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FIT2 is an acyl-coenzyme A diphosphatase crucial for
endoplasmic reticulum homeostasis

Michel Becuwe?7, Laura M. Bond?7, Antonio F.M. Pinto? Sebastian Boland*>’@, Niklas Mejhert>?7, Shane D. Elliott%>”#, Marcelo Cicconet?,
Morven M. Graham®®, Xinran N. Liu®, Olga Ilkayeva®, Alan Saghatelian3®, Tobias C. Walther'?”#*@®, and Robert V. Farese Jr.t2"*®

The endoplasmic reticulum is a cellular hub of lipid metabolism, coordinating lipid synthesis with continuous changes in
metabolic flux. Maintaining ER lipid homeostasis despite these fluctuations is crucial to cell function and viability. Here, we
identify a novel mechanism that is crucial for normal ER lipid metabolism and protects the ER from dysfunction. We identify
the molecular function of the evolutionarily conserved ER protein FIT2 as a fatty acyl-coenzyme A (CoA) diphosphatase that
hydrolyzes fatty acyl-CoA to yield acyl 4'-phosphopantetheine. This activity of FIT2, which is predicted to be active in the ER
lumen, is required in yeast and mammalian cells for maintaining ER structure, protecting against ER stress, and enabling
normal lipid storage in lipid droplets. Our findings thus solve the long-standing mystery of the molecular function of FIT2 and

highlight the maintenance of optimal fatty acyl-CoA levels as key to ER homeostasis.

Introduction

The ER is the site of biosynthesis for lipids, including sterols,
glycerophospholipids, and sphingolipids. The flux through the
different biosynthetic pathways varies with cellular needs for
different lipids and with the availability of synthetic precursors.
During such fluctuations, cells must maintain ER lipid homeo-
stasis to maintain ER structure and function and, ultimately, cell
viability.

A number of protective mechanisms have evolved to ensure
ER lipid homeostasis. For example, sterol levels are maintained
by mechanisms that include transcriptional regulation (by sterol
regulatory element-binding proteins) and posttranslational
ER-associated degradation of sterol synthesis enzymes such as
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
(Goldstein et al., 2006). In addition, ER-localized enzymes such
as acyl-CoA:cholesterol acyltransferase (ACAT) and acyl-CoA:
diacylglycerol acyltransferase (DGAT) protect against the accu-
mulation of excess free sterols or diacylglycerols (DAGs) by
synthesizing cholesterol esters and triacylglycerols (TGs), re-
spectively (Chang et al., 2009; Yen et al., 2008). These neutral
lipids are subsequently removed from the ER via packaging into
cytosolic lipid droplets (LDs) for storage (Walther et al., 2017).
When ER-protective mechanisms are absent or overwhelmed,
bioactive lipids, such as saturated glycolipids, can accumulate

and trigger stress responses (e.g., the “unfolded protein re-
sponse” [Volmer and Ron, 2015]) that attempt to restore ER
homeostasis (Shimabukuro et al., 1998; Unger and Zhou, 2001;
Chitraju et al., 2017; Piccolis et al., 2019).

The evolutionarily conserved fat-inducing transcript (FIT)
proteins, FIT1 and FIT2, have emerged as potentially important
factors in ER homeostasis. These proteins encode 292-aa and
262-aa proteins, respectively, that are 35% identical and are
integral ER membrane proteins with six transmembrane do-
mains. FIT2 is expressed broadly in many tissues, including
adipose tissue, whereas FIT1 is mainly expressed in skeletal
muscle and heart (Kadereit et al., 2008). FIT2 was originally
identified as a transcript induced by peroxisome proliferator-
activated receptor-a agonists (Kadereit et al., 2008) and was
subsequently shown to be important for LD formation (Kadereit
et al., 2008; Moir et al., 2012; Choudhary et al., 2015). Depletion
of FIT2 leads to reduced numbers of cellular LDs (Kadereit et al.,
2008; Choudhary et al., 2015), and overexpression of FIT2 re-
sults in increased lipid storage in LDs (Kadereit et al., 2008;
Gross et al., 2010, 2011). These changes were reported to be in-
dependent of effects on TG synthesis (Kadereit et al., 2008),
suggesting that TG packaging for storage is impaired. Indeed,
human FIT2 protein purified in detergent binds TG and DAG
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in vitro (Gross et al., 2011), leading to a model in which FIT2
partitions neutral lipids for LD formation (Kadereit et al., 2008;
Gross et al., 2011). More recently, FIT2 and its orthologues in
yeast, Scs3 and Yft2, were implicated in the directionality of LD
budding (Choudhary et al., 2015), possibly by regulating DAG
levels at sites of LD formation (Choudhary et al., 2018).

Other evidence suggests that FIT2 functions in ER lipid me-
tabolism more broadly than LD formation. Genetic studies of the
yeast orthologues of FIT2, SCS3 and YFT2, showed synthetic-
genetic interactions (e.g., with CHO2, OPI3) suggesting functions
in phospholipid metabolism (Moir et al., 2012). Moreover, scs3A
cells are auxotrophic for inositol, a condition exacerbated by
addition of choline, both key precursors in phospholipid syn-
thesis (Hosaka et al., 1994). Consistent with the notion that FIT2
may have a role in ER phospholipid metabolism, homology
searches indicate that yeast Scs3 and Yft2 are related to lipid
phosphatase/phosphotransferase enzymes that catalyze the hy-
drolysis or transfer of lipid phosphate groups (Hayes et al.,
2018). On the basis of these homologies, the putative active
site histidines of FIT2 were shown to be required for FIT2
function in yeast (Hayes et al., 2018), although a biochemical
activity for FIT2 was not identified.

Highlighting FIT2’s importance, deletion of FIT2-encoding
genes in organisms causes dramatic phenotypes. Deletion of
the FIT2 orthologue in Caenorhabditis elegans is lethal (Choudhary
et al., 2015), and global postnatal knockout (KO) of FIT2 in mice
also results in lethality due to catastrophic intestinal effects
(Goh et al., 2015). FIT2 is expressed at relatively high levels in
adipose tissue (Kadereit et al., 2008), and the selective KO of
murine FIT2 in adipose tissue leads to progressive lipodystro-
phy (Miranda et al., 2014). In humans, homozygous FIT2 defi-
ciency was reported as a cause of deafness-dystonia (Zazo Seco
et al., 2017).

Taken together, these previous studies suggest that FIT2 may
be an enzyme in the ER of unknown activity that is crucial for ER
lipid metabolism and ER-lipid homeostasis. In the present study,
we identify the biochemical activity of FIT2 as an acyl-CoA di-
phosphatase of the ER and show that this activity is crucial for
normal ER.

Results

FIT2 is a fatty acyl-CoA diphosphatase

Consistent with a recent study of FIT2 and its yeast orthologues
(Hayes et al., 2018), we found similarity of the FIT2 amino acid
sequence and overall architecture with lipid phosphate phos-
phatases (LPP enzymes; Figs. 1 A and S1 A). The catalytic resi-
dues of LPP enzymes are present at analogous positions in FIT2
and its yeast orthologues Scs3 and Yft2 (Figs. 1 A and S1 A). This
includes two histidines contained in two catalytic motifs, des-
ignated C2 and C3, that are conserved across species (Fig. 1 B).
The histidine at the C3 equivalent position (H214 for FIT2 and
H350 for Scs3) is predicted to act as a nucleophile on the
phosphorus of the phospholipid substrate, forming a phospho-
histidine intermediate (Sigal et al., 2005). The histidine at the C2
equivalent position (H155 for FIT2 and H235 for Scs3) partic-
ipates in the second step of the reaction and is predicted to be
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involved in the hydrolysis of the phosphohistidine intermediate,
leading to release of the dephosphorylated substrate. A C1 do-
main (KXXXXXXRP) that is found in most LPP enzymes and is
thought to play a role in substrate recognition is not present in
FIT2 proteins (Fig. 1 A). With the current model of FIT2’s
membrane topology (Gross et al., 2010), the putative catalytic C2
and C3 histidine residues map to the interface of the luminal ER
membrane leaflet and the ER lumen (Fig. 1 C).

To determine if FIT2 has LPP activity, we used an unbiased
biochemical approach to identify endogenous FIT2 substrates
and products. We incubated radiolabeled [**C]oleoyl-CoA with
microsomes purified from human cells overexpressing either
FIT2 WT or FIT2-carrying mutations of histidines 155 and 214 to
alanines (FIT2 HHAA; Fig. S1 B). TLC analysis of lipids generated
in these reactions showed the rapid synthesis of a polar lipid,
designated lipid 1, that was present at much higher levels with
the WT than the mutant enzyme (Fig. 1 D). We also detected
another, less polar lipid, designated lipid 2, that appeared in
reactions containing WT but not mutant FIT2-expressing mi-
crosomes. Lipid 2 was better separated from other labeled lipids
with a solvent system resolving neutral lipids (Fig. 1 E). Both
lipids 1 and 2 were relatively short-lived in microsomes. Their
levels peaked ~10 min after adding radiolabeled oleoyl-CoA, and
by 60 min, both lipids were markedly reduced, likely due to
their further metabolism in microsomes. However, both lipids
were regenerated by re-adding labeled oleoyl-CoA to the reac-
tion after 60 min (Fig. 1, D and E).

To determine the identities of lipids 1 and 2, we used mass
spectrometry (MS) to analyze lipid extracts from microsomes of
cells overexpressing either WT FIT2 or FIT2 HHAA incubated
with oleoyl-CoA or palmitoyl-CoA for 10 or 30 min. We set three
criteria for the identification of these lipids. First, both lipids
should accumulate in microsomes overexpressing FIT2 WT but
not FIT2 HHAA. Second, their levels should be more abundant at
10 min than at 30 min. Third, they should have a 26-D mass shift
in the samples incubated with oleoyl-CoA versus palmitoyl-CoA
(corresponding to the two additional carbons and hydrogens in
the oleoyl-CoA acyl chains).

We identified two lipids satisfying these criteria. These ions
had respective masses of 621.335 and 543.383 D in oleoyl-
CoA-treated samples (Fig. 1, F-H) and 595.318 and 517.367 D in
palmitoyl-CoA-treated samples (Fig. S1C). Their fragmentations
resulted in ion series corresponding to oleoyl 4'-phosphopantetheine
(Fig. 1 F) and oleoyl pantetheine (Fig. 1 H) for oleoyl-CoA-treated
samples and palmitoyl 4’'-phosphopantetheine and palmitoyl
pantetheine for palmitoyl-CoA-treated samples in cells ex-
pressing FIT2 WT (Fig. S1 C). The levels of these lipids were
higher at 10 min than at 30 min and nearly absent in FIT2
HHAA-overexpressing microsomes (Fig. 1, G-I; Fig. S1 C). On
the basis of these findings, we hypothesized that lipid 1 is acyl
4’'-phosphopantetheine and lipid 2 is acyl pantetheine. These
lipids differ by one phosphate group, which can explain their
different migration observed by TLC.

