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The ability to store fat in the form of cytoplasmic triglyceride droplets
is conserved from Saccharomyces cerevisiae to humans. Although
much is known regarding the composition and catabolism of lipid
droplets, the molecular components necessary for the biogenesis of
lipid droplets have remained obscure. Here we report the character-
ization of a conserved gene family important for lipid droplet forma-
tion named fat-inducing transcript (FIT). FIT1 and FIT2 are endoplasmic
reticulum resident membrane proteins that induce lipid droplet ac-
cumulation in cell culture and when expressed in mouse liver. shRNA
silencing of FIT2 in 3T3-LI adipocytes prevents accumulation of lipid
droplets, and depletion of FIT2 in zebrafish blocks diet-induced
accumulation of lipid droplets in the intestine and liver, highlighting
an important role for FIT2 in lipid droplet formation in vivo. Together
these studies identify and characterize a conserved gene family that
is important in the fundamental process of storing fat.
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he ability to store energy in the form of triglyceride (TG) is
conserved from Saccharomyces cerevisiae to humans. TGs
are stored in the cytoplasm surrounded by a monolayer of
phospholipid in distinct structures or organelles given numerous
names, such as lipid particles, oil bodies, adiposomes, eicosa-
somes, and, more commonly, lipid droplets (1). Under normal
physiological conditions, lipid droplets are involved in maintain-
ing energy balance at the cellular and whole-organism levels. Yet
under conditions of extreme lipid droplet acquisition, as in
obesity, the risk for acquiring common debilitating diseases such
as type 2 diabetes and cardiovascular diseases is increased (2).
Despite their central role in energy homeostasis, only recently
have the composition and functions of many of the components
of lipid droplets from S. cerevisiae, Drosophila, and mammalian
cells been revealed. In general, lipid droplets are composed of a
core of neutral lipids, primarily TGs, surrounded by a monolayer
of phospholipids and lipid droplet-associated proteins (3-7). In
mammalian cells, the catabolism of lipid droplets is a highly
regulated process involving hormonal signals, droplet-associated
proteins, and lipases (8-10). Although much has been learned
about the components and catabolism of lipid droplets, the
molecular mechanism of lipid droplet biogenesis has remained
unknown. The prevailing view is that lipid droplets are formed
at the endoplasmic reticulum (ER) because the ER is the site of
TG biosynthesis, and lipid droplets are often observed in close
association with the cytoplasmic face of the ER (11-13). A
widely accepted model of lipid droplet biogenesis involves the
formation of a core or lens of newly synthesized TG between the
leaflets of the ER membrane that buds off with the cytoplasmic
leaflet of the ER surrounding the neutral lipid core and acquires
exchangeable cytosolic lipid droplet-associated proteins (14).
However, this view was recently challenged by observations
suggesting that lipid droplets form on the cytosolic leaflet of the
ER membrane (15). In any case, we surmised that proteins that
mediate lipid droplet biogenesis are localized to the ER, are not
directly involved in the biosynthesis of TG (an activity attribut-
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able to diacylglycerol acyltransferase enzymes), and are regu-
lated by the peroxisome proliferator-activated receptor nuclear
hormone receptors, PPARa and PPARvy, which play crucial
roles in lipid metabolism. Here we describe the identification and
characterization of a family of proteins that fit these character-
istics and are important for the accumulation of lipid droplets.

Results

Identification of the FIT Family. We sought to identify proteins
involved in intracellular fatty acid transport and metabolism either
through storage as TG in lipid droplets or catabolism by B-oxidation
in mitochondria. Fenofibrate and other fibrate drugs are specific
agonists for the peroxisome proliferator-activated receptor-o
(PPARa) nuclear hormone receptor, and activation of PPAR«
leads to enhanced gene expression for much of the biochemical
repertoire of B-oxidation (16). Genotype matched WT and
PPARGa-deficient mice were fed a diet containing fenofibrate for 7
days. RNA was purified from livers to generate cDNA probes used
to query a gene array. Because many of the genes activated by
PPAR« have been identified, we focused exclusively on genes that
were listed as ESTs or having unknown function. Our attention was
directed toward two unknown transcripts: fat-inducing transcript 1
(FIT1) and FIT2. The fenofibrate-induced expression of both
mouse FIT1 and FIT2 was confirmed to be PPARa-dependent in
the liver and not induced by fenofibrate in the heart [supporting
information (SI) Fig. 7]. FIT1 and FIT2 genes encode putative 292-
and 262 amino acid proteins, respectively, which are 50% similar to
each other (Fig. 14). FIT1 and FIT2 contain multiple potential
transmembrane domains (SI Fig. 8) that are highly expressed in
heart and skeletal muscle according to gene array studies (deter-
mined by Novartis Gene Atlas). However, FIT1 and FIT2 do not
have homology to known proteins or protein domains found in any
species, indicating that FIT genes comprise a unique gene family.
These characteristics indicated that these proteins are potentially
involved in lipid metabolism in oxidative tissues.

