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Seipin regulates lipid homeostasis by ensuring
calcium-dependent mitochondrial metabolism
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Abstract

Seipin, the gene that causes Berardinelli-Seip congenital lipodys-
trophy type 2 (BSCL2), is important for adipocyte differentiation
and lipid homeostasis. Previous studies in Drosophila revealed that
Seipin promotes ER calcium homeostasis through the Ca®*-ATPase
SERCA, but little is known about the events downstream of
perturbed ER calcium homeostasis that lead to decreased lipid
storage in Drosophila dSeipin mutants. Here, we show that glyco-
lytic metabolites accumulate and the downstream mitochondrial
TCA cycle is impaired in dSeipin mutants. The impaired TCA cycle
further leads to a decreased level of citrate, a critical component
of lipogenesis. Mechanistically, Seipin/SERCA-mediated ER calcium
homeostasis is important for maintaining mitochondrial calcium
homeostasis. Reduced mitochondrial calcium in dSeipin mutants
affects the TCA cycle and mitochondrial function. The lipid storage
defects in dSeipin mutant fat cells can be rescued by replenishing
mitochondrial calcium or by restoring the level of citrate through
genetic manipulations or supplementation with exogenous
metabolites. Together, our results reveal that Seipin promotes
adipose tissue lipid storage via calcium-dependent mitochondrial
metabolism.

Keywords calcium; lipid storage; metabolism; mitochondrion; Seipin
Subject Categories Membrane & Intracellular Transport; Metabolism

DOI 10.15252/embj.201797572 | Received 14 June 2018 | Revised 5 July 2018 |
Accepted 9 July 2018 | Published online 26 July 2018

The EMBO Journal (2018) 37: e97572

Introduction

Impaired lipid metabolism is associated with an imbalance in energy
homeostasis and many other disorders. Excessive lipid storage
results in obesity, while a lack of adipose tissue leads to lipodystro-
phy. Clinical investigations reveal that obesity and lipodystrophy
share some common secondary effects, especially non-alcoholic
fatty liver disease and severe insulin resistance (Chehab, 2008).
Berardinelli-Seip congenital lipodystrophy type 2 (BSCL2/CGL2) is

one of the most severe lipodystrophy diseases (Magre et al, 2001).
Patients with BSCL2 manifest almost total loss of adipose tissue as
well as fatty liver, insulin resistance, and myohypertrophy
(Cartwright & Goodman, 2012). BSCL2 results from mutation of
the Seipin gene, which is highly conserved from yeast to human
(Fei et al, 2008).

To study the function of Seipin, genetic models were estab-
lished in different organisms, including yeast, fly, and mouse, and
in human cells (Szymanski et al, 2007; Cui et al, 2011; Fei et al,
2011b; Tian et al, 2011). As a transmembrane protein residing in
the endoplasmic reticulum (ER) and in the vicinity of lipid droplet
(LD) budding sites, Seipin has been shown to be involved in LD
formation (Szymanski et al, 2007; Wang et al, 2016), phospholipid
metabolism (Fei et al, 2008, 2011c), lipolysis (Zhou et al, 2015,
2016), and ER calcium homeostasis (Bi et al, 2014). As a result of
the functional studies in these models, several factors that interact
with Seipin protein were identified, such as the phosphatidic acid
phosphatase lipin, 14-3-3B, and glycerol-3-phosphate acyltrans-
ferase (GPAT; Sim et al, 2012; Yang et al, 2014; Talukder et al,
2015; Pagac et al, 2016). Drosophila Seipin (dSeipin) functions
tissue autonomously in preventing ectopic lipid accumulation in
salivary gland (a non-adipose tissue) and in promoting lipid stor-
age in fat tissue (Tian et al, 2011). The non-adipose tissue pheno-
type is likely attributed to the increased level of phosphatidic acid
(PA) generated by elevated GPAT activity (Pagac et al, 2016). We
also found that in adipose tissue, Seipin interacts with the ER
Ca’*-ATPase SERCA, whose activity is reduced in dSeipin
mutants, leading to reduced ER calcium levels. Further genetic
analysis suggested that the perturbed level of intracellular calcium
contributes to the lipodystrophy (Bi et al, 2014). However, it is not
known how the depleted ER calcium pool causes decreased lipid
storage.

Besides the ER, mitochondria are another important intracellular
calcium reservoir. Mitochondrial calcium is mainly derived from the
ER through the IP3R channel (Hayashi & Su, 2007). IP3R not only
releases calcium from the ER into the cytosol, but also provides suf-
ficient Ca®* at mitochondrion-associated ER membranes (MAMs)
for activation of the mitochondrial calcium uniporter (MCU; De
Stefani et al, 2016). The mitochondrial Ca®* level varies greatly in
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different cell types and can be modulated by influx and efflux chan-
nel proteins, such as MCU and NCLX, a mitochondrial Na*/Ca*"
exchanger (Palty et al, 2010). A proper mitochondrial Ca** level is
implicated in mitochondrial integrity and function (Arruda &
Hotamisligil, 2015). Mitochondrial calcium is needed to support the
activity of the mitochondrial matrix dehydrogenases in the TCA
cycle (Rizzuto et al, 2012). TCA cycle intermediates are used for the
synthesis of important compounds, including glucose, amino acids,
and fatty acids. Acetyl-CoA, as the basic building block of fatty
acids, is generally derived from glycolysis, the TCA cycle, and fatty
acid B-oxidation. In mammalian adipocytes, acetyl-CoA derived
from the TCA cycle intermediate citrate is crucial for de novo lipid
biosynthesis, which contributes significantly to lipid storage
(Kurokawa et al, 2010; Harris et al, 2011).

In this study, we used multiple comparative omics to analyze the
proteomic, transcriptomic, and metabolic differences between larval
fat cells of dSeipin mutants and wild type. Our results reveal an
impairment in channeling glycolytic metabolites to mitochondrial
metabolism in dSeipin mutant fat cells, and scarcity of mitochon-
drial Ca®™, are the causative factors of this metabolic dysregulation.
We also provide evidence showing that dSeipin lipodystrophy is
rescued by restoring mitochondrial calcium or replenishing citrate.
We propose that the low ER Ca®* level in dSeipin mutants cannot
maintain a sufficiently high mitochondrial Ca** concentration to
support the TCA reactions. This in turn leads to reduced lipogenesis
in dSeipin mutants.

