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FIT2 organizes lipid droplet biogenesis with ER
tubule-forming proteins and septins

Fang Chen?*, Bing Yan*®, Jie Ren?, Rui Lyu®? Yanfang Wu?, Yuting Guo', Dong Li'®, Hong Zhang?®, and Junjie Hu"?®

Lipid droplets (LDs) are critical for lipid storage and energy metabolism. LDs form in the endoplasmic reticulum (ER). However,
the molecular basis for LD biogenesis remains elusive. Here, we show that fat storage-inducing transmembrane protein 2 (FIT2)
interacts with ER tubule-forming proteins Rtn4 and REEP5. The association is mainly transmembrane domain based and
stimulated by oleic acid. Depletion of ER tubule-forming proteins decreases the number and size of LDs in cells and
Caenorhabditis elegans, mimicking loss of FIT2. Through cytosolic loops, FIT2 binds to cytoskeletal protein septin 7, an
interaction that is also required for normal LD biogenesis. Depletion of ER tubule-forming proteins or septins delays nascent
LD formation. In addition, FIT2-interacting proteins are up-regulated during adipocyte differentiation, and ER tubule-forming
proteins, septin 7, and FIT2 are transiently enriched at LD formation sites. Thus, FIT2-mediated nascent LD biogenesis is

facilitated by ER tubule-forming proteins and septins.

Introduction

Lipid droplets (LDs) are spherical organelles covered with a
monolayer of phospholipids (Martin and Parton, 2006; Murphy,
2001; Walther et al, 2017). Inside LDs, neutral lipids, tri-
acylglycerols, and sterol esters are packed into an oil-like core
(Martin and Parton, 2006; Murphy, 2001; Walther et al., 2017).
LDs are generally used for intracellular fat storage, as a defense
against lipotoxicity, and as a source for energy and lipid me-
tabolism (Listenberger et al., 2003; Martin and Parton, 2006;
Murphy, 2001). In addition to an excess of free fatty acids, LD
formation can also be triggered by a variety of stresses and viral
infection (Fei et al., 2009; Miyanari et al., 2007). In some bac-
teria, LDs can bind to DNA and serve as a survival strategy
(Zhang et al., 2017). In humans, dysregulation of LD biogenesis
and metabolism has been linked to obesity-related diseases,
particularly fatty liver disease (Gross and Silver, 2014; Onal
et al., 2017).

Eukaryotic LDs originate in the ER, the major site of lipid
synthesis (Choudhary et al., 2015; Jacquier et al., 2011; Kassan
et al., 2013). The accumulation of neutral lipids between the
leaflets of ER membranes results in a lens-like structure
(Choudhary et al., 2015; Gross and Silver, 2014; Walther et al.,
2017). Further growth of the lens results in the budding of
nascent LDs into the cytosol. These initial LDs often return to
tether and fuse with the ER. The continuity between the

cytosolic leaflet of the ER and the LD monolayer allows trans-
location of proteins and lipids from the ER to the LDs (Salo et al.,
2016; Wilfling et al., 2014; Wilfling et al., 2013), and LDs can
expand by attaching to the ER or merging with other LDs
(Murphy et al., 2010; Wilfling et al., 2013).

The LD surface is decorated with proteins (Na et al., 2013),
many of which contribute to LD function. Given the monolayer
coverage and hydrophobic nature of the core, LD proteins can
either associate as a peripheral membrane protein or insert
shallowly into the surface layer (Hristova et al., 1999; Wilfling
et al,, 2013). Thus, a transmembrane (TM) hairpin that does not
traverse the entire lipid bilayer or an amphipathic helix that can
dip into membranes using its hydrophobic side are frequently
found in LD-targeted proteins, and multi-spanning membrane
proteins are usually excluded. Membrane curvature has con-
sistently been shown to be preferred during LD formation
(Santinho et al., 2020).