On the basis of the structure of the molecules, possible
precursors for their synthesis are acyl-CoAs. To directly test
whether FIT2 catalyzes the cleavage of acyl-CoA to acyl 4'-
phosphopantetheine and adenosine-3’,5'-bisphosphate, we
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Figure 1. FIT2 overexpression in microsomes increases levels of oleoyl 4’-phosphopantetheine and oleoyl pantetheine upon oleoyl-CoA incubation.
(A) FIT2 shares conserved motifs with LPP enzymes. C1, C2, and C3 motifs were aligned using human and yeast LPP members. FIT2 and its yeast homologues
Scs3 and Yft2 have two conserved LPP motifs, C2 and C3. The conserved catalytic histidines are highlighted in red. (B) C2 and C3 catalytic histidines
(highlighted in red) are evolutionarily conserved within FIT2 sequences. (C) On the basis of topology analysis (Gross et al, 2010), FIT2 N- and C-termini are
predicted to be cytosolic, and the C2 and C3 motifs are predicted to be oriented toward the ER lumen. Transmembrane domains are represented as gray bars.
Red boxes represent the C2 and C3 catalytic histidines. (D and E) Overexpression of FIT2 yields the production of lipids 1 and 2 upon oleoyl-CoA loading.
Purified microsomes from human GnTI- 293 cells overexpressing FIT2 WT or mutated for C2 and C3 histidine to alanine (H155A and H214A, HHAA) were loaded
with 25 pM mixed unlabeled and radiolabeled [**CJoleoyl-CoA, and lipids were extracted at different time points. Oleoyl-CoA was added a second time after
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60 min for 10 min. Lipids were separated on a silica plate by TLC using solvents to separate polar (D) or neutral lipids (E). Autoradiograph of one representative
TLC for each type of solvent is shown. OA, oleoyl coenzyme A; FA, free oleic acid; MAG, monoacylglycerol; PC, phosphatidylcholine; PE, phosphatidyletha-
nolamine. (F-1) Identification of lipids 1and 2 by MS. Lipids from a microsomal extract overexpressing either FIT2 WT or FIT2 HHAA loaded with oleoyl-CoA for
10 and 30 min were analyzed by MS. Fragmentation pattern of ions 621.335 D and 525.371 D, corresponding to (F) oleoyl 4'-phosphopantetheine and (H) oleoy!
pantetheine, respectively, as well as the structures assigned for each main peak, are presented. Bar graphs showing intensity level of these metabolites (G and
1) found in microsomes overexpressing FIT2 WT or FIT2 HHAA at two different time points after oleoyl-CoA loading (10 and 30 min) are presented. Mean values

+ SD, two-way ANOVA with Sidak test. *, P < 0.0001.

incubated recombinantly produced human FIT2 WT or FIT2
HHAA proteins (Figs. 2 A and S1 D) with oleoyl-CoA and ana-
lyzed reaction products by TLC. At 10 or 30 min, FIT2 WT, but
not FIT2 HHAA, produced lipid 1, but not lipid 2 (Fig. 2 B). To
confirm the identity of lipid 1, we purified lipid 1 from the TLC
silica plate. MS revealed the presence of an ion with a mass of
623.335 D only in the lipid extract from the FIT2 WT assay
(Fig. 2 C). This ion was not found in lipids extracted from assays
with recombinant FIT2 HHAA protein or from a blank silica
control (Fig. 2, D and E). Higher-energy collision dissociation of
this parent ion yielded a mass spectrum consistent with oleoyl
4'-phosphopantetheine fragmentation (Fig. 2 F). In this ex-
periment, this ion was only detected by MS in positive mode
and therefore shows a mass difference of 2 D (for two protons)
compared with the ion found in the microsomal extract analysis
that identified oleoyl 4'-phosphopantetheine in negative mode
(Fig. 1 F).

To test whether oleoyl pantetheine (lipid 2) was produced by
another enzyme in the microsomal extract, we incubated re-
combinant FIT2 WT protein with oleoyl-CoA for 60 min to
produce oleoyl 4’-phosphopantetheine, and we then added mi-
crosomes from WT cells to the reaction. Under these conditions,
the oleoyl 4’-phosphopantetheine produced by recombinant
FIT2 was metabolized to other lipids, including oleoyl pante-
theine (Fig. 2 G), showing that dephosphorylation of oleoyl 4'-
phosphopantetheine occurs through a separate activity in the
microsomal fractions. This was not the case when oleoyl-CoA
was preincubated with recombinant FIT2 HHAA protein, sug-
gesting that oleoyl pantetheine can be made from oleoyl 4'-
phosphopantetheine but not from oleoyl-CoA directly. To con-
firm that oleoyl pantetheine is produced by an enzyme independent
of FIT2, we incubated oleoyl 4’-pantetheine with microsomes
purified from FIT2 WT or FIT2-KO cells. Either microsome
preparation was capable of generating the same lipid products
(Fig. S1 E), including acyl pantetheine, indicating that the acyl
4’-phosphopantetheine dephosphorylation is performed by a
different enzyme.

In biochemical experiments with oleoyl-CoA as substrate,
recombinant FIT2 had diphosphatase activity with an apparent
K of 10 uM and a Vuy of 6.5 pmol/min/mg (Fig. 3, A-C).
Comparing the substrate specificities of FIT2, we found that
saturated long-chain fatty acyl-CoAs [stearoyl-CoA (18:0),
arachidoyl-CoA (20:0)] competed poorly with oleoyl-CoA as a
substrate, although saturated fatty acyl-CoAs with shorter fatty
acid chains [palmitoyl-CoA (16:0)] competed better (Fig. 3 D).
Polyunsaturated long-chain fatty acyl-CoA [arachidonoyl CoA
(20:4)] exhibited higher levels of competition (Fig. 3 D). Acetyl-
CoA did not compete with oleoyl-CoA and appeared not to be an
FIT2 substrate.

Becuwe et al.
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We also tested whether the enzyme displays activity against
known LPP substrates, such as lysophosphatidic acid and
phosphatidic acid. However, we found low affinity and slow
catalytic rates of FIT2 with these substrates, suggesting that they
were not the primary substrates of FIT2 in cells (Becuwe et al.,
2018).

To further test the hypothesis that FIT2 is an acyl-CoA di-
phosphatase, we measured acyl-CoA levels in FIT2-KO cells by
MS. Oleoyl-CoA and arachidonoyl-CoA were the only detected
fatty acyl-CoAs, and levels of both species were increased in
FIT2-KO cells compared with WT cells (Fig. 3 E), consistent with
both being substrates for the enzyme (Fig. 3 D). CoA and acetyl-
CoA levels were similar in WT and FIT2-KO cells, indicating that
FIT2 deficiency does not deplete these metabolites in these cells.

Together, these data demonstrate that FIT2 is a diphospha-
tase cleaving the phosphoanhydride bond of acyl-CoA to yield
acyl 4’-phosphopantetheine and adenosine-3',5'-bisphosphate.
Acyl 4'-phosphopantetheine is subsequently dephosphorylated
by a different activity, present in microsomes, to acyl pante-
theine (Fig. 3 F). FIT2 appears to have preference for unsatu-
rated long-chain acyl-CoA substrates.

FIT2 deficiency in mammalian cells impairs ER morphology

To study FIT2 function in ER lipid metabolism in human cells,
we generated a FIT2-KO human SUM159 cell line. Sequencing
the FIT2 alleles of the KO cells showed a homozygous 17-bp de-
letion at the junction of exon 1 and the first intron (designated
clone 1; Fig. S2 A). The mutation yielded markedly reduced FIT2
mRNA expression and undetectable FIT2 protein (Fig. S2, B and
C). Compared with the reticular pattern of ER in WT cells, FIT2-
KO cells exhibited dramatically altered ER morphology, as vi-
sualized by expressing ER marker proteins (Fig. 4 A). The ER
was often found in clumps, suggesting aggregated membranes.
Ultrastructural analyses of FIT2-KO cells by thin-section EM
showed that these cells had abundant whorls of membranes
(Fig. 4 B) in the majority (39 of 71) of EM thin sections. Mem-
brane whorls were never found in WT cells. The whorls ap-
peared to be ER membranes because many ribosomes were
attached. FIT2-KO cells also exhibited frequent occurrences of
dilated ER (Fig. 4 C). Using lattice light-sheet microscopy of cells
expressing a fluorescent ER marker, we found that the ER
clumps in FIT2-KO cells were typically located close to the nu-
clear envelope and reached up to 5 pm in diameter and 20 pm3
in volume (Fig. 4 D). Moreover, no colocalization between these
ER clumps and the autophagy marker LC3 was detected (Fig. S3
A), suggesting that the ER aggregates observed in FIT2-KO cells
were not encapsulated in autophagosomes. We also tested
whether overexpression of reticulons, which induce the for-
mation of tubules in the ER (Voeltz et al., 2006), could resolve
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Figure 2. Recombinant human FIT2 catalyzes the cleavage of oleoyl-CoA to oleoyl 4’-phosphopantetheine but not oleoyl pantetheine. (A) Coomassie
blue-stained SDS-PAGE analysis of recombinant FIT2 WT and HHAA protein purified from GnTl- 293 cells. FIT2 protein forms multimers, as confirmed by
Western blot analysis (Fig. S1 D). (B) Incubation of oleoyl-CoA with FIT2 WT protein produces lipid 1. 25 ng of recombinant FIT2 WT or HHAA was incubated for
the indicated time with 25 uM mixed unlabeled and radiolabeled [*C]oleoyl-CoA, and lipids produced during the reaction were analyzed by TLC using the
solvent for polar lipids. A more contrasted image of the TLC is also shown. (C-E) Similar assay as that in B with FIT2 WT protein was performed with unlabeled
oleoyl-CoA, and the silica plate was scraped at the location of lipid 1(C). Reactions with FIT2 HHAA protein (D) or an empty silica lane (E) were used as controls.
After extraction, lipids were directly infused into a mass spectrometer, and measured spectra are presented. (F) Fragmentation pattern after higher-energy

Becuwe et al. Journal of Cell Biology
FIT2 and ER homeostasis https://doi.org/10.1083/jcb.202006111

5 of 19


https://doi.org/10.1083/jcb.202006111

TR
(: k(J
IV

collision dissociation of the ion 623.3499 D identified in C. (G) Incubation of oleoyl-CoA with FIT2 WT protein produces oleoyl 4'-phosphopantetheine but not
oleoyl pantetheine. Schematic representation of the experiment is shown on the left. Recombinant FIT2 WT or HHAA was incubated for 60 min with mixed
unlabeled and radiolabeled [**CJoleoyl-CoA, and then microsomes purified from WT GnTI- 293 cells were added and incubated for the indicated time. Lipids
were separated by TLC with polar lipid solvent. Oleoyl 4’-PP, oleoyl 4’-phosphopantetheine.

the ER aggregates. However, we did not detect any changes of
the ER clumps upon overexpression of RTN4a (Fig. S3 B). In
contrast to the prominent effects of FIT2 deficiency on the ER,
we found no differences in the appearance of the Golgi appa-
ratus, lysosomes, or peroxisomes (Fig. S3 C). Similar ER phe-
notypes were found in a second FIT2-KO cell line (clone 2),
which is compound heterozygous (with one allele harboring a
large deletion of FIT2 coding sequence and the second allele
encoding a protein lacking a single aa), leading to greatly re-
duced expression of FIT2 (~20% of FIT2 mRNA left as deter-
mined by quantitative PCR [qPCR] analysis; Fig. S2, A-D).