Performing a BLAST search with the full-length mouse FIT1
amino acid sequence against the expressed database, we identified
FIT1 and FIT2 orthologous genes in mammals, whereas only a
single FIT gene can be identified in amphibians, birds, insects, and
worms, which exhibit higher homology to FIT2 (Fig. 1B). In
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for each FIT ortholog are indicated next to the cladogram.

contrast, the zebrafish genome contains orthologs of both mam-
malian FIT1 and FIT2. S. cerevisiae has two FIT2 orthologs
(designated here as FIT2a and FIT2b/SCS3), which is consistent
with evidence that the ancestral S. cerevisiae underwent a genome-

wide duplication (17).

Northern blot analysis of mouse tissues indicated that FIT1 is
highly expressed in heart and skeletal muscle, as well as at lower
levels in the liver, kidney, and testes (Fig. 24). Western blot
analysis of mouse tissues indicated that FIT1 protein was de-
tected primarily in skeletal muscle, with lower levels in the heart
(Fig. 2B). Mouse FIT2 mRNA was ubiquitously detected as two
to three transcripts, with highest levels in white and brown
adipose tissue, the heart, and skeletal muscle (Fig. 24). Western
blot analysis indicated that FIT2 protein was ubiquitously de-
tected, with highest levels in white and brown adipose tissue (Fig.
2B). The levels of mFIT1 and mFIT2 mRNA do not correlate
well with protein levels in the heart, indicating potential post-
transcriptional regulation in this organ. An examination of
human tissues showed that FIT1 was primarily expressed in heart
and skeletal muscle, whereas FIT2 was expressed in all tissues
represented on the Northern blot (Fig. 2C). Together these
analyses indicated that both mouse and human FIT1 have an
expression pattern more restricted to oxidative tissues, whereas
FIT2 has a broader expression pattern, with highest levels in
mouse adipose tissue (human adipose tissue was not examined).
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Fig. 1. FIT sequence analysis. (A) Amino acid sequence alignment of murine
FIT1 and FIT2 (35% identical, 50% similar). (B) Sequence alignments of FIT

orthologs in multiple species. Cladogram generated with ClustalW showing
the amino acid sequence homologies among FIT proteins. Accession numbers
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FITs Are ER Resident Membrane Proteins. Subcellular fractionation of
mouse heart membranes and confocal immunolocalization studies
were used to determine the subcellular localization of FITs. Frac-
tionation of mouse heart membranes by sucrose density ultracen-
trifugation indicated that both FIT1 and FIT2 colocalized with the
ER membrane resident protein Sec61-8 (Fig. 2D) and slightly
lighter membranes (fraction 9). The bands found in fractions 1 and
2 represent nonspecific antigens of the incorrect molecular weight
and were observed by using these polyclonal antibodies to FIT1 and
FIT2 in total cell lysates from mouse tissues and in HEK293 cells
(Fig. 2B). To exclude the possibility that FIT proteins also localize
to lipid droplets, we examined the localization of FIT2 in murine
brown adipose tissue, a major tissue in which FIT2 is expressed
(FIT1 is not expressed in adipose tissue or adipocytes in culture)
(Fig. 2A). Separation of lipid droplets from membranes of brown
adipose tissue indicated that FIT2 does not reside in the lipid
droplet fraction enriched in TG and the lipid droplet-associated
PAT family protein, perilipin (Fig. 2E). Expression of carboxyl-
terminal V5 epitope-tagged FIT1 or FIT2 in HEK293 cells resulted
in a clear reticular staining pattern that colocalized with a synthetic
ER marker protein, red fluorescent protein (RFP) having the ER
retention signal, KDEL, but not at all with the Golgi-specific
marker protein, galactosyl-transferase-RFP (Fig. 2F). Also noted in
some cells expressing FITs was the presence of single, large,
oval-shaped fluorescent ER domains (colocalizing with ER-RFP)
likely representing proliferated smooth ER that commonly occurs
as a result of overexpression of ER membrane proteins (18, 19).
Together these findings provide further support for exclusive ER
localization of FIT proteins. The V5 epitope tag on FIT1 and FIT2
did not abolish its activity (see SI Fig. 9). In agreement with the ER
localization of mouse FIT1 and FIT2, one of the S. cerevisiae FIT2
orthologs, FIT2b (FIT2a has not yet been localized), has been
localized exclusively to the ER in a high-throughput attempt to
localize all expressed ORFs in S. cerevisiae (20). Together the data
indicate that FIT1 and FIT2 are ER resident membrane proteins,
the established site for TG biosynthesis and the proposed site for
lipid droplet biogenesis.