Results

The levels of glycolytic pathway enzymes are decreased in
dSeipin mutant fat cells

In order to characterize the events downstream of Seipin/SERCA
and calcium signal-mediated lipid homeostasis, we performed
comparative proteome analysis on dSeipin mutant and wild-type
fat body samples (Bi et al, 2014). We plotted the proteins
according to logarithm-transformed ratios of different samples
and P-value (Fig 1A). The ratios (WT2:WT1) from two wild-type
replicates were treated as quality control. Considering the ratios
of proteins from two replicates of dSeipin mutants and wild type
(Mutant1l:WT1 and Mutant2:WT1), we focused on proteins with
a ratio lower than 107%° and a P-value < 0.01. In addition to
two previously identified fatty acid biosynthesis enzymes ATPCL
and ACC (Bi et al, 2014), we found that the levels of a set of
glycolytic enzymes, including Pgi, Gapdhl, Pgk, Pglym?78,
Enolase, and pyruvate kinase (PyK/CG7070), are reduced dramat-
ically in dSeipin mutants (Fig 1A and B). As a comparison, the
levels of most TCA cycle enzymes are not reduced (Fig 1B).
Among these downregulated glycolytic enzymes, the reduction of
PyK may be especially relevant, as PyK is a rate-limiting enzyme
which controls the final step of glycolysis by generating pyruvate
from phosphoenolpyruvate. Pyruvate is an important precursor
of acetyl-CoA, which is the basic unit for fatty acid synthesis.
Pyruvate can be transported into mitochondria by mitochondrial
pyruvate carrier (MPC; Bricker et al, 2012), and then, the
mitopyruvate can be converted to acetyl-CoA by pyruvate dehy-
drogenase (PDH; Severson et al, 1974). Acetyl-CoA cannot cross
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the mitochondrial membrane directly and needs to be converted
to citrate, which shuttles from mitochondria into the cytosol,
converted back to acetyl-CoA for lipogenesis
(Ferramosca et al, 2006). In addition, the glycerin skeleton for
lipogenesis can be derived from the glycolysis intermediate dihy-
droxyacetone phosphate. Therefore, the reduced levels of glyco-
lytic pathway enzymes in dSeipin mutants raise the possibility
that compromised glycolysis subsequently decreases lipogenesis
and causes the reduced lipid storage in dSeipin mutant fat cells.
Besides decreased lipogenesis, hyperactive lipolysis may also lead
to lipid storage reduction. Therefore, we measured the ex vivo
activity of TAG hydrolase in larval fat tissue. We found that
lipolysis activities of dSeipin mutants are not significantly dif-
ferent from the wild-type control (Appendix Fig S1), suggesting
that the decreased lipid storage of dSeipin mutant likely results
from defects in lipid synthesis rather than from hyperactive
lipolysis.

To test whether the impaired glycolysis causes lipid storage
defects in Drosophila, we performed fat body-specific knockdowns
of several key glycolytic genes, including PyK and Pglym?78.
Neutral lipid dye staining results suggest that depleting either PyK
or Pglym78 is sufficient to cause lipodystrophy in third-instar
larvae (Fig 1C and D). ERR is the best-known master transcrip-
tional regulator of the whole glycolysis pathway in Drosophila
(Tennessen et al, 2011). ERR RNAI in larval fat bodies also results
in lipodystrophy (Fig 1D). Additionally, to investigate the contribu-
tion of glycolysis to lipogenesis in mammalian cells, we also
knocked down pyruvate kinase in human HepG2 cells. There are
four pyruvate kinases, PKM1, PKM2, PKL, and PKR, in human.
Since PKM2 is the highest expressed one in HepG2 cells based on
quantitative RT-PCR (qRT-PCR; Appendix Fig S2A), we focused
on PKMZ2. To promote lipid droplet accumulation, cells were
treated with oleic acid (OA). The neutral lipid staining result
suggests that in both OA-loaded and non-OA conditions, knock-
down of PKM2 causes a reduction of lipid storage (Appendix Fig
S2B). This indicates that the contribution of glycolysis to lipid stor-
age is conserved in fruit fly and human cells. Taken together, these
results demonstrate that glycolysis is required for proper lipid stor-
age in the Drosophila larval fat body and raise the possibility that
reduced glycolytic enzyme levels might be the cause of the lipo-
dystrophy in dSeipin mutants.

where it is

Decreased lipid storage in dSeipin mutants and SERCA RNAi
animals can be restored by elevating glycolysis

Based on the above hypothesis, elevating glycolysis may rescue
the lipid storage defects in dSeipin mutants. Indeed, fat body-
specific overexpression of PyK (CG7070) significantly rescues the
lipid storage defects in both dSeipin mutants and animals express-
ing SERCA RNAi (Fig 1E and Appendix Fig S3). Triacylglycerol
(TAG) measurements also support the rescuing effect (Fig 1F).
Furthermore, ectopic expression of CG7069, which encodes another
putative pyruvate kinase that is not expressed in fat body, also
rescues the larval lipid storage defect of dSeipin mutants albeit not
to the same extent as PyK (Fig 1E and F). Overexpression of ERR,
which could be considered as elevating glycolysis activity overall,
also rescues the lipid storage defects in both dSeipin mutant and
SERCA RNAI larvae (Fig 1E and F, and Appendix Fig S3). Taken

© 2018 The Authors
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Figure 1. Glycolytic protein levels are decreased in dSeipin mutant fat bodies and characterization of the genetic interaction between the glycolytic pathway
and dSeipin.
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Volcano plots of iTRAQ proteomics analysis of third-instar larval fat bodies (top). Four glycolytic proteins are indicated in the zoomed frame (bottom). The volcano
plots show the logarithm-transformed ratios of all quantitative proteins in different samples (x-axis, WT2:WT1, red circles; Mutant1:WT1, orange-yellow; Mutant2:
WT1, yellow) versus the probability that the difference from the unity ratio (1:1) is random (P-values on the y-axis). The target-decoy method was used to estimate
the false discovery rate (FDR). The channels WT1 and WT2 are two equivalent biological replicates of the wild-type control, and the ratio of WT2:WT1 was assigned as
the decoy. The channels Mutantl and Mutant2 are two equivalent biological replicates for the dSeipin mutant, and the ratios of Mutant1:WT1 and Mutant2:WT1
were assigned as the targets.

Data mining from (A). The levels of most glycolytic proteins are dramatically decreased in dSeipin mutant fat cells, while the enzymes of the TCA cycle are not
reduced (two replicates for each phenotype).

BODIPY staining of lipid droplets in third-instar larval fat bodies of Pyk RNAi and ppl-GAL4 control. Nuclei were stained by DAPI.

Nile red staining of lipid droplets in third-instar larval fat bodies of Pglym78 RNAI, ERR RNAI, and ppl-GAL4 control. Nuclei were stained by DAPI.

Overexpressing PyK or ERR in dSeipin mutant fat bodies rescues the lipid storage phenotype. Lipid droplets were stained by BODIPY, and nuclei were stained by DAPI.
TAG levels in third-instar larval fat bodies of different genetic backgrounds, related to (E). TAG levels were normalized to protein content (n = 5, fat bodies from > 10
larvae were used for each repeat).

Data information: Scale bars represent 50 pum (C—E). Error bars represent +SEM (B and F), and statistical analyses were performed with one-way ANOVA with a post-
Tamhane’s T2 test (F).
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together, the results of these rescuing experiments suggest that stim-
ulating endogenous pyruvate production can effectively mitigate the
lipodystrophy of dSeipin mutants and SERCA RNAi animals.