The ER whorls in FIT2-KO cells are reminiscent of membrane
whorls observed during unresolved ER stress in yeast (Schuck
et al., 2009). Activation of the unfolded protein response trig-
gers the upregulation of a large set of ER proteins, including
phospholipid synthesis enzymes that provide more membrane
lipids. Although we did not detect changes in Xbpl splicing (a
marker of acute ER stress), mRNA levels of ATF3, BiP, and CHOP
were modestly upregulated in FIT2-KO cells cultured under
basal conditions and were further increased with palmitate ad-
dition (Fig. 4, E and F), which increases lipotoxic stress. Con-
sistent with moderate activation of ER stress-sensing pathways,
FIT2-KO cells showed increased protein levels of BiP and
inositol-requiring enzyme 1 a (IREla; Fig. 4 G). In contrast, we
did not detect increased phosphorylation of elF2a, suggesting
that the PKR-like endoplasmic reticulum kinase pathway is not
constitutively activated in FIT2-KO cells.

To examine the acute rather than chronic effects of FIT2
deficiency on ER morphology, we depleted FIT2 by RNA inter-
ference. FIT2 mRNA levels were 90% lower after 72 h of siRNA
treatment (Fig. S4, A and B). In agreement with an acute effect of
FIT2 deficiency on ER morphology, these FIT2-knockdown
(FIT2-KD) cells exhibited a higher proportion of ER sheets in
the cell periphery (Fig. 4, H and [; Fig. S4 C). We also examined
whether ER stress was induced upon acute FIT2 depletion in
cells. However, no activation of ER stress was detected in FIT2-
KD cells (Fig. 4 J), possibly due to the lack of activation at the
time sampled.

FIT2 is required for normal LD formation and glycerolipid
synthesis in mammalian cells
We next examined FIT2 function with respect to LD formation in
mammalian cells. We first observed FIT2 localization during LD
formation in cells expressing a CRISPR-engineered (endogenous
N-terminal GFP-tagged) FIT2 (Fig. S4 D). FIT2 displayed a dif-
fuse signal that colocalized with the ER marker signal sequence
BFP-KDEL, and this localization appeared unchanged during LD
formation (Fig. 5 A).

We next examined LD formation in FIT2-KO cells. Consistent
with the notion that FIT2 function is required for normal LD
formation, incubation of FIT2-KO cells in medium containing
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oleate resulted in the formation of fewer LDs at each time point
than in control cells (Fig. 5, B and C). To determine if the re-
duction in LD numbers was due to altered synthesis of TG or a
defect in LD biogenesis, we measured TG synthesis by including
a radioactive tracer (['*C]oleate) in the oleate-containing me-
dium. FIT2 deletion impaired TG synthesis compared with
WT cells (Fig. 5 D), similar to what was reported in mouse 3T3-L1
cells with FIT2 knockdown (Kadereit et al., 2008). However,
despite the neutral lipid synthesis defect, FIT2 deficiency re-
sulted in fewer LDs formed normalized to the amount of syn-
thesized TG (Fig. 5 E). Thus, FIT2 depletion has an effect on LD
formation that is independent of TG synthesis per se, in agree-
ment with a previous report (Kadereit et al., 2008). Similar LD-
related phenotypes were found in the second clonal FIT2-KO cell
line (Fig. S2, E-G).

We also detected a similar delay in LD formation in yeast
when both SCS3 and YFT2 were deleted. In yeast, four genes
encode the enzymes of neutral lipid synthesis (Dahlqvist et al.,
2000; Oelkers et al., 2000, 2002; Sorger and Daum, 2002): DGAI
and LROI generate TG, and ARE] and ARE2 primarily synthetize
sterol ester. We used a yeast strain in which LROI and ARE] were
deleted and where DGAI and ARE2 were placed under the control
of a galactose-inducible promoter. This strain, designated as
“inducible LD,” enabled us to induce LD formation by switching
cells from raffinose- to galactose-containing medium (similar to
the strain used by Cartwright et al., 2015). After induction, we
found that the formation of LDs, assessed by BODIPY staining,
was delayed by deletion of SCS3 and YFT2 (Fig. S5, A and B).

To determine the effects of FIT2 depletion on the expression
of lipid synthesis genes, we measured the mRNA expression of
genes involved in TG synthesis by qPCR. No differences were
found for most of the glycerol-phosphate acyltransferase (GPAT)
and acylglycerol-phosphate acyltransferase (AGPAT) enzymes,
but the mRNA levels for LIPINI, DGATI, and DGAT2 were mark-
edly reduced in FIT2-KO cells (Fig. 5 F). In contrast, AGPAT3
mRNA levels were increased. We also examined gene expression
after acute FIT2 knockdown. As in the FIT2-KO cells, LIPINI and
DGATI mRNA levels were reduced in FIT2-KD cells (Fig. 5 G).
GPAT3 and AGPAT3 mRNA levels were increased. However, in
contrast to FIT2-KO cells, DGAT2 mRNA levels were similar in
FIT2-KD and control cells, consistent with the hypothesis that
DGAT2 expression is downregulated in FIT2-KO cells as an ad-
aptation to long-term FIT2 deletion. Similar to FIT2-KO cells,
FIT2-KD cells formed smaller LDs (Fig. 5 H), further confirming
that FIT2 is required for efficient LD formation.

FIT2 catalytic residues are required for ER homeostasis

in yeast

Because the deletion of the FIT2 yeast homologue SCS3 has been
well characterized (Hosaka et al., 1994; Choudhary et al., 2015;
Hayes et al., 2018), we performed studies in Saccharomyces
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Figure 3. Characterization of acyl-CoA diphosphatase activity of human FIT2. (A-C) FIT2 has oleoyl-CoA diphosphatase activity. Oleoyl-CoA diphos-
phatase activity was measured by the formation of oleoyl 4’-phosphopantetheine, analyzed by TLC. (A) Substrate-dependent oleoyl-CoA diphosphatase assay.
The indicated concentration of mixed unlabeled and radiolabeled [**CJoleoyl-CoA was incubated for 10 min with 25 ng of purified FIT2 WT or FIT2 HHAA. The
amount of oleoyl 4’-phosphopantetheine produced for each oleoyl-CoA concentration was quantified from triplicate experiments, and mean values + SD were
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plotted against the oleoyl-CoA concentration (two-way ANOVA with Sidak test; *, P < 0.0001). (B) Same data as in A plotted as a Lineweaver-Burk diagram
With Viax and Koy (C) Time-dependent oleoyl-CoA diphosphatase assay. 5 uM of mixed unlabeled and radiolabeled [**CJoleoyl-CoA was incubated with 10 ng of
WT FIT2 for the indicated time. The amounts of oleoyl 4’-phosphopantetheine produced at each time point were quantified, and mean values + SD were
plotted over time (two-way ANOVA with Sidak test; *, P < 0.0001). (D) Oleoyl-CoA is FIT2's preferential substrate. 25 ng of purified FIT2 WT protein were
incubated for 10 min with a mix of unlabeled and radiolabeled [*CJoleoyl-CoA (5 uM) and unlabeled CoA competitor (25 uM for ratio of 1:5 or 50 uM for ratio of
1:10). FIT2 activity was calculated relative to its activity with radiolabeled oleoyl-CoA alone. Mean values + SD from triplicate measurements are presented in a
bar graph (two-way ANOVA with Tukey test; **, P < 0.0001; *, P < 0.05). (E) Oleoyl-CoA and arachidonoyl-CoA levels are increased in FIT2-KO cells. Levels of
CoA, acetyl-CoA, oleoyl-CoA, and arachidonoyl-CoA in total cell lysates from FIT2 WT and FIT2-KO cells pretreated with oleic acid for 90 min (mean values +
SD, t test; *, P < 0.01). (F) FIT2 cleaves the oleoyl-CoA phosphoanhydride bond (red arrow) to produce oleoyl 4’-phosphopantetheine and 3'-5'-ADP. Another

microsomal enzyme hydrolyzes oleoyl 4’-phosphopantetheine to yield oleoyl pantetheine. Chemical structures are presented.

cerevisiae to test whether the acyl-CoA diphosphatase activity of
FIT2 is crucial for its function in vivo. In agreement with a role
in lipid metabolism, SCS3 was required for inositol prototrophy
(Hosaka et al., 1994; Fig. 6 A). This phenotype was complemented
by introducing either WT Scs3 or human FIT2 (Figs. 6 A and S5
C), showing that this FIT2 function is evolutionarily conserved
from yeast to humans. Adding back mutant forms of these en-
zymes (Scs3 H235A or Scs3 H3504; FIT2 H155A or FIT2 H214A)
failed to restore growth on media lacking inositol (Fig. 6 A),
showing that FIT2 catalytic residues are crucial for this pheno-
type in vivo.

Because inositol has a key role in yeast phospholipid me-
tabolism, we next asked whether SCS3 deletion impacts ER
membrane homeostasis. Indeed, in the absence of Scs3, cells had
abundant clumps of ER membrane (Fig. 6 B). This phenotype
was complemented by expressing WT Scs3, but not by ex-
pressing mutant forms of the protein (scs3 H235A or scs3
H3504; Fig. 6 C). The ER phenotype was also complemented by
expressing human FIT2 WT in scs3A cells, but not by expressing
catalytically deficient FIT2 (FIT2 H155A or FIT2 H214A; Fig. 6 D).
Also, the introduction of either Scs3 histidine mutant into a WT
strain did not induce the formation of ER clumps or complement
the inositol auxotrophy (Fig. S5, D and E), indicating that ex-
pression of those mutants does not have dominant-negative ef-
fects. Overall, these data indicate that the catalytic residues, and
thus likely the FIT2 acyl-CoA diphosphatase activity, are re-
quired for its ER-related function.