FIT-Mediated Lipid Droplet Accumulation. To determine whether FIT
proteins play a role in lipid metabolism, we overexpressed FIT
proteins in HEK293 cells and examined the presence of lipid
droplets by using the fluorescent lipid droplet stain (neutral lipid
stain) BODIPY493/503. Overexpression of FIT1 or FIT2, at similar
levels (SI Fig. 10) resulted in the accumulation of lipid droplets (Fig.
34). As a positive control, cells expressing DGAT1, one of two
acyltransferases important in the committed step in TG biosynthe-
sis (11), showed multiple lipid droplets per cell (Fig. 34). Compared
with mock-transfected cells, overexpression of DGAT1 or DGAT2,
a second acyltransferase important in the committed step in TG
biosynthesis (11), resulted in a 7- to 10-fold increase in levels of
cellular TG, whereas TG levels increased only a modest 2-fold in
FIT1- and FIT2-expressing cells (Fig. 3B). Overexpression of FIT1
or FIT2 did not change the levels of phospholipids (SI Fig. 11).
Cholesteryl esters (CEs) in FIT1-, FIT2-, or DGAT2-overexpress-
ing cells significantly increased, compared with control cells (SI Fig.
11). Because CEs also increased in DGAT2-expressing cells and
DGAT?2 does not use cholesterol as a substrate, being highly specific
for diacyglycerol (12), we concluded that moderate increases in CEs
in HEK293 cells is an indirect consequence of lipid droplet
formation.

We next tested whether FIT1 and FIT2 enhance TG biosynthesis
by quantifying the rate of TG biosynthesis by using radiolabeled
glycerol as a precursor for TG. Overexpression of positive controls
DGAT1 and DGAT?2 led to a significant increase in the rate of TG
biosynthesis (Fig. 3C) above mock-transfected cells as previously
shown (11, 12). In contrast, cells expressing FIT1 or FIT2 resulted
in similar rates of TG biosynthesis, compared with mock-
transfected cells (Fig. 3C). In addition, the mRNAs of genes
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Fig. 2.

Analysis of FIT expression and localization. (A) Fifteen micrograms of total RNA from the mouse tissues shown was subjected to Northern blot analysis

for murine FIT1 and FIT2 (mfit1 and mfit2). Sk muscle, skeletal muscle; wat, white adipose tissue; bat, brown adipose tissue. The ethidium bromide-stained gel
indicates loading. (B) Eighty micrograms of total cell lysates from the selected mouse tissues shown was subjected to Western blot analysis. Calnexin served as
aloading control. Other cross-reacting bands not indicated by arrows are nonspecific. Lysates from HEK293 cells expressing FIT1 or FIT2 served as positive controls.
(C) A human RNA blot was analyzed for both fit7 and fit2 (hfit1 and hfit2) expression. (D) Total postnuclear membranes from mouse hearts were separated by
continuous sucrose gradients (fractions shown from lowest to highest density). Fractions were subjected to Western blot analysis by using antibody markers for
the plasma membrane (Na K-ATPase), Golgi apparatus (FTCD/Gogli 58-kDa protein), ER (Sec61-B), and FIT1 and FIT2. (E) Lipid droplets and membranes from
mouse brown adipose tissue were fractionated on a continuous sucrose gradient, and fractions were subjected to Western blot analysis for FIT2 and perilipin
(Plpn) and determination of TG in each fraction by TLC analysis. (F) Mouse FIT1-V5 and FIT2-V5 colocalized with the ER marker protein RFP-KDEL (ER-RFP) but
not with the Golgi-specific marker GalTase-RFP (Golgi-RFP) in HEK293 cells. (Scale bar: 10 um.)