Transcription of glycolytic genes is not reduced in dSeipin mutant
fat tissue

We then examined the link between Seipin/SERCA-mediated lipid
homeostasis and the protein levels of glycolytic enzymes. We
hypothesized that the reduced protein levels of multiple glycolytic
enzymes in dSeipin mutants is due to decreased gene transcription,
because the transcription of functionally related genes is often
controlled by a common transcription factor. Since ERR is well
known for its role in regulating glycolysis, we explored the potential
link between dSeipin and ERR. If Seipin/SERCA signals through
ERR-mediated transcription, we would expect a reduction in the
transcription of ERR-targeted glycolytic genes in dSeipin mutants.
Comparative transcriptome analysis was performed in larval fat
body samples of dSeipin mutants and wild type. To our surprise,
despite the dramatic reduction in protein levels, the transcript levels
of many glycolytic genes, including PyK, Pgi, Pgd, and Pglym?78, are
not reduced in dSeipin mutants compared to controls (Appendix Fig
S4A). The transcriptions of Pgi and Pgd are even slightly elevated in
dSeipin mutants (Appendix Fig S4A). These results indicate that
ERR is unlikely to be the mediator of the Seipin-glycolysis axis.

We also used Gene Set Enrichment Analysis (GSEA) to identify
significant patterns in genes that share common biological functions
or signaling pathways in the comparative transcriptome analysis
(Subramanian et al, 2005). GSEA shows that gene sets involved in
glycolysis and pyruvate metabolism are not enriched in the tran-
scripts that are differentially expressed in dSeipin mutant fat bodies
(Appendix Fig S4B and C). This argues against the possibility that
dSeipin affects the transcription program of the glycolytic pathway.
Interestingly, the gene set for calcium signaling scores high in GSEA
(Appendix Fig S4D), which is consistent with and further supports
our previous conclusion that calcium homeostasis is affected in
dSeipin mutants (Bi et al, 2014).

TCA cycle metabolites are decreased in dSeipin mutant fat cells

If downregulated glycolysis is the real cause of defective lipid stor-
age, we should expect a reduction in glycolytic metabolites in
dSeipin mutants. In order to determine the levels of glycolytic inter-
mediates, in particular pyruvate, we performed comparative metabo-
lome analysis in five replicates of fat bodies from wild-type controls
and dSeipin mutants. Due to limited resolution, we were only able to

Figure 2. The TCA cycle is downregulated in dSeipin mutant fat bodies.
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identify 58 metabolites with confidence (Appendix Table S1). Hierar-
chical clustering analysis (HCA) of non-amino acid metabolites
clearly separates controls and dSeipin mutants (Fig 2A). Unexpect-
edly, HCA results show that several glycolytic metabolites actually
accumulate in dSeipin mutant larval fat cells (Fig 2A). For example,
compared to wild type, lactic acid was increased 2.5-fold in dSeipin
mutants (Fig 2A and Appendix Table S1). Importantly, although the
PyK protein level was significantly reduced in dSeipin mutants,
pyruvate was increased 3.1-fold in dSeipin mutants compared to
wild type (Fig 2A and Appendix Table S1). This result argues against
the hypothesis that the lipodystrophy in dSeipin mutants results
from impaired glycolysis. It is possible that the reduced protein
levels of glycolytic enzymes may be due to negative feedback of
accumulated metabolic products. In addition, although glycolytic
intermediates accumulate in dSeipin mutants, further elevating
glycolysis may lead to even higher glycolytic metabolic flow, which
can still result in a rescuing effect because of elevated metabolic flow
downstream of pyruvate.

The above results prompted us to examine the metabolic flow
downstream of pyruvate in dSeipin mutants. In the HCA results, we
noticed that the top three metabolites in the downregulated group are
metabolites of the TCA cycle (Fig 2A). In particular, citrate and isoci-
trate are reduced to less than 10% of wild type in dSeipin mutant
samples. Fumaric acid and D-malic acid are reduced to 10 and 14% of
wild type, respectively (Appendix Table S1). Citrate shuttles between
the mitochondrion and the cytosol. The cytosolic citrate can be
converted into acetyl-CoA, which is used for lipogenesis (Fig 2B). The
reduced amounts of TCA cycle metabolites seem to be due to the low
activities of TCA cycle enzymes but not to decreased expression
levels, because neither the protein levels nor the mRNA levels of TCA
cycle enzymes are reduced based on quantitative proteomic and RNA
transcriptome data. In fact, Idh/isocitrate dehydrogenase, Scs-alpha/
succinyl CoA synthetase o-subunit, and SdhB/succinate dehydroge-
nase subunit B are upregulated (Fig 1B and Appendix Fig S4A). To
sum up, the metabolic analysis argues against the possibility that
downregulated glycolysis is the primary causative factor of the
lipodystrophy in dSeipin mutants. Moreover, it implies that the lipid
storage defect of dSeipin mutant fat bodies is caused by impairment of
the TCA cycle and the production of low levels of TCA cycle metabo-
lites, such as citrate, that are required for lipogenesis.

In addition to the elevated glycolytic end products and decreased
metabolites of the TCA cycle, many amino acids supplying the TCA
cycle accumulate in dSeipin mutant fat bodies (Fig 2B and
Appendix Table S1). This suggests that mitochondrial function is
impaired. To assess the activity of mitochondria, we examined the
respiratory ability of mitochondria by monitoring the oxygen

A Hierarchical clustering analysis (HCA) of GC/MS metabolomics data. The colors indicate the relative levels in dSeipin mutant or WT cells. Note that the top three
metabolites in the cluster are from the TCA cycle. The fold change and t-test P-value are shown in the right panel for several metabolites in the TCA cycle and

glycolysis.

B Schematic diagram of metabolic pathways combining the quantitative metabolomics and proteomics data. The metabolites are color-coded to represent their
relative levels in dSeipin mutant third-instar larval fat tissues compared to WT. The color-coded stars represent different enzymes, and the colors indicate the relative

protein levels in dSeipin mutant cells compared to WT.

C Oxygen consumption rate of third-instar larval fat bodies (n = 4, fat bodies from 20 larvae were used per well).
D Intracellular ATP levels of third-instar larval fat bodies (n = 4, fat bodies from > 20 larvae were used for each repeat).

Data information: Error bars represent +SEM (C and D) and statistical analyses were performed with Mann—-Whitney test (D).
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consumption rate (OCR) in dissected third-instar larval fat bodies.
We found that the basal mitochondrial oxygen consumption rate of
dSeipin mutant fat bodies is lower than that of wild-type controls
(Fig 2C). Application of electron transport chain inhibitors (rote-
none/antimycin A) revealed that the non-mitochondrial respiration
level in dSeipin mutants was comparable to that in wild-type
controls (Fig 2C). These results indicate that the overall mitochon-
drial respiration in dSeipin mutant fat cells is reduced compared to
wild type. Since the impairment of mitochondrial function leads to
lower ATP yields, we next measured the level of intracellular ATP.
Compared to wild type, the intracellular ATP content is reduced by
half in dSeipin mutant fat bodies (Fig 2D), which is consistent with
the OCR result.

Besides the above steady-state results, we also assessed the meta-
bolic flux of glycolysis and TCA cycle through isotopic 13’C—glucose
tracing experiments in dissected fat bodies (Fig 3A). To ensure that
the isolated tissues retain the lipogenic activity, early third-instar
larvae were used in this assay. Compared to controls, the rates of
13C incorporation into glycolytic intermediates, such as glucose-6-
phosphate/fructose-6-phosphate  (G6P/F6P), 3-phosphoglycerate
(3PG), phosphoenolpyruvate (PEP), and pyruvate, are not signifi-
cantly altered or even slightly increased in dSeipin mutants (Fig 3B).
In contrast, the rates of '*C incorporation into acetyl-CoA and TCA
cycle intermediates, such as citrate, isocitrate, and ketoglutarate, are
reduced in dSeipin mutants (Fig 3B and C). These results indicate
that dSeipin mutants exhibit a defect in channeling pyruvate to
mitochondrial metabolism, which is consistent with the steady-state
data. Therefore, our results imply that Seipin-mediated lipid storage
involves the mitochondrion, an organelle that was largely ignored
in previous Seipin studies.