FIT2 activity is required for ER homeostasis and normal lipid
storage in mammalian cells

We tested whether FIT2 activity is required for ER homeostasis
in mammalian cells by performing add-back experiments in the
FIT2-KO cell lines. Expression of FIT2 WT, but not catalytic
mutant forms, completely reversed the ER morphology pheno-
type associated with FIT2 deletion (Fig. 7, A and B). This rescue
of ER morphology correlated with normalization of several ER
stress markers. Adding back FIT2 WT, but not the catalytically
mutant form of FIT2, partially restored ATF3 and BiP mRNA
levels (Fig. 7 C) and BiP and inositol-requiring enzyme 1 protein
levels (Fig. 7 D).

We asked whether restoring FIT2 activity would reverse the
changes in lipid gene expression by stably reintroducing WT or
catalytic mutant (H214A) FIT2 into FIT2-KO cells (Fig. S4 E).
However, neither the changes in gene expression nor the TG
synthesis rates were normalized (Fig. 7, E and F), suggesting that
the changes in gene expression and TG synthesis occur as a
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secondary consequence of long-term FIT2 depletion in cells. In
contrast to the studies on expression of lipid synthesis genes,
reintegration of FIT2 WT but not FIT2 H214A in FIT2-KO cells
restored normal LD formation (Fig. 7 G), indicating a distinct
function of FIT2 in LD formation.

Discussion

The molecular function of the ER protein FIT2 has been a
mystery since its identification. Here, we show that FIT2 is an
acyl-CoA diphosphatase enzyme that cleaves the phosphoanhy-
dride bond of acyl-CoA to yield acyl 4'-phosphopantetheine and
adenosine-3’,5'-bisphosphate. Our conclusions are based on three
lines of evidence. First, WT but not mutant FIT2 overexpression in
microsomes incubated with labeled acyl-CoA leads to generation
of acyl 4’-phosphopantetheine and subsequently its derivate, acyl
pantetheine. Second, recombinant FIT2 efficiently cleaves the
phosphoanhydride bond of acyl-CoA in vitro, yielding acyl 4'-
phosphopantetheine as a product. The affinity for the substrate
is comparable with the cellular concentration of fatty acyl-CoAs,
which are likely found at low micromolar or nanomolar concen-
trations (Grevengoed et al., 2014; Naquet et al., 2020). Third, de-
letion of FIT2 in mammalian cells results in increased levels of
acyl-CoA substrates. Taken together, our data identify hydrolysis
of fatty acyl-CoAs, in particular unsaturated acyl-CoA species, as
the primary function of FIT2.

The acyl-CoA hydrolysis activity of FIT2 appears to be lo-
calized to the ER lumen. Previous studies showed that the con-
served catalytic histidine residues are predicted to be localized to
the luminal side of the ER bilayer (Gross et al., 2010). Acyl-CoAs
are produced in the cytosol by acyl-CoA synthetase long-chain
proteins (Soupene and Kuypers, 2008). How would acyl-CoAs
reach the ER lumen? Others have reported that the ER has an
ER-localized acyl carnitine transferase activity similar to the mi-
tochondria (Gooding et al., 2004). To our knowledge, acyl-CoA
hydrolases have not been reported in the ER lumen, suggesting
that FIT2 activity evolved to help prevent buildup of fatty acyl-
CoAs on the luminal leaflet of the ER.

The current data support the hypothesis that accumulation of
acyl-CoA substrates rather than reaction products leads to cell
dysfunction. In the absence of FIT2 activity, excess luminal acyl-
CoAs may disrupt ER membranes, possibly by acting as de-
tergents to destabilize membranes or by altering phospholipid
balance. The reaction products of the FIT2 enzyme (acyl 4'-
phosphopantetheine and adenosine-3',5'-bisphosphate) are linked
to important metabolic processes (Naquet et al., 2020). It has
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Figure 4. FIT2-deficient human SUM159 cells have altered ER morphology. (A) Confocal images of FIT2 WT and FIT2-KO SUM159 cells transiently ex-
pressing the ER marker ssBFP-KDEL or GFP-Sec61B. White arrows indicate ER aberrations. Scale bar = 10 um. (B and C) Representative thin-section EM scans from
FIT2-KO cells showing (B) ER whorls highlighted with black arrows (scale bars = 500 nm) and (C) ER dilation highlighted with black arrows (scale bars = 1 um [top
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image], 500 nm [bottom image]). (D) ER whorls in FIT2-deficient cells are localized perinuclearly. Representative lattice light-sheet microscopy images of FIT2 WT
and FIT2-KO cells transiently expressing oxGFP-KDEL. ER abnormalities are indicated with white arrows. Scale bar = 10 um. A rendering image shows the ER
meshwork (brown) and the perinuclear localization of ER whorls (yellow shapes). Scale bar = 4 um. (E) The ER stress marker XBP1 is normally regulated in FIT2-KO
cells. XBP1 mRNA from FIT2 WT or FIT2-KO cells, treated for the indicated times with 100 uM palmitate, was amplified by gPCR and loaded onto an agarose gel.
Unspliced XBP1 (Xbplu) was observed as a 152-bp band, and the spliced form (XBP1s) was observed as a 126-bp band. (F) Several ER stress markers are elevated in
FIT2-KO cells. gPCR analysis of the indicated genes was performed on FIT2 WT and FIT2-KO cells untreated or treated with 100 uM palmitate for 16 h. Values
represent mean + SD relative to WT value; n = 3 (two-way ANOVA with Sidak test; *, P < 0.05). (G) Western blot analysis of the indicated proteins was performed on
FIT2 WT and FIT2-KO cells untreated or treated with 100 uM palmitate for 16 h or tunicamycin (4 pg/ml) for 14 h. Quantification of band intensity relative to
untreated WT controls is shown under each panel. (H and 1) FIT2 siRNA-treated cells have more ER sheets than control siRNA-treated cells. (H) Confocal images of
WT cells transiently expressing the ER marker oxGFP-KDEL treated with control or FIT2 siRNA for 72 h. An inlay highlights the higher proportion of sheetlike
structures at the cell periphery in FIT2 siRNA-treated cells than in controls. Scale bar = 10 um. (1) Quantification of ER features (sheets and tubules) relative to the cell
volume in cells treated with control siRNA or FIT2 siRNA for 3 d and transiently expressing the ER marker oxGFP-KDEL. Quantification was performed as described in
the Materials and methods section (two-way ANOVA with Bonferroni test; *, P < 0.0001). (J) Knock-down of FIT2 does not induce ER stress. mRNA levels of the
indicated genes were assessed by qPCR analysis of WT cells pretreated with control or FIT2 siRNA for 72 h. Values represent mean + SD relative to WT value; n = 3.

The figure is representative of two independent experiments (two-way ANOVA with Sidak test; *, P < 0.05).

been shown that CoA deficiency induces ER dilation in mice,
and this phenotype can be rescued by the addition of acetyl-4’-
phosphopantetheine (Di Meo et al., 2017). However, we cur-
rently have no evidence for CoA deficiency or other alterations
of cell metabolism from product deficiency in FIT2-KO cells.
Nevertheless, the mechanistic link between FIT2 deficiency
and ER dysfunction requires further investigation.

The diphosphatase reaction catalyzed by FIT2 is similar to
that catalyzed by several nucleoside diphosphates linked to
moiety-X (Nudix) hydrolase enzymes that are found in perox-
isomes and mitochondria (McLennan, 2006; Kerr et al., 2019).
This superfamily of enzymes hydrolyzes a wide variety of nu-
cleoside diphosphate substrates and contains a highly conserved
23-aa sequence motif, called a “Nudix box” (Mildvan et al.,
2005). This motif is not present in FIT2, indicating that FIT2
and Nudix enzymes carry out this reaction by distinct catalytic
mechanisms. Nudix hydrolases 7, 8, and 19 are family members
with acyl-CoA diphosphatase activity (Gasmi and McLennan,
2001; Ofman et al., 2006; Kerr et al., 2019). The function of
Nudix enzymes in peroxisomes is unknown, but they were
suggested to catabolize fatty acyl-CoAs, allowing breakdown
products to leave the lysosome for recycling.

Our findings for FIT2 enzyme deletions in yeast and mam-
malian cells show that FIT2 activity is crucial for maintaining
normal ER morphology. In scs3A yeast cells, the ER exhibited
major defects that were rescued by WT but not catalytic mutant
versions of Scs3 or FIT2. In our studies of mammalian cells, FIT2
deficiency similarly resulted in ER morphology defects and in-
dicators of ER stress that were largely rescued by complemen-
tation with active forms of the enzyme. The ER defects caused by
FIT2 deficiency included increased amounts of ER sheets in
FIT2-KD cells and severe ER aberrations such as clumps and
whorls in FIT2-KO cells. ER membrane whorls in cells have been
found in different situations linked to abnormalities in lipid
metabolism, such as unresolved ER stress (Schuck et al., 2009),
phosphatidylcholine deficiency (Testerink et al., 2009), and in-
creased fatty acid saturation (Surma et al., 2013). Thus, the oc-
currence of whorls in FIT2-deficient cells is consistent with
abnormalities in the ER phospholipids.

Previous studies suggested a primary function of FIT2 in the
formation of LDs: for instance, as a structural protein or as
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packaging DAG and/or TG into LDs (Gross et al, 201
Choudhary et al., 2015). Consistent with these studies, we also
found that FIT2 depletion had marked effects on LD formation in
both yeast and mammalian cells. In mammalian cells, we found
reduced numbers of LDs formed for a given amount of TG
synthesis, suggesting that LD formation is less efficient with
FIT2 deletion. How might FIT2 function help maintain normal
LD formation? One possibility is that FIT2-mediated hydrolysis
of acyl-CoAs provides a general function in the ER lumen that
helps to maintain normal phospholipid balance between the two
ER leaflets that promotes normal LD budding. For example, we
found that FIT2 deficiency resulted in an increased proportion of
ER sheets versus tubules, and evidence suggests that ER sheets
do not support LD formation as well as tubules (Santinho et al.,
2020). Another possibility is that FIT2 performs a specific
function that facilitates LD formation. For example, because
FIT2 is known to bind neutral lipids such as DAG and TG (Gross
et al., 2011) that may alter the conformation of FIT2 (Gross et al.,
2010), an attractive hypothesis is that cleavage of the acyl-CoA
phosphoanhydride bond could be coupled to conformational
changes that produce active pumping of neutral lipids across the
membrane. Such an activity could be important, for example, in
reducing DAG levels in the vicinity of LD budding at the cytosolic
leaflet to facilitate budding, as proposed previously (Choudhary
et al., 2018). With a primary enzymatic function for FIT2 iden-
tified, this and other hypotheses can now be tested.