important in fatty acid and TG biosynthesis were not changed in
cells expressing FIT1 or FIT2 (SI Fig. 12). Taken together, the data
indicate that FIT1 and FIT2 do not enhance TG biosynthesis, but
rather increase the partitioning of cellular TG into lipid droplets. To
provide evidence that FIT1 and FIT2 increase the partitioning of
TG into lipid droplets, HEK293 cells were transfected with FIT1 or
FIT2 and treated for 3 h with radiolabeled glycerol to label newly
synthesized TG; then lipid droplets were isolated by ultracentrifu-
gation and radioactive TG-quantified. Expression of FIT1 and FIT2
significantly increased (between 4- and 6-fold) the amount of
labeled, newly synthesized TG in lipid droplets, compared with
control cells (Fig. 3D), supporting the conclusion that FIT1 and
FIT2 do not affect TG biosynthesis (Fig. 3C), but rather partitioned
TG into lipid droplets. To rule out the possibility that FIT1 and
FIT2 inhibit lipolysis of TG leading to increased lipid droplets,
HEK293 cells were transfected with FIT1 or FIT2 and labeled for
18 h with “C-oleic acid-BSA complex to label TG pools, and then
TG biosynthesis was inhibited with triacsin C (21). The decrease in
TG levels was quantified as a measure of TG lipolysis (21).
Expression of ADRP in cells served as a positive control for
inhibition of lipolysis (6). Lipolysis of TG was similar in cells
expressing FIT1 or FIT2, compared with control HEK293 cells (SI
Fig. 13), and moderately reduced in cells expressing ADRP, indi-
cating that FIT1 and FIT2 do not increase lipid droplet accumu-
lation by inhibiting lipolysis of TG (SI Fig. 13).

To determine whether expression of FIT proteins leads to lipid
droplet accumulation in vivo, an adenovirus-expressing FIT2 or a
control adenovirus was injected into mice. At 7 days after injection,
livers were examined for lipid droplets and TG was quantified. We
focused on FIT2 because FIT2 protein is more abundant than FIT1
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in the liver (Fig. 2B). The histological examination of livers from
FIT2 adenovirus-injected mice indicated increased lipid droplets,
compared with control livers (arrows indicate lipid droplets) (Fig.
4A4). In agreement with the appearance of increased lipid droplets,
FIT2-overexpressing livers (Fig. 4C) had a significant increase in
TG, but normal levels of cholesterol, compared with controls
(Fig. 4B).