External supplementation with pyruvate or citrate rescues the
lipodystrophy in dSeipin mutants

The metabolomic results raise the possibility that defective mito-
chondria in dSeipin mutants may cause the reduction in citrate
levels, and the shortage of citrate leads to the low level of lipogene-
sis. If the level of citrate is important for reduced lipogenesis in
dSeipin mutants, supplementation of the culture media with citrate
may attenuate the lipodystrophy in dSeipin mutants. We therefore
cultured flies on food containing 1, 3, or 10% citrate. Both the 3 and
10% citrate food resulted in low viability, while the 1% citrate diet
did not affect larval growth. By BODIPY staining, we found that the
1% citrate diet rescued the reduced lipid storage phenotype of dSeipin
mutants (Fig 4A). As a control, diets with an additional 3 or 10%
more glucose were tested and were unable to rescue the defective
lipid storage (Appendix Fig S5). Moreover, the citrate supplement
also significantly rescues the TAG levels in dSeipin mutants (Fig 4B),
supporting our citrate-shortage model of dSeipin lipodystrophy.

In line with the citrate-shortage model, we then wondered why
elevating glycolysis by overexpressing PyK or ERR reversed the
lipodystrophy of dSeipin mutants (Fig 1E). It is possible that despite
the reduced efficiency of the TCA cycle, elevating the glycolytic flow
may lead to a much higher level of pyruvate. Elevating the level of
pyruvate can partially restore the citrate level through the TCA cycle
(Fig 2B). We tested this possibility by examining the effect of pyru-
vate supplementation in dSeipin mutants. Sodium pyruvate was
added into the fly medium at a concentration of 1, 3, or 10%.
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Similar to the citrate treatments, high concentrations (3 or 10%) of
pyruvate are toxic, leading to low viability of both wild type and
dSeipin mutants. Interestingly, the 1% pyruvate diet efficiently
rescued the decreased lipid storage phenotype of dSeipin mutants as
judged by both BODIPY staining and TAG measurement (Fig 4A
and B). We further measured the levels of citrate in wild type and
dSeipin mutant fat cells with or without pyruvate treatment, using
citrate treatment as a positive comparison. Indeed, although pyru-
vate treatment did not affect the level of citrate in wild type, it
restored the level of citrate in dSeipin mutants. The citrate treatment
dramatically increased the level of citrate in both wild type and
dSeipin mutants (Fig 4C). Moreover, as the downstream derivate of
cytosolic citrate, the reduced level of acetyl-CoA in dSeipin mutants
was also restored by both dietary treatments (Fig 4D). Therefore,
both pyruvate and citrate supplements can efficiently restore the
intracellular citrate and acetyl-CoA levels and rescue the lipid stor-
age defects in dSeipin mutants.

Mitochondria are affected in dSeipin mutants

The above results established the involvement of the mitochon-
drial TCA cycle in dSeipin/SERCA-mediated lipid storage home-
ostasis. We also examined the morphology and the activity of
mitochondria by MitoTracker Red staining. MitoTracker Red
labels active mitochondria, and its accumulation is dependent
upon membrane potential. The sizes of mitochondrial puncta
stained by MitoTracker Red are reduced significantly in dSeipin
mutant fat cells (Fig SA and B). This result suggests that the
mitochondrial activity and/or morphology are abnormal in
dSeipin mutants. In order to investigate the fine ultrastructure of
mitochondria, we performed transmission electron microscope
(TEM) imaging on third-instar larval fat bodies. Consistent with
the reduced lipid storage in dSeipin mutants, the diameter of lipid
droplets is greatly reduced in dSeipin mutants (Fig 5C and D).
Interestingly, although the MitoTracker Red staining reveals
smaller puncta in dSeipin mutants, there is no distinguishable dif-
ference in the size of mitochondria in dSeipin mutants and wild
type under the TEM (Fig 5C and E). This suggests that mitochon-
drial activity, but not size, is altered in dSeipin mutants.

In the TEM images, we also noticed that numerous mitochondria
are encapsulated by autophagosomes in dSeipin mutants, while few
such structures are observed in wild type (Fig 5C and F). We then
used an ATP5A antibody to label mitochondria and an Atg8a anti-
body to label autophagosomes. A significant colocalization of
ATP5A-positive mitochondria and Atg8a-positive autophagosomes
was found in dSeipin mutant fat cells, suggesting that mitophagy is
elevated in dSeipin mutants (Fig 5G and H). Taken together, the
reduced levels of TCA cycle metabolites, reduced OCR, reduced ATP
production, and elevated mitophagy indicate that mitochondrial
function is impaired in dSeipin mutant fat cells.

Since pyruvate and citrate supplements rescue the lipid storage
defects in dSeipin mutants, we next explored whether these treat-
ments rescue the mitophagy phenotype to further dissect the link
between mitophagy and reduced lipid storage. Interestingly, neither
pyruvate nor citrate supplements rescue the elevated mitophagy
phenotype of dSeipin mutants (Fig 5G and H). This result indicates
that the dSeipin mitophagy phenotype is not caused by reduced
levels of the TCA metabolite citrate or reduced lipid storage.

© 2018 The Authors
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Figure 3. Carbon metabolic flux tracing from isotopic labeled glucose in larval fat bodies.

A Schematic of the experimental procedure for U-'3C glucose labeling of isolated Drosophila larval fat tissues.

B, C Time-course fractional **C labeling of glycolytic metabolites and acetyl-CoA (B) and TCA cycle metabolites (C) in the fat tissue after incubating with U-**C-glucose.
The y-axis in the graphs represents the ratio of intensities (area under the curve) of the labeled mass isotopomers to the sum of the labeled and unlabeled mass
isotopomers for a given metabolite. n = 5 for each time point. Fat bodies from 15 larvae were used for each repeat. Error bars represent SEM.
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Figure 4. External supplementation with citrate or pyruvate rescues the lipodystrophy of dSeipin mutants.

A 1% citrate or 1% pyruvate supplement rescues the fat body lipid storage phenotype of dSeipin mutants. BODIPY staining labels the lipid droplets and DAPI labels the

nuclei. Scale bar represents 50 pm.

B Determination of TAG levels in third-instar larval fat bodies of wild type or dSeipin mutants cultured on different foods, related to (A) (n = 6, fat bodies from > 10

larvae were used for each repeat).

C Measurement of citrate levels in third-instar larval fat bodies of wild type or dSeipin mutants grown on different foods, related to (A) (n = 3, fat bodies from 20 larvae

were used for each repeat).

D Measurement of acetyl-CoA levels in third-instar larval fat bodies of wild type or dSeipin mutants grown on different foods, related to (A) (n = 3, fat bodies from 15

larvae were used for each repeat).

