between nematode and human, it is
tempting to make predictions for human physiology and patho-
physiology. First, the in vivo function of CYP4V2, the human
ortholog of CYP-37A1, may be for the synthesis of a hormone that
acts on a nuclear receptor (VDR, LXR, or FXR), dysfunction of
which results in LD fusion and supersized LD/“lipid inclusion”
formation in RPEs. Second, potential BCD risk factors include
eye temperature, nuclear receptor mutations not yet identified,
and POR polymorphisms already identified in “normal” human
subjects (42). Finally, because CYP4V2 is broadly expressed in
many human organs (26), the DAF-12-equivalent nuclear receptor
may also be expressed and function in these organs to negatively
regulate LD fusion. Dysfunction of this regulatory pathway may be
associated with as yet unidentified diseases.

Materials and Methods

C. elegans Strains and Culture Conditions. The WT C. elegans was N2 Bristol.
All strains were grown on OP50 E. coli-seeded NGM plates. The growth
temperature was 20 °C if not otherwise indicated. Mid- to late-L4-stage
animals were used for phenotype characterization. For temperature-shift
experiments, animals were grown continuously at 15 °C or 20 °C and were
then shifted to 30 °C for 4 h to reach the mid-L4 stage. Mid-L4-stage animals
were picked out and assayed for LD phenotype. Strains used in this study can
be found in SI Materials and Methods.
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Molecular Cloning of drop-1 and drop-8. drop-1(ssd2) and drop-8(ssd89)
were previously mapped onto an LG Il 21.39 ~22.38 map unit and LG
11 =2.21 ~ —0.75 map unit, respectively (19). Genomic DNAs of the two
strains were subjected to whole-genome resequencing and single nucleotide
variance (SNV) and insertion/deletion (Indel) analysis. drop-7 and drop-8 were
found to be cyp-37A7 and emb-8 mutations, respectively (SI Materials
and Methods).

Noncomplementation Screen of emb-8 Alleles. N2 males were mutagenized
with ethylmethanesulfonate (EMS) and were used to mate unc-32(e189)
emb-8(ssd89) hermaphrodites. Non-Unc F1 progeny with supersized LD
phenotype were isolated. The emb-8 locus of candidate isolates was PCR
amplified and Sanger-sequenced for mutation (S/ Materials and Methods).

cyp-37A1 Suppressor Screen and Molecular Cloning of drop-31. cyp-37A1(ssd9)
and cyp-37A1(ok673) were mutagenized with EMS. F2 progeny were
screened for the absence of the supersized LD phenotype. A total of
35 mutants were obtained and were tested for complementation. Two iso-
lates, ssd7155 and ssd240, were found to belong to the same group drop-31.
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drop-31(ssd155) was subjected to SNP-based mapping and whole-genome
resequencing, and was found to be a daf-12 mutation. See S/ Materials and
Methods for more details.

Additional methods can be found in S/ Materials and Methods.
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