shRNA Knockdown of FIT2 in Adipocytes. The requirement of FIT
proteins for lipid droplet biogenesis was investigated by using
shRNA technology. We surmised that if FIT proteins were essential
for lipid droplet formation, then FITs should be expressed during
adipogenesis at the onset of lipid droplet accumulation. We used
the 3T3-L1 adipocyte cell line, a classic adipocyte differentiation
cell model that produces large amounts of lipid droplets during
differentiation of preadipocytes into adipocytes. Abundant levels of
FIT2 mRNA and protein were detected during adipogenesis at the
onset of formation of visible lipid droplets (SI Fig. 14). FIT1 was not
detectable by Northern or Western blot analysis in 3T3-L1 adipo-
cytes (data not shown), consistent with findings from mouse
adipose tissues (Fig. 2 4 and B). Therefore, we hypothesized that
if FIT2 is indeed essential for droplet formation, then suppression
of FIT2 expression should abolish the accumulation of lipid drop-
lets. Preadipocytes infected with lentivirus expressing one of three
individual shRNAs against FIT2 (FIT2shRNAL to 3), a nonspecific
control shRNA, or no virus were induced to differentiate into
adipocytes. FIT2 mRNA and protein was significantly suppressed
in adipocytes infected with lentivirus-expressing FIT2 shRNA (Fig.
5 A and B). Examination of these adipocytes for lipid droplets
showed that cells having suppressed FIT2 expression had a dramatic
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Fig. 3. Lipid droplet formation induced by FIT1 and FIT2. (A) HEK293 cells
were transiently transfected with mouse FIT1, FIT2, or DGAT1, and lipid
droplets were visualized by using confocal fluorescence microscopy by stain-
ing with BODIPY 493/503. (Scale bar: 5 um.) (B) TG mass measurements from
transiently transfected HEK293 cells with the indicated constructs. Data are
represented as the mean = SD. *, Mock versus FIT1 or FIT2 (P < 0.001) (n = 4
transfections per construct; four independent experiments). (C) TG biosynthe-
sis was determined in transfected HEK293 cells for the indicated times. DGATs
served as positive controls for TG biosynthesis. Data are represented as the
mean = SD. *, Mock versus DGAT1 or DGAT2 (P < 0.0001) (n = 4 transfections
per construct; three independent experiments). (D) Newly synthesized TG in
the buoyant lipid droplet fractions from FIT1- and FIT2-expressing HEK293
cells was significantly enriched compared with mock-transfected cells. Data
are represented as the mean =+ SD of the percentage of mock-transfected
(control) cells. Control versus FIT1 or FIT2 (P = 0.0001) (n = 4 per transfection;
two independent experiments).

reduction of lipid droplets and a significant reduction in total
cellular TG (Fig. 5 C and D). Because these cells have suppressed
FIT2 expression and not a complete deficiency, the remaining
amount of lipid droplets in FIT2 knockdown adipocytes may be
because of residual amounts of FIT2 (Fig. 5 4 and B). Perilipin
levels strongly correlate with lipid droplet numbers and TG levels
in adipocytes (14, 22, 23). As expected, Perilipin was reduced in all
FIT2shRNA-expressing adipocytes (Fig. 5B). We next sought to
determine whether the knockdown of FIT2 in adipocytes affected
the process of differentiation and TG biosynthesis. Examination of
FIT2-suppressed cells showed that the expression of PPARY, a
nuclear hormone receptor essential for adipocyte differentiation,
was similar in the FIT2shRNA2 and FIT2shRNA3 adipocytes,
compared with controls, with moderate variation in levels between
samples, but was decreased in FIT2shRNA1 adipocytes, which had
the most reduced levels of FIT2 and TG. Expression of the PPARy
target genes, aP2, and adiponectin/ACRP30 followed a similar
trend, with decreased levels in the FIT2shRNA1 adipocytes
(Fig. 54).

The decrease in TG levels in FIT2shRNA cells could be because
of decreased TG biosynthesis. To test this possibility, the rate of TG
biosynthesis was examined in FIT2shRNA and control cells 2, 4, 6,
and 9 days after induction of differentiation. TG biosynthesis was
significantly decreased in FIT2shRNA cells (Fig. 5E). In contrast,
TG lipase activity was similar in FIT2shRNA cells, compared with
controls (SI Fig. 15). In summary, the data indicate that FIT2
knockdown in 3T3-L1 adipocytes resulted in decreased lipid droplet
accumulation and significantly decreased TG biosynthesis.
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Fig.4. Expression of FIT2 in mouse liver. (A) Mice were injected with control
adenovirus (Adempty) or adenovirus-expressing FIT2 (AdFIT2). AdFIT2 mice
after 7 days had increased hepatic lipid droplets as judged by both H&E
staining showing cleared spaces that indicated the presence of lipid droplets
within hepatocytes (examples indicated with arrows) and Oil red O staining,
indicating that these cleared spaces are TG-rich lipid droplets. These images
are representative of observations made on six mice per group. (Scale bar: 12
um.) (B) TG, but not cholesterol, was significantly increased in livers of mice
expressing FIT2 (n = 6). Data represented as mean = SD. *, AdEmpty versus
AdFIT2 (P < 0.001). The large range in TG values correlated with the range in
FIT2 expression shown in C. (C) Western blot analysis of FIT2 expression in livers
of mice, indicating increased expression in AdFIT2-injected mice. B-actin
served as a loading control.