Data information: Error bars represent +SEM (B-D) and statistical analyses were performed with one-way ANOVA with a post-Tukey’s multiple comparison test (B).

***p < 0.001.

Nevertheless, it is still possible that increased mitophagy and
decreased mitochondrial metabolism both contribute to the lipid
storage phenotype.

Reducing mitochondrion-to-cytosol calcium release restores the
lipid content in dSeipin mutants

Our previous findings indicated that ER calcium homeostasis is
disturbed by mutation of dSeipin (Bi et al, 2014). How can the
Seipin/SERCA-calcium signaling axis affect mitochondria? Mito-
chondrial calcium, a crucial intracellular calcium pool, is derived
from the ER through ER-mitochondrion contacts. An adequate
level of mitochondrial calcium is required for the proper activity
of three matrix dehydrogenases: PDH, isocitrate dehydrogenase,
and a-ketoglutarate dehydrogenase (Denton et al, 1972, 1978;

8 of 17 The EMBO Journal ~ 37: €97572 | 2018

McCormack & Denton, 1979). Interestingly, PDH catalyzes the
formation of acetyl-CoA from mitochondrial pyruvate. Therefore,
mitochondrial calcium positively regulates mitochondrial metabo-
lism and ATP production (Griffiths & Rutter, 2009). To test
whether influx of ER calcium into mitochondria is required for
cellular lipid storage, we performed fat body-specific knockdown
of ERMES (ER-mitochondria encounter structure) genes, which are
required for mitochondrial Ca®** import (Michel & Kornmann,
2012), with ppl-GAL4-driven RNAi. The genes targeted by RNAi
were CG13838, the putative Drosophila Mmm1; CG43347, the puta-
tive Drosophila Mdm10; Marf, the homolog of mammalian mito-
fusin Mfn2, which positively regulates mitochondrial Ca** uptake
(de Brito & Scorrano, 2008); and Miro, the homolog of yeast
Gem1, which was recently documented as an ERMES member that
is required for ER-mito-Ca®" transport in Drosophila (Lee et al,

© 2018 The Authors
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Figure 5. Mitochondrial defects in dSeipin mutant fat cells.

Pearson’ s correlation coefficient (R)

A Mitochondria in third-instar larval fat bodies are labeled by MitoTracker Red staining. DAPI staining labels the nuclei. Scale bar represents 50 pum.

B Sizes of mitochondrial puncta measured by Image| software. Related to (A). (1,000 puncta per genotype).

C TEM images of larval fat body cells in wild-type and dSeipin mutants. Some lipid droplets (LD) and mitochondria (M) are denoted. Some mitochondria are
encapsulated by autophagosomes in the dSeipin mutant (indicated by white arrows). Scale bar represents 1 um.
Quantification of lipid droplet diameters in the TEM images by Image]. Related to (C) (160 lipid droplets for each genotype).

Percentage of mitochondria enveloped by autophagosomes. Related to (C) (n = 10, 10 independent pictures are calculated for each genotype).

D
E Quantification of mitochondrial diameters in the TEM images by Image]. Related to (C) (80 mitochondria for each genotype).
F
G

Immunostaining of control and dSeipin mutant larval fat tissues. Anti-ATP5A indicates mitochondria, and anti-Atg8a indicates autophagosomes. DAPI labels the
nuclei. To the right of each picture, the zoomed and channel-split views of the region enclosed by the white frame are displayed (from top to bottom: ATP5A, Atg8a,
and merged). White arrows indicate some mitochondrial signals surrounded by autophagosome signals. Scale bar represents 20 um.

H Colocalization analysis of ATP5A and Atg8a calculated by Pearson’s correlation coefficient (R) (six independent images for each calculation).

Data information: Error bars represent -=SEM (B, D-F and H) and statistical analyses were performed with Student’s t-test (B and D—F) or one-way ANOVA with a post-

Tukey’s multiple comparison test (H). ***P < 0.001.

2016). The level of mitochondrial calcium was detected by Rhod-2
staining. As expected, the mitochondrial calcium levels in the fat
bodies are reduced when these genes are knocked down
(Appendix Fig S6A and B). BODIPY staining reveals that lipid stor-
age is also decreased in these knockdowns (Appendix Fig S6C),
suggesting that mitochondrial calcium homeostasis is required for
proper cellular lipid storage.

© 2018 The Authors

We next examined whether the mitochondrial calcium level is
affected in dSeipin mutants. Rhod-2 staining results demonstrate
that the mitochondrial calcium level in the third-instar larval fat
body of dSeipin mutants is lower than that of wild type (Fig 6A and
B). To test whether the decreased mitochondrial calcium contributes
to Seipin-mediated lipid homeostasis, we manipulated mitochon-
drial calcium through genetic approaches. Mitochondrial calcium
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homeostasis is maintained by various channels, including the inner
mitochondrial membrane-resident MCU for calcium influx and
NCLX for calcium efflux (De Stefani et al, 2016). Overexpression of
Drosophila MCU (CG18769) had no rescuing effect on the lipid stor-
age defects in dSeipin mutant larvae (Fig 6C and D). It is possible
that MCU is not a limiting factor for mitochondrial calcium import
in fat bodies (Fieni et al, 2012). Consistent with this, RNAi of MCU
did not affect the mitochondrial calcium level and lipid storage in
fat bodies (Appendix Fig S6). Among the 10 potential Drosophila
NCLX homologs (CG14744, CG13223, CG12376, CG5348, CG14743,
CG34162, CG12061, CG1090, CG18660, and CG2893), CG18660 is
most likely localized to mitochondria based on subcellular localiza-
tion prediction (http://cello.life.nctu.edu.tw/). To further investi-
gate the subcellular localization of CG18660 in vivo, a CG18660-
EGFP fusion protein was expressed in S2 cells. Inmunostaining with
anti-ATPSA antibody shows that CG18660-EGFP partially colocal-
izes with mitochondria (Appendix Fig S7). Therefore, CG18660 is
the possible Drosophila mitochondrial Na*/Ca** exchanger. We
found that fat body-specific knockdown of CGI8660 is able to
reverse the lipid storage defects in dSeipin mutant fat cells (Fig 6C).
TAG measurements also provide evidence for the rescuing effect of
CG18660 RNAI in dSeipin mutants (Fig 6D). Similarly, CG18660
RNAI rescues the reduced lipid storage in SERCA RNAI fat bodies
(Appendix Fig S3). Importantly, CG18660 RNAI partially restores the
mitochondrial calcium level in dSeipin mutant fat cells, while MCU
overexpression failed to do so, based on Rhod-2 staining (Fig 6A
and B). Along the same line, RyR RNAi, which is able to rescue the
lipodystrophy in dSeipin mutants through retention of ER calcium
(Bi et al, 2014), also partially restores the mitochondrial calcium
level (Fig 6A and B). These results indicate that decreased mito-
chondrial calcium contributes to Seipin/SERCA-mediated lipid
homeostasis in Drosophila fat tissue.