Several key proteins involved in LD biogenesis have been
identified. The fat storage-inducing transmembrane protein
(FIT) family, a conserved ER-resident protein family, plays an
important role in LD biogenesis. FIT1 is expressed mostly in
skeletal muscle, whereas FIT2 is expressed ubiquitously, with
the highest levels found in adipose tissue (Kadereit et al., 2008).
When FITs are depleted or deleted postnatally, LD accumulation
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is blocked and lethal enteropathy triggered (Goh et al., 2015;
Miranda et al., 2014). Conversely, LD formation can be induced
when FITs are overexpressed (Kadereit et al., 2008). FIT2 is
capable of binding to DAG and triacylglycerol (Gross et al., 2011),
regulates lipid homeostasis in the ER (Becuwe et al., 2020; Yap
et al., 2020), and has been implicated in the regulation of nas-
cent LD budding (Choudhary et al., 2015). A second key protein
is the ER-localized integral membrane protein seipin. Deletion of
seipin results in defects in LD biogenesis (Cartwright et al., 2015;
Wang et al., 2016). Seipin has been suggested to be involved in
ER-LD contact and to be critical for LD maturation (Binns et al.,
2010; Grippa et al., 2015; Salo et al.,, 2016; Sui et al., 2018;
Szymanski et al., 2007; Wang et al., 2016; Yan et al., 2018). The
cytosolic phosphatidate phosphatase lipin also contributes to LD
biogenesis. Mutations in lipin result in a decreased number of
LDs (Adeyo et al., 2011). In a mouse model, deletion of lipin was
shown to cause massive adipose tissue loss (Péterfy et al., 2001;
Reue et al., 2000). Localization of lipin is phosphorylation de-
pendent (O'Hara et al., 2006; Santos-Rosa et al., 2005). Fur-
thermore, lipin has been suggested to regulate adipogenesis and
phospholipid biosynthesis transcriptionally via nuclear import
(Reue and Zhang, 2008). The detailed actions of these proteins
are not clear; they may cooperate at different steps of LD bio-
genesis. Alternatively, they may work on different populations
of LDs.

ER shapes are tightly linked to LD biogenesis. Two morpho-
logical domains, tubules and sheets, exist in the ER (Shibata
et al., 2006). The tubular ER network is generated mainly by
two classes of integral membrane proteins: reticulons/REEPs
that stabilize curvature in tubules (Hu et al., 2008; Shibata et al.,
2008; Voeltz et al., 2006) and the dynamin-like GTPase atlastin
(ATL), which connects tubules through membrane fusion (Bian
etal,, 2011; Hu et al., 2009). Proteomic analysis of ER tubules has
revealed that they are mainly involved in membrane trafficking,
lipid metabolism, and organelle contact (Wang et al., 2017),
many functions of which are directly related to LD biogenesis.
ER sheets can be generated and stabilized by Climp-63, kinectin,
and pl180 (Shibata et al., 2010). Sheet-like membranes often
expand when lipids accumulate in the ER or when ER stress is
induced (Ron and Walter, 2007; Sriburi et al., 2004).

The involvement of ER-shaping protein in LD biogenesis has
been hinted at. Many of these proteins, including ATL (Klemm
et al., 2013), REEP1 (Falk et al., 2014; Renvoisé et al., 2016), and
the three-way junction stabilizer lunapark (LNP; Krahmer et al.,
2013), are found in LD-enriched fractions. ATL has been pro-
posed to control LD size in Caenorhabditis elegans (Klemm et al.,
2013). In addition, REEP1-knockout (KO) mice exhibit LD defects
and severe lipoatrophy (Renvoisé et al., 2016). However, the
precise mechanism underlying the regulation of LD biogenesis
by these proteins is still largely unknown.

Through a screen of ER morphology regulators, we identified
FIT2 in C. elegans. Further analysis revealed that FIT2 interacts
with ER tubule-forming proteins and cytoskeletal septin. Similar
LD defects are observed when FIT2 or these interacting proteins
are depleted. Live cell imaging of nascent LD formation suggests
that tubule-forming proteins and septin contribute to the early
FIT2-mediated steps of LD formation.
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Figure 1. ER and LD morphology in fitm-2 mutant. (A) Representative 3D-
SIM images of wild-type and fitm-2(dt002) animals carrying the qxIs439
(Phyp7::gfp:itram-1) transgene at the young adult stage, showing ER mor-
phology in the hypodermis. Scale bar, 10 pum. (B) ER morphology of early
embryos and oocytes, shown as single confocal planes, in wild-type and fitm-
2(erm002) animals carrying the ojis23 (Ppie-1::gfp::sp12) transgene. Scale bar,
10 pm. (C) Topology of FITM-2. The blue dot indicates the predicted enzyme
active site His-172 in C. elegans. The red dot indicates the mutation site in
fitm-2(erm002). (D) Lipid TOX staining of larval stage L4 animals. Images are
3D projections of 7.5-um confocal z-stacks that covered the posterior body
forward from the vent. Scale bar, 10 um. (E) Electron micrographs of the
middle gut of the indicated young adult animals. Yellow arrows indicate LDs.
Scale bar, 4 pm.