Materials and methods

Mammalian cell culture and transfection

Human SUM159 cells (breast carcinoma cell line) were main-
tained in DMEM/F-12 GlutaMAX medium (Life Technologies)
containing 5% FBS, 100 U/ml penicillin, 100 mg/ml streptomy-
cin, 1 mg/ml hydrocortisone (MilliporeSigma), 5 mg/ml insulin
(Cell Applications), and 10 mM Hepes, pH 7.0. Transfection of
plasmids was performed 24 h before experiments with FuGENE-
HD (Promega) according to the manufacturer’s instructions.
siRNA treatment was performed 72 h before the experiment by
reverse transfection using Lipofectamine RNAiMAX (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
Human Expi293F GnTI- cells were grown in suspension in
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Figure 5. FIT2 is required for normal LD formation. (A) FIT2 localizes diffusely throughout the ER. SUM159 cells expressing endogenous GFP-tagged FIT2
transfected with plasmid expressing the luminal ER marker ssBFP-KDEL were imaged before and after addition of oleic acid at the indicated time. LDs were
stained with LipidTOX. Scale bar = 10 um. (B) FIT2 deletion results in fewer and smaller LDs formed in response to oleate treatment. Time course of LD
formation in FIT2 WT and FIT2-KO SUM159 cells. Cells were treated with 500 uM oleic acid for the indicated times, and LDs were stained with BODIPY 493/
503. Scale bar = 10 um. (C) Quantification of LD formation shown in B. n = 4 cells. Values represent mean + SD (two-way ANOVA; *, P < 0.001). (D) Reduced
triacylglycerol synthesis in FIT2-KO cells. Cells were pulse-labeled with [**C]oleate, and incorporation into TG was measured over time by TLC. Mean value of
TG band intensity was plotted over time and quantified from three independent measurements + SD. Values were calculated relative to WT cells” highest value
at 360 min (two-way ANOVA with Sidak test; *, P < 0.0001). (E) FIT2-deficient cells form fewer LDs for similar amounts of synthesized TG. Average LD number
per cell measured in B was plotted against TG amount calculated in C. (F) Reduced mRNA expression of lipid synthesis enzymes in FIT2-KO cells. mRNA levels
of genes involved in the Kennedy pathway in FIT2 WT and FIT2-KO cells were assessed by gPCR analysis. Values represent mean + SD relative to WT value;
n = 3. The figure is representative of three independent experiments (two-way ANOVA with Sidak test; *, P < 0.01). (G) Knockdown of FIT2 results in reduced
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DGAT1 and LIPINI mRNA expression levels. mRNA levels of genes involved in the Kennedy pathway were assessed by qPCR analysis of WT cells pretreated
with control or FIT2 siRNA-treated cells. Values represent mean + SD relative to WT value; n = 3. The figure is representative of two independent experiments
(two-way ANOVA with Sidak test; *, P < 0.05). (H) FIT2 siRNA-treated cells have fewer LDs than control siRNA-treated cells. WT cells were pretreated for 48 h
with siRNA targeting FIT2 or control siRNA, and then oleic acid was added for another 48 h before imaging. Scale bar = 5 pm.

FreeStyle 293 medium (Thermo Fisher Scientific) according to  cells transformed with the indicated plasmids were grown in

the manufacturer’s instructions. SC-Ura-Leu medium overnight and imaged during early log
phase (A600 <0.3) the next day. For LD induction, inducible
Yeast growth conditions LD strains were precultured to early exponential phase

All yeast strains were derivatives of the BY4741 strain (Table (A600 <0.3) in SC medium containing 2% (wt/vol) glucose
S1). Yeast was transformed by a standard lithium acetate/ and then diluted (A600 <0.05) in SC medium containing 2%
polyethylene glycol procedure. Cells were grown in syn- raffinose (wt/vol) overnight. When cultures reached A600 of
thetic complete (SC) medium containing 2% (wt/vol) glucose  0.4-0.6, 2% galactose (wt/vol) was added to the raffinose-
without uracil or leucine for plasmid selection. For imaging, grown cells to induce LD formation.
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Figure 6. Catalytic residues of FIT2 and Scs3 are required for their Function in vivo in yeast. (A) C2 or C3 histidine mutations of Scs3 or FIT2 did not
rescue scs3A inositol auxotrophy. WT cells, scs3A cells, and scs3A cells expressing GFP-tagged Scs3 or FIT2 WT or mutated for C2 histidine to alanine (H235A for
Scs3, H155A for FIT2) or C3 histidine to alanine (H350A for Scs3, H214A for FIT2) on a plasmid were serially diluted and spotted on complete solid medium
(+INO-CHO) or inositol-depleted (-INO+CHO). To aggravate the growth defect (Villa-Garcia et al,, 2011), inositol-deprived medium was supplemented with
choline (+CHO), and cells were grown at 37°C. The plates were imaged after 4-5 d. (B) SCS3 deletion leads to formation of ER patches. Maximum-intensity
projections of representative deconvolved confocal image stacks from WT and scs3A cells expressing the ER marker ssRFP-HDEL are shown; white arrows
highlight ER patches. Scale bar = 2 um. (C) Reintroduction of Scs3-GFP mutated at C2 or C3 histidine does not restore normal ER shape in scs3A cells.
Subcellular localization of Scs3-GFP WT or H235A and H350A, respectively, were assessed in scs3A cells. Maximum-intensity projections of representative
deconvolved confocal image stacks are presented. Impact on ER shape was addressed with ssRFP-HDEL marker; white arrows highlight ER patches. Scale bar =
2 um. (D) Reintroduction of GFP-FIT2 mutated at C2 or C3 histidine did not restore normal ER shape in scs3A. Subcellular localization of GFP-FIT2 WT or H155A
and H214A, respectively, were assessed in scs3A cells. Maximum-intensity projections of representative deconvolved confocal image stacks are presented.
Impact on the ER shape was addressed with ssRFP-HDEL marker; white arrows highlight ER patches. Scale bar = 2 um.
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Figure 7. FIT2 catalytic residues are required for ER homeostasis and normal lipid storage in human cells. (A and B) Reintroduction of GFP-FIT2
mutated at conserved histidines did not restore normal ER shape in FIT2 KO cells. (A) Representative confocal images of FIT2 WT cells and FIT2-KO cells
transiently coexpressing the ER marker ssBFP-KDEL and GFP-FIT2 WT or C2 (H155A) or C3 histidine mutants (H214A). White arrows highlight ER patches. Scale
bar = 10 um. (B) Quantification of the percentage of rescued ER shape (n = 50) is presented under the images. ND, not detected. (C and D) Reintroduction of
GFP-FIT2 mutated at H214A did not restore normal ER stress markers expression. (C) gPCR analysis of the indicated genes (values represent mean + SD; n = 3,
representative of three independent experiments; two-way ANOVA with Sidak test; *, P < 0.01; **, P < 0.001). (D) Western blot analysis of ER stress proteins in
FIT2 WT cells, FIT2-KO cells, and FIT2-KO cells stably expressing either WT GFP-FIT2 (KO + WT) or GFP-FIT2-H214A (KO + HA). Quantification of band intensity
relative to WT untreated is shown under each panel. (E) Reintroduction of WT GFP-FIT2 or H155A did not restore normal TG synthesis rate in FIT2-KO cells.
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FIT2 WT, FIT2-KO cells, and FIT2-KO cells stably expressing either WT GFP-FIT2 (KO+WT) or GFP-FIT2-H214A (KO+HA) were pulse labeled with [*CJoleate,
and incorporation into TG was measured by TLC over time during oleate treatment. Mean value of TG band intensity was plotted over time and quantified from
three independent measurements. Values were calculated relative to the value of WT cells at 24 h (two-way ANOVA with Sidak test; *, P < 0.01). (F) Re-
introduction of WT GFP-FIT2 or H214A did not restore normal expression of neutral lipid synthesis genes in FIT2-KO cells. gPCR analysis of the indicated genes
was performed on FIT2 WT cells, FIT2-KO cells, and add-back cell lines. Values represent mean + SD; n = 3. The figure represents three independent ex-
periments (two-way ANOVA with Sidak test; *, P < 0.01). (G) Reintroduction of WT GFP-FIT2 but not H214A restores LD budding in FIT2-KO cells. FIT2-KO cells
were grown together with add-back cell lines expressing GFP-FIT2 WT (top panels) or GFP-FIT2 H214A (bottom panels), and 500 uM oleic acid was added for
24 h before imaging. LDs were stained with LipidTOX. Nuclei were stained with Hoechst. FIT2-KO cells (labeled with asterisks) were distinguished from add-

back cells on the basis of GFP signal. Scale bar = 25 pm. MW, molecular weight.

Yeast growth assays

WT or scs3A yeast transformed with the indicated plasmids was
grown overnight in SC without uracil liquid culture to stationary
phase and spotted in 10-fold serial dilutions onto synthetic
medium plates without uracil with or without inositol and with
or without choline (2 pg/jl). Images were obtained after 4-5 d of
growth at 37°C.

Antibodies and Western blots

Polyclonal antibody against human FIT2 was generated in rab-
bits (GenScript), affinity purified, and used at a 1:1,000 dilution
for Western blot analysis. The peptide sequence of the epitope
corresponds to the last 16 aa (PQSCSLNLKQDSYKKP). We used
antibodies against FLAG (M2 F3165; MilliporeSigma), tubulin
(T5168; MilliporeSigma), calnexin (C5C9; Cell Signaling Tech-
nology), GFP (11814460001; Roche), elF2a (9722S; Cell Signaling
Technology), phospho-eIF2a (9721S; Cell Signaling Technology),
Irela (3294; Cell Signaling Technology), and BiP (3177; Cell Sig-
naling Technology). Crude extract samples for Western blot
analysis were prepared as described previously (Wang et al.,
2016). Briefly, cells were lysed with lysis buffer (150 mM
NaCl, 50 mM Tris-HCl, pH 7.4, 1% Triton X-100) and spun for
6 min at 16,000 g. The supernatant was denatured in Laemmli
buffer at 37°C for 10 min. Proteins were separated on a 4-15%
SDS-PAGE gel (Bio-Rad Laboratories) and transferred to a pol-
yvinylidene difluoride membrane (Bio-Rad Laboratories).

RNA extraction and real-time qPCR

Total RNA was isolated using the RNeasy Kit (Qiagen) according
to the manufacturer’s instructions. cDNA was synthesized using
the iScript cDNA synthesis kit (Bio-Rad Laboratories), and gPCR
was performed in triplicates using the Power SYBR Green PCR
Master Mix Kit (Applied Biosystems). Sequences of the qPCR
primers used are listed in Table S2.