Putting the results together, it is likely that the decreased mito-
chondrial calcium compromises the production of citrate and acetyl-
CoA, leading to reduced lipogenesis and lipid storage defects in
dSeipin mutant fat cells. To test this possibility, we monitored the
metabolic flux in calcium-restored dSeipin mutant with CG18660
RNAI. The results reveal that incorporation rates of acetyl-CoA and
four TCA cycle intermediates are partially rescued when mitochon-
drial Ca*”" is restored (Fig 6E). In addition, this recovery of meta-
bolic activity was also reflected in the steady-state levels of
metabolites. The levels of citrate and acetyl-CoA were restored in
the genetically rescued dSeipin mutants (Fig 6F and G).

Mito-Ca** mediates BSCL2 lipodystrophy  Long Ding et al

The active form of PDH is maintained by mitochondrial Ca**-
activated PDH phosphatase, and it can be converted to the inactive
form by PDH kinase. Dichloroacetate (DCA) can inhibit PDH kinase,
thereby activating PDH (Whitehouse et al, 1974). To explore
whether DCA can be used as a potential compound to alleviate
lipodystrophy of dSeipin mutants, we added 5 and 10 mM DCA to
the fly medium. We found that DCA administration can rescue the
lipid storage defects of dSeipin mutants (Appendix Fig S8). This
further illustrates that mitochondrial acetyl-CoA synthesis is key for
dSeipin-mediated cellular lipid storage. Altogether, these lines of
evidence indicate that mitochondrial calcium-dependent mitochon-
drial metabolism is important for dSeipin-regulated lipid homeo-
stasis in Drosophila larval fat cells (Fig 7).

Discussion

Our current study reveals that Seipin promotes fat tissue lipid stor-
age via calcium-dependent mitochondrial metabolism. Defective ER
calcium homeostasis in dSeipin mutants is associated with reduced
mitochondrial calcium and impaired mitochondrial function, such
as low production of TCA cycle metabolites. Restoring mitochon-
drial calcium levels or replenishing citrate, a key TCA cycle product
and also an important precursor of lipogenesis, rescues the lipid
storage defects in dSeipin mutant fat cells.

Determining the underlying cause with multiple approaches:
lessons beyond genetics

In this study, we investigated the underlying causes of Seipin-depen-
dent lipodystrophy by integrating multiple omic analyses, including
RNA-seq, quantitative proteomics, and metabolomic analysis.
Compared to previous studies based on genetics and traditional
cellular phenotypic analysis, these combinatory omic approaches
provide an unprecedented spectrum of molecular phenotypes,
which not only add new information but also pinpoint logical direc-
tions for further investigations.

Omics analyses, in particular lipidomic analysis, have been
utilized to investigate the underlying mechanisms in several previ-
ous Seipin studies and led to the finding that PA is elevated in
several Seipin mutant models (Fei et al, 2008, 2011c; Tian et al,
2011; Jiang et al, 2014; Liu et al, 2014a). In this study, based on
genetic rescuing assays and quantitative proteomics analysis, we

Figure 6. Reducing mitochondrial calcium release rescues the lipid storage defects in dSeipin mutants.

A Rhod-2 staining indicates the mitochondrial calcium levels in third-instar larval fat bodies of different genetic backgrounds.

B Mean red fluorescence intensity per unit area measured by Image] software. Related to (A) (six independent images for each calculation).

C Knockdown of CG18660 in dSeipin mutant fat bodies rescues the lipid storage phenotype. Lipid droplets are stained by BODIPY and nuclei are stained by DAPI.

D Determination of TAG levels in third-instar larval fat bodies of different genetic backgrounds, related to (C) (n = 5, fat bodies from > 10 larvae were used for each

repeat).

m

Time-course fractional **C labeling of acetyl-CoA and selected TCA cycle metabolites in fat tissues after incubation with U-**C-glucose. The y-axis in the graphs

represents the ratio of intensities (area under the curve) of labeled mass isotopomers to the sum of the labeled and unlabeled mass isotopomers for a given
metabolite (n = 3 for each time point, fat bodies from 15 larvae were used for each repeat).
F Measurement of citrate levels in third-instar larval fat bodies of different genetic backgrounds (n = 3, fat bodies from 20 larvae were used for each repeat).
G Measurement of acetyl-CoA levels in third-instar larval fat bodies of different genetic backgrounds (n = 3, 15 independent fat bodies for each repeat).

Data information: Scale bar represents 50 um (A and C). Error bars represent +SEM (B and D-G) and statistical analyses were performed with one-way ANOVA with a

post-Tukey’s multiple comparison test (B) or post-Tamhane’s T2 test (D). ***P < 0.001.
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Figure 7. Proposed working model.

Schematic model showing how the Seipin-SERCA complex regulates lipid storage by controlling calcium homeostasis in the ER and mitochondria.

initially proposed that downregulated glycolysis is the cause of
lipodystrophy. However, both the RNA-seq results and metabolomic
data argue against this possibility and suggest a new mechanism.
Despite reduced levels of glycolytic enzymes, transcription of the
corresponding genes is not affected, and glycolytic metabolites, in
particular pyruvate, are increased in dSeipin mutants compared to
wild type. Metabolomic data further show that citrate and isocitrate,
which are the products of the first two steps of the mitochondrial
TCA cycle, are dramatically decreased in dSeipin mutants, suggest-
ing a defective metabolic flow downstream of pyruvate. These
results lead to a new possibility that the lipid storage defects in
dSeipin mutants are caused by a defective TCA cycle and this is
indeed supported by the metabolic flux analysis. Our findings
further suggest the involvement of mitochondria. In line with this,
the previous discovery that fatty acid B-oxidation is elevated in
dSeipin mutant fat cells may reflect compensation for the reduced
TCA cycle and lipogenesis (Bi et al, 2014). This possibility is
supported by the results of genetic and citrate-supplement rescue
experiments and by citrate measurements.

It is known that glycolytic enzymes and metabolites are regu-
lated by a metabolic feedback loop (Gruning et al, 2011), which
may complicate the explanation of genetic interactions. Our find-
ings highlight that although genetic analysis and rescue results
provide important clues, multiple lines of evidence are critical
for unraveling complex intracellular pathways. In this case, the
combination of omic results and genetic analysis led to the
finding that mitochondrial metabolism is important in Seipin-
associated lipodystrophy.

Dual role of mitochondria in lipid metabolism: providing the
substrate for lipogenesis and breaking down fatty acids
for energy

Mitochondria are hubs in key cellular metabolic processes, includ-
ing the TCA cycle, ATP production, and amino acid catabolism.
Mitochondria also play a central role in lipid homeostasis by
controlling two seemingly opposite metabolic pathways, lipid
biosynthesis, and fatty acid breakdown. Therefore, impairment of

12 of 17 The EMBO Journal ~ 37: €97572 | 2018

mitochondrial function in different tissues may lead to different,
even opposite, phenotypes in lipid storage. In tissues where lipid
biosynthesis is the major pathway, defective mitochondria might
result in reduced lipid storage, whereas in tissues where fatty acid
oxidation prevails, the same defect might lead to increased lipid
storage. Reduced lipid storage in dSeipin mutants suggests the
former case. The reduced level of citrate and other TCA cycle prod-
ucts in dSeipin mutants suggests an impairment of mitochondrial
function. The reduction of OCR and ATP production, the decreased
Rhod-2 staining, and the aberrant enrichment of mitochondria
within autophagosomes all further support this notion. Interestingly,
in mouse brown adipose tissue, Seipin mutation increases mito-
chondrial respiration along with normal MitoTracker labeling (Zhou
et al, 2016). The discrepancies suggest that Seipin may have cell
type-specific functions. Unlike white adipose tissue, which favors
lipid storage/biosynthesis, brown adipose tissue is prone to fatty
acid breakdown.