Knockdown of FIT2 in Zebrafish. To extend these findings to a
whole-animal model, we turned to the zebrafish model system. The
zebrafish has orthologs to FIT1 and FIT2 (Fig. 1B) and, as a
vertebrate, has conserved lipid metabolic pathways, compared with
mammals (24), and transient gene knockdowns in embryos can be
generated by using morpholino antisense oligonucleotides. Similar
to mouse and human FIT2 expression patterns, expressed sequence
tags for zebrafish FIT2 are ubiquitously found in tissues. Zebrafish
larvae have low levels of TG and must therefore be fed a high-fat
diet to induce lipid droplet accumulation, which occurs primarily in
liver and intestine (25). We first tested the effect of FIT2 knock-
down by using a morpholino that targets the ATG codon
(FIT2morphl) and is expected to inhibit translation of FIT2.
Embryos were injected at the one-cell stage with up to 4 ng of
FIT2morph1, which was well tolerated and did not cause any overt
obvious phenotype. To determine whether FIT2 knockdown in
zebrafish results in decreased lipid droplet accumulation in liver and
intestine in vivo, free-swimming 6-day-old larvae derived from
morphant or control embryos were fed a high-fat diet for 6 h, fixed,
and compared for lipid droplet accumulation by using Oil red O
staining. The intestine, liver, and swim bladder of control and
control morpholino zebrafish stained red for TGs after 6 h of
high-fat feeding (Fig. 64), which was similar to previously published
data (25). The FIT2 morphant fish showed a near absence of
intestinal and hepatic lipid droplet staining, although feeding
behavior was normal as determined by ingestion of nonabsorbable
fluorescent microbeads (Fig. 6A4). In the FIT2 morphant fish,
whole-body Oil red O staining as a measurement of TG levels was
significantly decreased, compared with controls (Fig. 6B). To
determine that reduced lipid droplets and TG are specifically
because of morpholino-directed knockdown of FIT2, we compared
the effects of a second morpholino that targets the 5’ splice site of
FIT2 mRNA (FIT2morph2). When injected into embryos,
FIT2morph?2 significantly inhibits splicing of its single intron, re-
sulting in the introduction of four in-frame stop codons (SI Fig. 16),
and is therefore predicted to abolish FIT2 expression. Indeed,
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Fig.5. shRNA-mediated knockdown of FIT2 in adipocytes. 3T3-L1 cells were
not infected or were infected with lentivirus-expressing shRNA sequences
targeting murine FIT2 (FIT2shRNA1,2,3) or control shRNA (contshRNA) and
differentiated for 7 days. (A) Northern blot analysis shows that FIT2shRNAs
significantly reduced FIT2 mRNA levels compared with noninfected control
(cont) and contshRNA-infected cells. Expression of adipocyte differentiation
markers PPARvy, aP2, and adiponectin/ACRP30 are shown. The ethidium bro-
mide-stained RNA gel serves to indicate loading. (B) Western blot analysis
shows that FIT2 and Perilipin were reduced in FIT2shRNA cells, compared with
controls. (C) FIT2shRNAs reduced lipid droplet accumulation in differentiated
3T3-L1 cells as visualized by BODIPY493/503 staining of lipid droplets. (Scale
bar: 10 um.) (D) Quantification of cellular TG in differentiated 3T3-L1 cells
shows reduced TG levels in the FIT2 knockdown cells. Data represented as
mean =+ SD. *, FIT2shRNA1-3 versus controls P < 0.0001. (E) TG synthesis
measurements were performed at the indicated time points during differen-
tiation. Each time point represents three independent samples for each time
point and is shown as mean = SD. *, FIT2shRNA2,3 versus controls (P < 0.001).
A-D are representative of three independent experiments. E is representative
of two independent experiments.

treatment with FIT2morph?2 resulted in a similar decrease in lipid
droplets in the liver and intestine and whole-body Oil red O
staining, compared with FIT2morphl (Fig. 6 A and B). Moreover,
overexpression of zebrafish FIT2 in HEK293 cells confirmed that
zebrafish FIT2 functions to produce lipid droplets and increase TG
levels in mammalian cells (SI Fig. 17 4 and B), further indicating
conservation of function. Together these data show that FIT2 is
important for lipid droplet accumulation in mouse adipocytes and
during embryogenesis in zebrafish liver and intestine.