Plasmid constructs

Plasmids in this paper are described in Table S3. To obtain al-
cohol dehydrogenase promoter (pADH):Scs3-GFP (pMB86) and
PADH:GFP-Scs3 (pMB87), the SCS3 gene was amplified from
BY4741 gDNA, inserted into pCRII-ZeroBlunt (Life Technologies;
pMB88), and subcloned into Xbal-EcoRI sites of pRS416 (pMB9S)
to make pMB86 and into XhoI-EcoRI sites of pRS416 (pMB99) to
make pMB8?7. Site-directed mutagenesis (QuikChange Lightning
Site-Directed Mutagenesis Kit; Agilent) was performed by PCR
using mutagenic oligonucleotides with pMB88 as the template.
Mutagenized plasmids were checked by sequencing, and a region
containing the mutation was systematically subcloned into the
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original pMB98 using endogenous restriction sites to prevent
mutations that may have occurred elsewhere on the plasmid.
Mutations on pMB86 of the C2 and C3 conserved histidines to
alanines led to pMB96 and pMB97, respectively. The pADH:
FIT2-GFP (pMB104) and pADH:GFP-FIT2 (pMB111) were am-
plified from human FITM2 cDNA NM_001080472.2 (Or-
iGene) and subcloned into the Xbal-EcoRI sites of pRS416
(pMB98) to make pMB104 and into XhoI-EcoRI sites of pRS416
(pMB99) to make pMBI11. Mutation on pMBI11 of the C2 and C3
conserved histidines to alanines led to pMB112 and pMBI13, re-
spectively. Plasmids used for safe harbor integration were de-
rived from the AAVSI-PGK1 Homologous Recombination donor
plasmid (Addgene; 68375). WT GFP-FIT2 and H155A sequences
were cloned using Xbal/Kpnl restriction sites. The same plas-
mids were also used for transient transfection of SUM159 cells.
Plasmids used for protein purification as well as for FIT2 over-
expression in human GnTI-293 cells were derived from the
plasmid cytomegalovirus (pCMV) 14) backbone. FIT2 WT or
H155A/H214A sequences were cloned in EcoRI/BamHI sites to
obtain pCMV-FIT2-3FLAG WT (pMB82) and H155A/H214A
(pMB277).

Generating cell line KO and knock-in in SUM159 cells

To generate CRISPR FIT2-KO SUM159 cell lines, we used a len-
tiviral delivery method as previously described (Sanjana et al.,
2014). The sequence 5'-CGGGGTGCACTCACACGTTG-3' was
used as a gRNA to direct Cas9 to exon 1 of the FIT2 locus. The
gRNA was cloned into the LentiCRISPR V2 plasmid (Addgene;
52961). Briefly, the LentiCRISPR V2, psPAX2 (Addgene; 12260),
and pCMV-VSVG (Addgene; 8454) plasmids were transfected
into HEK293 packaging cells, and lentiviral particles were col-
lected from the culture media 24 h later and used to infect
SUMI59 cells. One day after infection, cells were treated with
puromycin for 3 d to select for infected cells. Cells were re-
plated onto 150-mm dishes at clonal density. Individual colo-
nies were isolated in 24-well dishes. Screening of clones was
performed by qPCR (sense primer 5'-GTACATCTGCACCTCCAT
CTTC-3'; antisense primer 5-CTTGCTCTGGTGTTCCTTTCTG-
3') using Power SYBR Green (Life Technologies). gDNA of
clones showing mRNA expression defects was extracted (Epi-
centre QuickExtract DNA Extraction Solution; Lucigen), and
the genomic sequence surrounding the target exon of FIT2 was
amplified by PCR (sense 5-TCAAGCTGTGGGACTCGCGG-3’
and antisense 5'-TCCAATGACTCGTCCACCAC-3'). PCR prod-
ucts were subcloned into a plasmid (Zero Blunt TOPO PCR
Cloning Kit; Life Technologies) to validate the edited region of
positive KO clones by sequencing. The KO was also confirmed
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by Western blot analysis using a custom-made anti-FIT2
antibody.

To generate cell lines stably expressing GFP-FIT2 in FIT2-KO
SUM159 cells, we used the AAVS1 safe harbor targeting method
(System Biosciences). WT GFP-FIT2 or H155A donor constructs
were cotransfected with a hCas9 plasmid and a gRNA-AAVS1-T2
plasmid using Lipofectamine 3000 (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Cells were selected
with puromycin for 3 d, and single-cell FACS sorting was per-
formed on the basis of GFP signal. Positive clones were con-
firmed by fluorescence microscopy and by Western blotting
with anti-FIT2 antibody.

To generate a GFP-FIT2 knock-in SUMI159 cell line, the se-
quence 5'-GTGGCTGACGAGATCCGGCA-3' was used as a gRNA
to direct Cas9 to exon 1 of the FIT2 locus. The gRNA was cloned
into the pX459 plasmid (Addgene; 62988). The GFP-FIT2 donor
template (pMB264) was generated and cotransfected with pX459
in SUMI159 cells using FuGENE (Promega) according to the
manufacturer’s instructions. Cells were selected with puromy-
cin for 3 d, and single-cell FACS sorting was performed on the
basis of GFP signal. Positive clones were confirmed by fluores-
cence microscopy and by Western blotting with anti-FIT2
antibody.

Oleoyl CoA flux measurement in microsomes

Human Expi293F GnTI- suspension cells were transfected with
plasmids pMB82 (FIT2 WT-3FLAG) or pMB277 (FIT2 HHAA-
3FLAG) with 1 mg/ml poly(ethyleneimine; MilliporeSigma).
10 mM sodium butyrate (MilliporeSigma) was added to the cell
culture 16 h after transfection, and cells were harvested after 48
h. The cell pellet was resuspended in lysis buffer (250 mM su-
crose, 50 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM EDTA) plus
protease inhibitors (Roche) and lysed with Dounce homoge-
nizer. The cell lysate was centrifuged at 8,000 g for 10 min at 4°C
to remove cell debris, and the supernatant was further centri-
fuged at 100,000 g for 60 min at 4°C. The membrane pellet was
gently resuspended in lysis buffer. 100 pg of microsomes were
mixed with reaction buffer (100 mM KAc, pH 7, 1 mM MgCl,,
20 mM NaCl, 0.625 mg/ml BSA) and lysis buffer to a final vol-
ume of 200 pl. The assay was started by adding 25 uM oleoyl-
CoA containing [*C]oleoyl-CoA (American Radiolabeled Chem-
icals) as a tracer (0.1 uCi) and incubated at 37°C. The reaction
was stopped by adding chloroform/methanol (2:1) and 2%
phosphoric acid. The lower phase was extracted, dried under an
air stream, resuspended in chloroform, and separated by TLC
with a chloroform/methanol/water (65:25:4) or chloroform/
methanol (24:1) solvent system to separate polar and neutral
lipids, respectively. The TLC plates were exposed overnight to a
phosphor imager screen and developed with the Typhoon FLA
7000 phosphor imager.

Recombinant FIT2 protein purification

Human Expi293F GnTI- cells were used to produce 3FLAG-
tagged human FIT2 protein by following the same expression
protocol as the microsomal assay. The cell pellet was lysed with a
Branson sonicator with lysis buffer (50 mM Tris-HCI, pH 7.4,
200 mM NaCl) plus protease inhibitors (Roche). The lysate was
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centrifuged for 15 min at 10,000 g to remove cell debris. The
supernatant was then centrifuged for 60 min at 100,000 g. The
membrane fraction (pellet) was resuspended in lysis buffer
supplemented with 1% glyco-diosgenin (GDN; Anatrace) and
incubated overnight at 4°C. Unsolubilized membranes were re-
moved by ultracentrifugation at 100,000 g for 60 min. The su-
pernatant fraction containing solubilized FIT2 was incubated
with anti-FLAG M2 Affinity Gel (MilliporeSigma) for 3 h, and
the sample was transferred to 25-ml BioSpin columns and
washed by gravity flow with lysis buffer supplemented with
0.1% GDN. Proteins were eluted for 5-min sequential elutions
(performed five times) in 500 wl of lysis buffer containing 0.1%
GDN and 0.2 pg/pl poly-FLAG peptide (bimake.com). Eluted
fractions were pooled and concentrated using 10 kD Amicon
Ultra-4 Centrifugal Filter Units (MilliporeSigma). Protein con-
centrations were calculated by comparing band intensity of 2 ul
of eluate with a BSA standard on a 4-15% SDS-PAGE gels (Bio-
Rad Laboratories) and visualized by using Coomassie blue (Im-
perial Protein Stain; Thermo Fisher Scientific). Aliquots were
stored in elution buffer supplementing with 10% glycerol at
80°C.

Enzymatic assays

Oleoyl-CoA diphosphatase activity was measured by following
the formation of [**C]oleoyl 4'-phosphopantetheine by TLC from
[*“Cloleoyl-CoA (American Radiolabeled Chemicals). For time-
dependent reactions, the reaction mixture comprised 5 uM of
oleoyl-CoA containing traces of [CJoleoyl-CoA (0.005 pCi) in
reaction buffer with 50 mM Tris-HCl (pH 7.5), 200 mM Nacl,
0.5 mM MgCl,, and 0.1% GDN. 25 ng of enzyme protein were
added in a total volume of 0.2 ml of reaction mixture and in-
cubated at 37°C for the indicated time. For substrate-dependent
reactions, serial dilution of 2 mM oleoyl-CoA containing traces
of [**C]oleoyl-CoA (0.01 pCi/pl) was made and incubated with
25 ng of enzyme proteins for 10 min at 37°C. The reaction was
stopped by adding a chloroform/methanol mixture (2:1) and
phosphoric acid 2%. After centrifugation for 5 min at 5,000 g,
the lower phase was extracted, dried under an air stream, re-
suspended in chloroform, and separated by TLC using a chlo-
roform/methanol/water (65:25:4) solvent system. The TLC plate
was exposed to a phosphor imaging screen overnight and was
revealed with the Typhoon FLA 7000 phosphor imager. The
band intensity was quantified using Image] software. En-
zyme assays were conducted in triplicate in two independent
experiments.

For competition assays, 25 ng of recombinant FIT2 WT pro-
tein was incubated for 10 min at 37°C with 5 pM of oleoyl-CoA
containing traces of [*C]oleoyl-CoA (0.005 pCi) and 25 pM or
50 pM of the indicated unlabeled CoA competitor. The same
procedure as described above was used to extract and analyze
lipids.

[*4c]Oleic acid labeling of lipids, lipid extraction, and TLC

Cells were pulse labeled with [**C]oleic acid (50 uCi/pmol), then
washed three times with PBS. Lipids were extracted from six-
well cell culture plates by adding hexane/isopropanol (3:2) and
gently shaking for 10 min. The process was repeated a second
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time for full extraction of all lipids. Lipids were dried under a
nitrogen stream and separated by TLC using a hexane/diethyl
ether/acetic acid (80:20:1) solvent system for neutral lipid sep-
aration and a chloroform/methanol/acetone/acetic acid/water
(50:10:20:15:5) solvent system for phospholipid separation. TLC
plates were exposed to a phosphor imaging screen overnight and
analyzed by using a Typhoon FLA 7000 phosphor imager. In-
corporation of radiolabeled oleic acid in lipids was determined
over time by measuring band intensity by TLC using Image]J
software.