The link between mitochondria and Seipin was concealed in
several previous studies. GPATs, which are recently reported
Seipin-interacting proteins, participate in many mitochondrial
processes. For example, mitochondria from brown adipocytes that
are deficient in GPAT4 exhibit high oxidative levels (Cooper et al,
2015), and mitochondrial GPAT is required for mitochondrial
dynamics (Ohba et al, 2013). PA, which is elevated in Seipin
mutants, is required for mitochondrial morphology and function
(Potting et al, 2013). Similarly, mitochondrial impairments were
also observed in various lipodystrophic conditions. Downregulation
of mitochondrial transcription and altered mitochondrial function
were indicated in type III congenital generalized lipodystrophy
(Bosch et al, 2011; Asterholm et al, 2012). Multiple mitochondrial
metabolic processes are altered in mice with lipodystrophy caused
by Zmpste24 mutation (Peinado et al, 2011). HIV patients treated
with anti-retroviral therapy manifest partial lipodystrophy and
impaired mitochondria in adipocytes (Miro et al, 2000). Moreover,
mitochondrial dysfunction in adipose tissue triggers lipodystrophy
and systemic disorders in mice (Vernochet et al, 2014). Therefore,
the contribution of mitochondrial dysfunction to the cause or devel-
opment of lipodystrophic conditions warrants further examination.

© 2018 The Authors
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Mitochondrial calcium is key for dSeipin-mediated lipid storage

We previously reported that dSeipin/SERCA-mediated ER calcium
homeostasis is critical for lipid storage (Bi et al, 2014). Consistent
with this, transcripts encoding calcium signaling factors are
enriched in the genes that are differentially expressed between
dSeipin mutants and wild type. Mitochondrial calcium is transported
from the ER through the ER-resident channel IP3R. The reduction of
mitochondrial calcium in dSeipin mutant fat cells (Fig 6A and B)
suggests that the decreased ER calcium leads to an insufficient level
of mitochondrial calcium. Importantly, RNAi of a putative Droso-
phila mitochondrial calcium efflux channel (NCLX/CG18660) not
only restores the mitochondrial calcium level but also rescues the
lipid storage defects in dSeipin mutants, indicating that mitochon-
drial calcium is key for dSeipin-mediated lipid storage. This explains
our previous finding that the lipid storage defects in dSeipin mutants
are rescued by RNAIi of RyR, which is not required for ER—mitochon-
drion calcium transport, but not by RNAi of IP3R (Bi et al, 2014).
Cellular calcium has been linked to lipid storage and related
diseases in recent studies (Arruda & Hotamisligil, 2015; Koliaki &
Roden, 2016). Comprehensive genetic screening in Drosophila
showed that ER calcium-related proteins are key regulators of lipid
storage (Baumbach et al, 2014). In particular, SERCA, as the sole ER
calcium influx channel and an interacting partner of Seipin, has
been repeatedly implicated in lipid metabolism. Dysfunctional lipid
metabolism can disrupt ER calcium homeostasis by inhibiting
SERCA and further disturbing systemic glucose homeostasis (Fu
et al, 2011). Increased SERCA expression was shown to have
dramatic anti-diabetic benefits in mouse models (Fu et al, 2015). In
a genomewide association study, SERCA was been found to be asso-
ciated with obesity (Locke et al, 2015). In addition, cellular calcium
influx is important for transcriptional programming of lipid metabo-
lism, including lipolysis in mice (Maus et al, 2017). Our study here
further elucidates that ER calcium and mitochondrial calcium are
important for cellular lipid homeostasis. It also provides a new
insight into the pathogenic mechanism of congenital lipodystrophy.

The role of Seipin in lipid storage and lipid droplet formation

Since Seipin mutations lead to opposite effects on lipid storage in
adipose tissue (lipodystrophy) and non-adipose tissues (ectopic lipid
storage), numerous studies have been carried out to understand the
underlying mechanisms. In Seipin mutants, elevated GPAT activity
leads to an increased level of PA. This may cause the formation of
supersized lipid droplets in non-adipose cells because of the fuso-
genic property of PA in lipid leaflets (Fei et al, 2011c; Tian et al,
2011; Wolinski et al, 2015; Qi et al, 2016), and may also lead to
adipogenesis defects due to the potential role of PA as an inhibitor
of preadipocyte differentiation (Fei et al, 2011a; Pagac et al, 2016).
The Seipin-mediated lipid storage phenotype is further complicated
by the role of Seipin in lipid droplet formation, which is mainly
studied in unicellular eukaryotic yeast or in cultured cells from
multicellular eukaryotic organisms. Seipin has been found in the
ER-LD contact sites, which are considered as essential subcellular
foci for LD formation/maturation (Szymanski et al, 2007; Wang
et al, 2016). Moreover, in mammalian adipose tissue, the role of
Seipin in lipogenesis or lipolysis may also be masked by the defect
in early adipogenesis (Yang et al, 2013).

© 2018 The Authors
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How can previous findings in different model organisms and dif-
ferent cell types be reconciled? Seipin has been characterized as a
tissue-autonomous lipid modulator (Tian et al, 2011; Chen et al,
2012; Jiang et al, 2014). It is likely that Seipin participates in lipid
metabolism via distinct mechanisms in different tissues. Alterna-
tively, the metabolic processes that involve Seipin may have dif-
ferent outcomes in different tissues. For example, mitochondria
have a different impact on lipid metabolism in different tissues: In
non-fat cells, mitochondria mainly direct energy mobilization,
whereas in fat cells, mitochondria mainly lead anabolism. The
molecular role of Seipin and the phenotypic outcomes in Seipin
mutants may rely on specific cellular and developmental contexts.

Materials and Methods

Fly stocks and husbandry

Unless specified, Drosophila stocks were maintained on standard
cornmeal-yeast food at 25°C. w!'’® or ppl-GAL4 was utilized as the
wild-type control in this study. All the overexpression and RNAi
flies were transferred from 25 to 29°C 1 day after egg laying. Droso-
phila stocks were obtained from Bloomington Stock Center, NIG
Stock Center, Vienna Drosophila RNAi Center, and Tsinghua Fly
Center except for UAS-dERR, which was kindly provided by Dr.
Jason M. Tennessen.