Discussion

The present study describes a highly conserved family of proteins
that are important for the accumulation of lipid droplets. Four
major lines of evidence support our conclusion that FIT proteins
are important for the accumulation of lipid droplets: (i) FIT
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Fig. 6. Morpholino-mediated knockdown of FIT2 in zebrafish. (A) FIT2
morphants showed decreased staining for Oil red O in liver (outlined by
dashed line in wild type) and intestine (outlined by solid line in wild type),
compared with control fish (no morpholino control, WT; and nonspecific
control morpholino, contmorph). Swim bladders of zebrafish stain with Oil
red O (indicated by arrow). FIT2 morphants did not exhibit defects in feeding
as judged by ingestion of nonabsorbable fluorescent microbeads. A WT
control fed a high-fat diet without microbeads is shown (no beads) to dem-
onstrate that fluorescence is because of ingested microbeads, not autofluo-
rescence of fish. These images are representative of n = 400 fish, three
independent experiments. (Scale bar: 0.4 mm.) (B) Quantification of Oil red O
staining by spectrophotometric analysis in WT, contmorph, FIT2morph1, and
FIT2morph2 fish (n = 20 fish per group, averaged over four independent
experiments). *, WT versus morphants (P < 0.001) and shown as mean = SD.

proteins are evolutionarily conserved and exclusively located in the
ER, the site of TG biosynthesis and incidentally the long-proposed
site of lipid droplet biogenesis; (if) overexpression of FIT proteins
in cultured cells or in mouse liver in vivo results in the accumulation
of TG-rich lipid droplets; (iif) unlike DGATS, FIT proteins do not
mediate the biosynthesis of TG, but enhance the partitioning of TG
into lipid droplets, placing FIT proteins functionally downstream of
DGATsS; and (iv) shRNA-mediated depletion of FIT2 in 3T3-L1
adipocytes or knockdown of FIT2 in zebrafish embryos dramati-
cally reduced the accumulation of lipid droplets. Curiously, the
yeast FIT2 ortholog FIT2b was identified 13 years ago in a genetic
screen as one of many genes when mutated resulted in myo-inositol
auxotrophy in the presence of choline and named SCS3 (26).
Hosaka and coworkers (26) speculated that SCS3 is involved in
regulating inositol synthesis, but did not quantify levels of inositol
phospholipids in SCS3 mutants or provide evidence that SCS3
regulates this pathway (26). Thus, a role of SCS3 in regulating
inositol phospholipid biosynthesis is purely speculative. Moreover,
FIT2a was not identified from this genetic screen. Since this original
publication of SCS3, no further studies on SCS3 (FIT2b) have been
reported, but the proteins involved in regulating phospholipid
biosynthesis in S. cerevisiae have been identified and SCS3 is not
among them (27, 28). In our studies, we have not found changes in
levels of phospholipids, including inositol phospholipids in HEK293
cells overexpressing FIT1 or FIT2 (SI Fig. 11).

We initially identified FIT genes as cDNAs up-regulated by
PPAR« in liver. On the one hand, this finding is somewhat
perplexing given that activation of PPAR« is associated with
increased expression of genes involved in the oxidation of fatty acids
(16). On the other hand, activation of PPAR« in the liver also
up-regulates genes involved in lipogenesis, including malic enzyme,
acetyl-coA carboxylase, fatty acid synthase, steroyl-CoA desaturase
1, glycerol-3-phosphate acyltransferase (29, 30), and two lipid
droplet-associated proteins that are part of the PAT family, PAT-
1/MLDP/OXPAT/LSDPS5 (31, 32) and ADRP (33), indicating that
liver PPAR« regulates both lipid catabolic and anabolic pathways.
Notably, FIT2 expression is up-regulated during 3T3-L1 differen-
tiation similarly as PPARy at a time when lipid droplets are known
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to accumulate, giving 3T3-L1 cells their adipocyte phenotype.
Indeed, we found that FIT2 expression is up-regulated by the
treatment of 3T3-L1 cells with rosiglitazone, a specific PPAR~y
agonist, further supporting the notion that FIT2 is additionally
regulated by PPARYy (B.K., D.M,, and D.L.S., unpublished data).