Lipidomics
For the analysis of microsome samples, lipids were extracted
using a modified version of the Bligh-Dyer method (Bligh and
Dyer, 1959). Briefly, samples were manually shaken in a glass
vial (VWR) with 1 ml of PBS, 1 ml of methanol, and 2 ml of
chloroform for 30 s. The resulting mixture was vortexed for 15 s
and centrifuged at 2,400 g for 6 min to induce phase separation.
The organic (bottom) layer was retrieved using a Pasteur pi-
pette, dried under a stream of nitrogen, and reconstituted in
2:1 chloroform/methanol for analysis by liquid chromatography-
MS. Lipidomic analyses were performed by using the Vanquish
HPLC system coupled online to a Q Exactive quadrupole-Orbitrap
mass spectrometer equipped with an electrospray ion source
(Thermo Fisher Scientific). Data were acquired in positive and
negative jonization modes. Solvent A consisted of 95:5 water/
methanol, and solvent B was 60:35:5 isopropanol/methanol/
water. For positive mode, solvents A and B contained 5 mM
ammonium formate with 0.1% formic acid; for negative mode,
solvents contained 0.028% ammonium hydroxide. A Bio-Bond
(Dikma Technologies) C4 column (5 pm, 4.6 mm x 50 mm) was
used. The gradient was held at 0% B between 0 and 5 min,
raised to 20% B at 5.1 min, increased linearly from 20% to 100%
B between 5.1 and 55 min, held at 100% B between 55 min and
63 min, returned to 0% B at 63.1 min, and held at 0% B until
70 min. The flow rates were 0.1 ml/min from O to 5 min, 0.4 ml/
min between 5.1 min and 55 min, and 0.5 ml/min between
55 min and 70 min. Spray voltages were 3.5 kV and 2.5 kV for
positive and negative ionization modes, respectively. Sheath,
auxiliary, and sweep gases were 53, 14, and 3, respectively. The
capillary temperature was 275°C. Data were collected in full
MS/dd-MS2 mode (top 5). Full MS scans were acquired from
100-1,500 mass-to-charge ratio (m/z) with a resolution of 70,000,
automatic gain control (AGC) target of 1°, and a maximum in-
jection time of 100 ms. MS2 scans were acquired with a resolu-
tion 0f 17,500, a fixed first mass of 50 m/z, AGC target of 1°%, and a
maximum injection time of 200 ms. Stepped normalized col-
lision energies were 20%, 30%, and 40%. Data alignment, peak
integration, and comparison between sample conditions were
performed with Dilu (github.com/bathyg/dilu). Mass accuracy
and chromatography checks and peak integration of all Dilu-
identified lipids were performed with Skyline (MacLean et al.,
2010).

To identify oleoyl 4'-phosphopantetheine as an FIT2 product,
50 pM oleoyl-CoA was incubated for 30 min with 500 ng of
recombinant FIT2 WT or FIT2 HHAA. Lipid extraction and TLC
were performed as described. The silica plate was scraped at
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the known migration location of lipid 1. Lipids were ex-
tracted with 5 ml of chloroform/methanol 2:1 for 2 h in the
cold room. 2 ml of 2% phosphoric acid was added for 15 min.
After centrifugation at low speed, the lower phase was re-
covered, dried under a nitrogen stream and resuspended in
methanol. The analyte was directly infused into the Q-Ex-
active-Orbitrap mass spectrometer (Thermo Fisher Scien-
tific) at a flow rate of 10 pl/min and the spray voltage was set
to 3 kV. The heated capillary and the heated electrospray
ionization were held at 320°C and 300°C, respectively. Fou-
rier transform MS spectra were acquired in positive ion
mode at resolution m/z = 70,000 in the Orbitrap analyzer.
For tandem MS spectra, the precursor ion with m/z = 623.3
was isolated with a window of 1 D and fragmented at a
normalized higher collision energy of 15 units.

Cellular acyl-CoA esters were analyzed using a method based
on a previously published report (Magnes et al., 2005) that relies
on the extraction procedure described by Deutsch et al. (1994).
The CoAs were further purified by solid-phase extraction as
described by Minkler et al. (2008). The acyl-CoAs were analyzed
by flow injection analysis using positive electrospray ionization
on a Xevo TQ-S triple quadrupole mass spectrometer (Waters)
using methanol/water (80:20 vol/vol) containing 30 mM am-
monium hydroxide as the mobile phase. Spectra were acquired
in the multichannel acquisition mode, monitoring the neutral
loss of 507,003 D (phosphor-ADP) and scanning from m/z 750 to
1,060. Heptadecanoyl CoA was employed as an internal stan-
dard. The endogenous CoAs were quantified using calibrators
prepared by spiking cell or liver homogenates with authentic
CoAs (MilliporeSigma) having saturated acyl chain lengths
C0-C18. Corrections for the heavy isotope effects, mainly '3C, to
the adjacent m + 2 spectral peaks in a particular chain length
cluster were made empirically by referring to the observed
spectra for the analytical standards.

Live-cell imaging and image processing

Microscopy was performed on a spinning disk confocal mi-
croscope (Yokogawa CSU-X1) set up on a Nikon Eclipse Ti
inverted microscope with a 100 Apochromat total internal
reflection fluorescence/1.4 NA objective (Nikon) in line with
2x amplification. Fluorophores were excited with 405-, 488-,
or 561-nm laser lines, and fluorescence was detected by an
iXon Ultra 897 EMCCD camera (Andor) or a Zyla 4.2 Plus
scientific complementary metal-oxide-semiconductor cam-
era (Andor). Bandpass filters (Chroma Technology) were
applied to all acquisitions. When applicable, maximum-
intensity Z stacks of 0.15-mm slices were obtained with
piezo Z-stage. For live-cell imaging, temperature, humidity,
and CO, were controlled during imaging using a stage-top
chamber (OKOLAB).

For imaging of initial LD formation or late events, 500 uM
oleic acid (MilliporeSigma) complexed with 0.5% fatty acid-free
BSA (MilliporeSigma) was added to wells immediately before
image acquisition. When applicable, 0.5 mg/ml BODIPY 493/503
(Life Technologies) or HCS LipidTOX Deep Red Neutral Lipid
Stain (Thermo Fisher Scientific) was added before and with oleic
acid supplementation to stain LDs.
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Acquired images were processed and quantified manually
with Fiji software (http://fiji.sc/Fiji). The plugin “Find Maxima”
was used to quantify the LD number. In yeast, CellProfiler
software (https://cellprofiler.org/) was used to quantify LD
numbers in SUMI59 cells using an automated pipeline. All
quantifications were performed on raw images. Deconvolution
of images in Fig. 6 was performed using Huygens Professional
15.05 (Scientific Volume Imaging) with classic maximum like-
lihood estimation algorithm using a calculated point spread
function for each wavelength.

Quantification of ER sheets and tubules

0.25-um maximum-intensity Z stack images were acquired on a
confocal spinning-disk microscope from cells expressing the ER
marker oxGFP-KDEL. From these images, sheets and tubules were
quantified from masks obtained via supervised segmentation. The
pipeline had the following seven steps: (1) A few volume crops were
annotated, with a subset of their voxels being labeled as background,
tubules, or sheets. (2) A machine learning (random forest) model
(https://github.com/HMS-IDAC/VoxelClassifier) was trained to
classify voxels on the basis of provided annotations. (3) A dataset of
cropped regions to be analyzed was generated. (Because voxel
classification in 3D is computationally time-consuming, this step
speeds up analysis considerably.) (4) The trained machine learning
model was applied on cropped regions from step 3 to generate
masks with segmented sheet/tubule areas. (5) An algorithm based
on Watershed (Roesdink and Meijster, 2000) and Active Contours
(Chan and Vese, 2001) was deployed on the cropped regions and the
corresponding probability maps to create nuclei and cell masks. (6)
Layer masks of ~25-voxel thickness were generated outwardly from
the nucleus using morphological dilation, and the number of sheets
and tubules in such masks was computed up to 20 layers or until the
amount of sheet voxels stopped growing, whichever happened first.
(7) Step 6 was repeated after the cropped regions and probability
maps were resized so that the cell mask volume was equal to the
average cell volume in the analyzed dataset.

Immunofluorescence

For standard immunofluorescence experiments, cells were grown
on glass-bottomed six-well plates and fixed with 4% formalde-
hyde. Blocking was performed with 3% BSA in PBS with 0.1%
Triton X-100. Primary and secondary antibody dilutions were
performed in the same solution. We used anti-protein disulfide
isomerase (2792; Abcam) to detect ER, anti-LC3 (2775S; Cell Sig-
naling Technology) to detect autophagy, anti-LAMPI1 (D2D11; Cell
Signaling Technology) to detect lysosomes, anticatalase (D4P7B;
Cell Signaling Technology) to detect peroxisomes, and anti-GM130
(D6BI; Cell Signaling Technology) to detect the Golgi apparatus.
We used as a secondary antibody Alexa Fluor 568-conjugated
secondary antibodies (Life Technologies). Nuclei were stained
with 1 pg/ml Hoechst 33342 (Life Technologies) during one of the
post-secondary antibody washes.

EM

Cells in Petri dishes were fixed in 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.4, for 1 h. Buffer-rinsed cells
were scraped in 1% gelatin and spun down in 2% agar. Chilled
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blocks were trimmed and postfixed in 1% osmium tetroxide for
1 h. The samples were rinsed three times in sodium cacodylate
buffer and postfixed in 1% osmium tetroxide for 1 h. Samples
were then rinsed and stained en bloc in aqueous 2% uranyl ac-
etate for 1 h, followed by rinsing, dehydrating in an ethanol
series, and infiltrating with Embed 812 (Electron Microscopy
Sciences) resin, and then they were baked overnight at 60°C.
Hardened blocks were cut using a Leica UltraCut UC7. Sections
(60 nm) were collected on formvar/carbon-coated nickel grids
and contrast stained with 2% uranyl acetate and lead citrate.
They were viewed using an FEI Tencai Biotwin transmission
electron microscope at 80 kV. Images were obtained on a
Morada charge-coupled device using iTEM software (Olympus).