Staining and microscopy

Lipid droplet staining by BODIPY or Nile red dye was performed as
previously described (Bi et al, 2012; Fan et al, 2017). For Mito-
Tracker Red staining, third-instar larval fat bodies were maintained
in Schneider’s medium, incubated in MitoTracker Red solution
(100 nM, diluted by Schneider’s medium) for 30 min and then
rinsed three times in 1xPBS. The samples were fixed by 4% PFA for
15 min, washed three times in 1xPBS, stained by DAPI (2 ng/ul) for
5 min, and then washed three more times in 1xPBS. For Rhod-2
staining, third-instar larval fat bodies were dissected out and main-
tained in Schneider’s medium, incubated in Rhod-2, AM solution
(5 uM, diluted by Schneider’s medium) for 30 min, rinsed with indi-
cator-free medium, and then incubated for a further 30 min to allow
complete de-esterification of intracellular AM esters. For the detec-
tion of Atg8a-positive mitophagy, larval fat tissues were dissected in
PBS and fixed in 4% paraformaldehyde in PBS for 20 min, perme-
abilized in PBST (0.1% Triton X-100) for 5 min, blocked with 10%
BSA in PBST for 1 h, and incubated with rabbit monoclonal anti-
Atg8 (1:200; Abcam, ab109364) and mouse monoclonal anti-ATPSA
(1:200; Abcam, ab14748) overnight at 4°C. Alexa Fluor 488-conju-
gated goat anti-mouse and Alexa Fluor 555-conjugated goat anti-
rabbit (1:400; Invitrogen) were used as secondary antibodies. The
samples were mounted and immediately imaged with a confocal
microscope. Mitochondrial size and fluorescence intensity were
quantified by ImageJ software.

High-pressure freezing (HPF) TEM

The dissected-out third-instar larval fat bodies were loaded into
carriers and cryofixed on a Leica Microsystems HPM 100 at
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~2,100 bar and automatically cooled into liquid nitrogen. After HPF,
the samples were transferred under liquid nitrogen to a Leica
Microsystems AFS-2 unit and then incubated at —90°C for 72 h in
freeze substitution solution: acetone with 2% (wt/vol) osmium
tetroxide and 2% (vol/vol) water. The temperature was increased
by 8°C/h for 4 h and was then held at —60°C for 12 h. Next, the
temperature was increased again at a rate of 5°C/h for 6 h and held
at —30°C for 10 h, and then held at 10°C for 10 h. Samples were
then washed four times in acetone, then stained in 1% uranyl
acetate for 1 h, and rinsed three times in pure acetone. Samples
were infiltrated stepwise with increasing concentrations of Embed
812 (2:1 for 3 h, 1:1 for 5 h) and then incubated twice with 100%
fresh resin for 8 h. Samples were placed in fresh resin in an embed-
ding mold and polymerized in a 60°C oven for 3 days. Ultrathin
sections (60 nm) were produced with a diamond knife (Diatome) on
an ultramicrotome (Ultracut UCT; Leica Microsystems), and slices
were collected on slot copper grids (EMS) and then visualized with
a JEM-1400 TEM, operating at 80 kV. Pictures were recorded on a
Gatan 832 4 k x 2.7 k CCD camera.

Metabolic profiling and hierarchical clustering analysis

Wandering third-instar larval fat bodies were collected and frozen.
The freeze-dried samples were crushed using a ball mill for 5 min at
20 Hz before extraction to increase the extraction efficiency. After-
ward, 5 mg of each sample was extracted with 1 ml extraction
solvent consisting of methanol/water/chloroform (2.5:1:1). 60 pl
ribitol (0.2 mg/ml) was added subsequently as an internal standard.
The samples were prepared and analyzed on GC/MS platforms.

HCA of the metabolic product levels in the dSeipin and WT
groups was performed using Cluster3.0 software (de Hoon et al,
2004). The relative level (x;) of individual components is calculated
with the formula: x; =log, a; — %z}jl log, a;, where a; is the
measured level of that component. Ten samples in total were
measured from wild-type controls and dSeipin mutants.

HCA was conducted after data loading and adjustment. Metabo-
lites and samples were clustered using the Euclidean distance for
the metric calculation. Complete linkage was chosen as the cluster-
ing method. The clustering output files were viewed with TreeView.

Stable isotope carbon metabolic tracing

For single time measurement, fat bodies from 15 early third-instar
larvae were dissected in unlabeled culture medium and further incu-
bated for 15 min to prevent effects due to sudden medium change.
Subsequently, isolated tissues were rapidly transferred to culture
medium containing uniformly labeled U-'3Cq- glucose and incubated
for the indicated time. After culture, the tissues were washed three
times by 75 mM ammonium carbonate (pH 7.4) and quenched by
snap freezing in liquid nitrogen. Samples were stored in Eppendorf
tubes containing 200 pl ddH,O at —80°C until mass spectrometric
detection. Metabolites were extracted and analyzed on a primary
mass spectrometer platform. The extraction protocol was carried
out according to the previous method with minor modification (Lam
et al, 2016; Li et al, 2017). Chromatographic separation was
performed on reversed-phase ACQUITY UPLC HSS T3 1.8 um,
2.1 x 100 mm columns (Waters, Dublin, Ireland) using an ultra-
performance LC system (UltiMate 3000; Thermo Fisher Scientific).
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MS was performed using an Orbitrap mass spectrometer (Q Exac-
tive, Thermo Fisher Scientific) equipped with an ESI source. Data
were acquired in positive and negative ion modes.

Biochemical measurements

TAG measurement was performed as previously described (Liu et al,
2014b). Citrate in wandering third-instar larval fat bodies was
measured using a Citrate Assay Kit (Sigma, MAKO057). Briefly, for
each repeat, 20 larval fat bodies were dissected out and homogenized
in 200 pl citrate assay buffer. Of this homogenate, 50 pl was aspirated
out for determination of protein concentration by Bradford assay, and
the rest was used in the citrate assay according to the manufacturer’s
procedure. Intracellular acetyl-CoA levels were measured by the
PicoProbe acetyl-CoA assay kit (Abcam, ab87546) following the
manufacturer’s instructions. For each single measurement, 15 larval
fat bodies were dissected out and homogenized in 220 pl acetyl-CoA
assay buffer. Of this homogenate, 10 ul was aspirated out for protein
determination, and the rest was deproteinized with a 10-KDa molecu-
lar weight cutoff spin filter prior to the reaction according to the
manufacturer’s procedure. Intracellular ATP levels were measured by
the ATP bioluminescence assay kit HS II (Roche Applied Science)
following the manufacturer’s instructions. Briefly, third-instar larval
fat bodies were dissected out and treated with the same volume of cell
lysis reagent (provided in the kit) for 5 min at room temperature.
Then, the samples were centrifuged at 10,000 x g for 1 min and the
supernatant (50 pl) was transferred to a fresh white 96-well plate.
The reaction was initiated by the addition of 50 ul of the luciferase
reagent (from the kit) to the blank, standard, or sample by automated
injection. The measurements were performed using a light integration
time of 3 s following a delay of 1 s. A Thermo Scientific Fluoroskan
Ascent™ FL luminometer was utilized in these assays.

The oxygen consumption rate of isolated third-instar larval fat
tissue was measured with a Seahorse XF24 Extracellular Flux
Analyzer (Seahorse Bioscience). The instrument was maintained at
room temperature. After the OCR measurement, the islet plate was
taken out and the protein concentrations of the samples were deter-
mined by Bradford assay. The inputs were normalized to 25 pg
protein.

Special dietary treatment

Sodium pyruvate (Sigma) or sodium citrate (Sigma) was added to
ordinary fly medium at the indicated mass—volume concentration.
Adult flies were transferred from normal medium to the special
foods. The third-instar larvae of the next generation were used in
subsequent tests.

Statistical analysis

All data are shown as mean + SEM. Statistical analyses were
performed using Prism 5 software (GraphPad software) or SPSS.

Expanded View for this article is available online.
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