shRNA-mediated knockdown of FIT2 in 3T3-L1 adipocytes
resulted in a dramatic decrease in lipid droplets and TG levels.
Interestingly, this decrease, with the exception of FIT2shRNA1
adipocytes, was not associated with a significant decrease in PPARy
and the PPARY target genes aP2 or adiponectin/ACRP30, indi-
cating that FIT2-depleted adipocytes differentiate similarly to
control cells. This finding suggests that the primary effect of FIT2
knockdown is on TG lipid droplet accumulation and not on
differentiation. Interestingly, the decrease in TG levels in FIT2
knockdown adipocytes was associated with decreased TG biosyn-
thesis. This finding is in contrast to our findings that overexpression
of FITs in HEK293 cells does not enhance TG biosynthesis. One
possible explanation for these findings is that an inhibition in the
ability to produce lipid droplets, and therefore store TG in FIT2
knockdown adipocytes, results in a partial feedback inhibition in
TG biosynthesis without an entire blockade in adipogenesis. This
scenario would limit the buildup of lipotoxic lipid intermediates
from the glycerol-3-phosphate pathway, such as diacylglycerol (34).
Nonetheless, knocking down FIT2 in zebrafish resulted in de-
creased neutral lipid accumulation in liver and intestine, providing
confirmatory in vivo evidence in a whole-animal vertebrate model
that FIT2 is important for lipid droplet accumulation. Moreover,
overexpression of FIT2 in mouse liver in vivo increased levels of
TG-rich lipid droplets. Presently, the mechanism by which FIT
proteins mediate lipid droplet accumulation is not known. We have
found no evidence by using immunoprecipitation techniques that
FIT proteins interact with the ubiquitously expressed lipid droplet-
associated protein ADRP (data not shown) that plays a role in lipid
droplet metabolism.

The sum of our data support the conclusion that FIT proteins are
necessary for lipid droplet accumulation. The identification of FIT
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proteins should facilitate the development of reagents to regulate
FIT expression or activity to treat diseases associated with excessive
lipid droplet accumulation, such as obesity, type 2 diabetes, and
atherosclerosis.

Materials and Methods

Reagents. Rabbit polyclonal antibodies were raised against peptides corre-
sponding to the C-terminal 15 amino acids of murine FIT1 and FIT2 and
validated by using lysates from HEK293 cells expressing murine FIT1 and
murine FIT2 (SI Fig. 18).

Membrane Fractionations and Isolation of Lipid Droplets. See S/ Materials and
Methods for details.

TLC Assays and TG and Cholesterol Measurements. TG or cholesterol quantified
by enzymatic assay (Infinity triglyceride kit and Infinity cholesterol; Thermo-
Electron). See SI Materials and Methods for details.

Confocal Immunofluorescence Microscopy. HEK293 cells were transiently trans-
fected with expression plasmids for mFIT1-V5, mFIT2-V5, or RFP with the
ER-retention signal KDEL or with the live cell Gogli marker protein galactosyl-
transferase-Tag-RFP (35, 36) and processed for confocal microscopy as de-
scribed in S/ Materials and Methods.

TG Hydrolysis and Biosynthesis Assays. For a detailed description see S/ Mate-
rials and Methods.

Lentivirus shRNA. A detailed description of shRNA sequences and lentivirus
production can be found in S/ Materials and Methods. 3T3-L1 preadipocytes
were infected with a MOI of 10-50 and selected for 7 days with blasticidin.
Cells were consequently plated and differentiated for 7 days to produce
mature adipocytes. shRNAi experiments were repeated two independent
times for FIT2shRNA1 or three independent times for FIT2shRNA2 and
FIT2shRNA3.

Morpholino Knockdown of FIT2 in Zebrafish. Sequences of morpholinos and
experimental details can be found in SI Materials and Methods.
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