Lattice light-sheet microscopy

Imaging was performed on a lattice light-sheet microscope de-
veloped by Chen et al. (2014). SUM159 cells were transfected
with the ER marker oxGFP (Addgene; 68069) and imaged at 37°C
in Leibovitz’s L-15 medium (Thermo Fisher Scientific; 11415064)
supplemented with 5% heat-inactivated FBS (GE Healthcare Life
Sciences; SH30071.03), 100 U/ml penicillin and 100 pg/ml strep-
tomycin (Thermo Fisher Scientific; 15140122), 1 ug/ml hydrocor-
tisone (MilliporeSigma; HO888), 25 mM Hepes (Thermo Fisher
Scientific; 15630080), and 5 pg/ml insulin (Cell Applications;
128). A square lattice light sheet was generated and passed
through an annular mask with inner and outer NAs of 0.42 and
0.50, respectively. The beam was dithered through the sample
during acquisition. Cell volumes were acquired by stepping the
sample stage at 400-nm intervals between 221 and 251 times
with a 35-ms exposure for each plane. Cells were excited with a
488-nm laser (~300-mW power; ~15.87 uW-28.9 uW measured
at the back aperture of the excitation objective during experi-
ments). Fluorescence was detected with a 25x/1.1 NA Nikon
CFI Plan Apochromat long working-distance objective, passed
through a 488-nm StopLine single-notch filter (Semrock; NF03-
488E-25), a 446/523/600/677-nm Brightline quad-band band-
pass filter (Semrock; FF01-446/523/600/677-25), and a custom
dichroic transmitting 390-555 nm, 645-875 nm, and reflecting
565-630 nm onto a Hamamatsu ORCA Flash 4.0 scientific com-
plementary metal-oxide-semiconductor camera. Images were
captured as 1,024 x 256-pixel planes and subsequently deskewed
and background corrected using SlideBook software. Imaging
data were loaded into MATLAB using code (Aguet et al., 2016)
and subsequently deconvolved by providing measured back-
ground and an experimentally measured point spread function
for 15 iterations using a Richardson-Lucy algorithm adapted to
run on a graphics processing unit.

Statistical analysis

All results were analyzed using Prism software (GraphPad
Software) and the tests specified in the figure legends, unless
otherwise stated. All error bars represent the SD.

Online supplemental material

Fig. S1 shows FIT2 homology with LPP enzymes and character-
ization of FIT2 activity. Fig. S2 depicts characterization of FIT2-
KO SUM159 clones. Fig. S3 shows the impact of FIT2 deletion on
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other organelles. Fig. S4 illustrates FIT2-KD efficiency, ER fea-
ture quantification, and characterization of the cell line ex-
pressing endogenously GFP-tagged FIT2. Fig. S5 shows the
results of yeast assays of FIT2 and SCS3 function. Table S1 lists
yeast strains used. Table S2 lists qPCR primers used. Table S3
lists plasmids used.
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Figure S1.  FIT2 homology with LPP enzymes and characterization of FIT2 activity. (A) FIT2 and its yeast homologue Scs3 share homology with LPP
enzymes. FIT2 overall topology (six transmembrane domains) and the positions of C2 and C3 histidines are similar to those of other LPP enzymes (Lppl, Lpp2,
and Lpp3). Also shown are Scs3, its homologue Yft2, and some yeast LPP members (Dpp1and Lpp1). (B) Western blotting of protein extracts from microsomal
fractions purified from GnTI- 293 cells overexpressing FIT2 WT or FIT2 HHAA. (C) MS analysis of FIT2 products using palmitoyl-CoA as a substrate. Iden-
tification of lipids 1 and 2 by MS in microsomal extracts overexpressing either FIT2 WT or FIT2 HHAA loaded with palmitoyl-CoA. MS2 fragmentation patterns
of ions 595.318 D and 499.356 D corresponding to palmitoyl 4'-phosphopantetheine (upper panel) and palmitoyl pantetheine (lower panel), respectively, as
well as the structures assigned for each main peak, are presented. Bar graphs showing intensity level of these metabolites found in microsomes overexpressing
FIT2 WT or FIT2 HHAA at 10 and 30 min after palmitoyl-CoA loading are presented (mean values + SD; two-way ANOVA with Sidak test; *, P < 0.0001).
(D) Western blot of purified FIT2 WT and HHAA proteins produced from GnTI- 293 cells. (E) Oleoy!l pantetheine is produced by an enzyme independent of FIT2.
Schematic representation of the experiment is shown at left. Recombinant FIT2 WT was incubated for 60 min with mixed unlabeled and radiolabeled [*C]
oleoyl-CoA, and then microsomes purified from FIT2 WT or FIT2-KO SUM159 cells were added and incubated for the indicated time. As a control to visualize
oleoyl pantetheine in lane 1, purified microsomes from human GnTI- 293 cells overexpressing FIT2 WT were incubated with 25 uM mixed unlabeled and
radiolabeled [*C]oleoyl-CoA for 10 min. Lipids were separated by TLC with polar lipid solvent. Oleoyl-4'PP: oleoyl 4'-phosphopantetheine.
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Figure S2. Characterization of FIT2-KO SUM159 clones. (A) Sequence of genome-edited region in FIT2-KO clones 1 and 2. In FIT2-KO clone 1, a 17-bp
deletion at the end of exon 1in the FIT2 locus yields a frame shift. In FIT2-KO clone 2, an 11-bp deletion at the end of exon 1in FIT2 locus yields a frame shift. In
the other allele, a 3-bp deletion leads to deletion of an asparagine at position 57. The gRNA position in the WT genome is indicated. (B) FIT2 mRNA levels in FIT2
WT and FIT2-KO clones as determined by qPCR. Values represent mean + SD relative to WT cells; n = 3 (two-way ANOVA with Sidak test; *, P < 0.001). (C) No
detectable FIT2 protein was observed for either FIT2-KO clone. Western blot of FIT2 WT, FIT2-KO clone 1, and FIT2-KO clone 2 crude extracts examined with
anti-FIT2 antibody. (D) ER morphology was affected in FIT2-KO clone 2. Confocal images of FIT2 WT and FIT2-KO clone 2 cells transiently expressing the ER
marker ssBFP-KDEL or GFP-Sec61p. White arrows indicate ER aberrations. Scale bar = 10 um. (E) FIT2-KO clone 2 cells form fewer and smaller LDs. Confocal
images of FIT2 WT and FIT2-KO clone 2 cells treated with 500 uM oleic acid for 48 h. LDs were stained with BODIPY. Representative confocal images are
presented. Scale bar = 10 pum. (F) FIT2-KO clone 2 displayed an alteration of lipid synthesis enzyme expression. mRNA levels of genes involved in the Kennedy
pathway were assessed by qPCR analysis of FIT2 WT and FIT2-KO clone 2 cells. Values represent mean + SD relative to WT cell level; n = 3 (two-way ANOVA
with Sidak test; *, P < 0.05). (G) FIT2-KO clone 2 displayed a defect in TG synthesis. FIT2 WT and FIT2-KO clone 2 cells were pulse labeled with [*C]oleic acid,
and incorporation into TG was measured over time by TLC. Mean value of TG band intensity was plotted over time and quantified from three independent
measurements. Values were calculated relative to the value of WT cells at 24 h (two-way ANOVA with Sidak test; *, P < 0.01). The TG synthesis rate of FIT2-KO
clone 1 is also shown for comparison.
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Figure S3. Impact of FIT2 deletion on other organelles. (A) Representative confocal images of immunofluorescence using antibodies targeting markers of
the ER (anti-protein disulfide isomerase) and autophagy (anti-LC3). Scale bar = 10 pum. (B) Representative confocal images of FIT2 WT and FIT2-KO cells
cotransfected with RTN4a-GFP and ssBFP-KDEL. White arrows indicate the presence of ER whorls. Scale bar = 5 um. (C) Representative confocal images of
immunofluorescence using antibodies targeting markers of the Golgi apparatus (anti-GM130), peroxisome (anti-catalase), and lysosome (anti-LAMP1) in FIT2

WT and FIT2-KO SUM159 cells. Scale bar = 10 um.
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Figure S4. FIT2-KD efficiency, ER feature quantification, and characterization of the cell line expressing endogenously GFP-tagged FIT2. (A) Cells
treated with FIT2 siRNA for 72 h reduced FIT2 protein levels by 80%. Cells were treated with control or FIT2 siRNA for the indicated time, and FIT2-KD
efficiency was determined by Western blotting with an anti-FIT2 antibody. Tubulin was used as a loading control. Quantification of band intensities relative to
control siRNA at 24 h is shown under the tubulin panel. (B) FIT2 protein abundance based on Western blots in A was plotted relative to control siRNA for each
time point. (C) Segmentation of ER features by machine learning. Cells treated with control siRNA for 72 h transiently expressing the ER marker ER-oxGFP were
imaged. One confocal image of a Z-stack is presented (original image). As detailed in the Materials and methods section, machine learning was used to segment
the ER features (sheets, tubules, and outside of the cell/cytosol). Scale bar = 10 um. (D) Western blot analysis of the CRISPR-engineered GFP knock-in cell line
using anti-FIT2 antibody. FIT2 WT and FIT2-KO cell extracts are used as controls. (E) Western blot using anti-FIT2 antibody on crude extracts from WT cells,
FIT2-KO cells, and FIT2-KO cells expressing GFP-FIT2 WT or H214A under PGK promoter stably integrated in the safe harbor AAVS1 genomic locus. Endogenous
FIT2 was observed at the expected size (22 kD) only in the WT cell extract. GFP-tagged forms of FIT2 were observed at the expected size (45 kD) in WT GFP-
FIT2 and H1214A stable cell lines. Ponceau staining was used to control for protein loading.
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Figure S5. Yeast assays of FIT2 and SCS3 function. (A) Representative confocal images of inducible lipid droplet (iLD) strain deleted for SCS3 and YFT2 (iLD
scs3A yft2A) or not (iLD) after overnight growth in raffinose (repressed LD condition) and after galactose addition (induced LD condition) at the indicated times.
LDs were stained with BODIPY 493/503. Scale bar = 5 pm. (B) Cells were classified depending on their number of LDs over time (from 0 to 7 LDs per cell).
Results are presented as a percentage of cells for each time point after galactose addition (n = 100 to 150 cells). (C) N- and C-terminally GFP-tagged Scs3
orthologues are functional, but only N-terminally GFP-tagged FIT2 is functional. N- and C-terminally GFP-tagged versions of Scs3 and FIT2 expressed from
plasmids in scs3A cells were grown on complete (+INO-CHO) or inositol-deprived medium (~INO+CHO). (D and E) Scs3 LPP mutants do not have dominant-
negative effects. (D) WT or LPP mutant forms of Scs3 expressed from plasmid in WT cells were grown on complete (+INO-CHO) or inositol-deprived medium
(-INO+CHO) for 2 d, and (E) their subcellular localizations were assessed by confocal fluorescence microscopy. Localization of the same constructs in scs3A
cells is also presented. ER whorls are indicated by white arrows. Scale bar = 5 um.
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Provided online are three tables. Table S1 lists qPCR primers, Table S2 lists plasmids, and Table S3 lists yeast strains used in
this study.
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