Results
FIT2 regulates ER morphology

In an effort to identify new regulators of ER morphology in C.
elegans, we performed a genetic screen in worms expressing
GFP:TRAM-1 in the hypodermis. One mutant allele, erm002,
exhibited condensed ER patches resembling ER sheet expansion
(Fig. 1 A). When embryos and oocytes were monitored, patches
of ER were also observed with another ER marker, GFP::SP12
(Fig. 1 B). Mapping and sequencing revealed that erm002 pos-
sessed an aspartic acid to asparagine mutation at conserved
position 168 in FITM-2, a worm homologue of FIT2 (Fig. 1 C
and Fig. S1 A). RFP-fused FITM-2 colocalized with ER marker
TRAM-1 (Fig. S1 B), confirming that FITM-2 is an ER-resident
protein. The same ER morphology was seen in another FITM-2 mu-
tant, av4l, which has a 5’-end stop codon and represents a null
allele (Fig. S1, C-E).

Next, we tested whether mammalian homologue FIT2 plays a
role in ER morphogenesis. When FIT2 was depleted using siRNA
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in COS-7 cells (Fig. S1 F), ER sheets expanded, as indicated by
sheet-specific marker Climp-63 (Fig. S1 G). These results suggest
that FIT2 activity is linked to ER morphology and erm002 is a
loss-of-function mutant of FITM-2.

Using mutant allele av41, FITM-2 deletion has been shown to
result in small LDs with decreased numbers (Choudhary et al.,
2015). The same phenotype was seen when LDs were visualized
by LipidTOX staining in erm002 (Fig. 1 D). LD defects were
further confirmed by EM (Fig. 1 E). As dysregulation of LD
biogenesis often leads to altered lipid metabolism and subse-
quent ER stress, we tested the levels of ER stress in FITM-
2 mutants using the Phsp-4::GFP reporter. Both erm002 and av41
exhibited substantial ER stress (Fig. S1 H). Interestingly, when
mammalian FIT2 was depleted in COS-7 cells, no ER stress was
detected (Fig. S1 I). Taken together, these results confirm that
FITM-2 is involved in LD biogenesis, perhaps via regulation of
ER morphology, and different FIT2 members may affect ER
homeostasis to different extents.

To further investigate whether FIT2 activity is associated
with ER shaping in higher eukaryotes, we overexpressed FIT2
in COS-7 cells. The ER morphology exhibited some changes,
including redistribution of ER sheets toward the cell periphery
(Fig. S1J). In addition, puncta, or even larger bubble-like struc-
tures, were frequently observed. These structures were FIT2-
positive (Fig. 2 A and Fig. S1]) and were observed in a variety of
cell lines, including U20S and HEK293T cells (Fig. S1 K). To test
whether these structures are LD related, we treated the cells
with LipidTOX. The bubble-like structures contained a very
low density of neutral lipids (Fig. 2 A). Therefore, these bubbles
are likely byproducts of abnormal LD formation but not actual
LDs. The same conclusion was drawn when another neutral
lipid dye, Oil Red, was used (Fig. S1 L). Even though FIT2 has
been proposed to be a regulator of LD budding, we did not
observe an increased number of LDs when FIT2 was over-
expressed. These results further suggest that FIT2 plays a role
in LD formation and that FIT2 alone is not sufficient for LD
formation.

Next, we tested whether FIT2-induced bubbles contain a
specific set of ER proteins. When ER tubule-forming protein
Rtn4a or REEP5 was cotransfected into COS-7 cells, it decorated
the bubbles (Fig. 2 B). Similarly, when other known ER tubule-
enriched proteins, such as HT008 and ATL3, were cotransfected,
they localized to the rim of the bubbles (Fig. 2 B). In contrast,
when Climp-63, an ER sheet-specific marker, was coexpressed
with FIT2, it expanded the ER sheets but was not found in FIT2-
positive bubbles (Fig. 2 C). Another commonly used luminal ER
marker, calreticulin, also did not merge with the bubble signals
(Fig. S1 M). These results suggest that FIT2 is concentrated in ER
tubule-enriched regions.

FIT2 interacts with ER tubule-forming proteins

To test whether FIT2 interacts with ER tubule-enriched pro-
teins, we performed CRISPR-based knock-in (KI) of two tandem
HA-tags on the C-terminus of endogenous FIT2 in HepG2 and
U20S cells. The endogenous FIT2-HA could be detected using
anti-HA antibodies (Fig. 3 A; and Fig. S2, A and B). When FIT2
was precipitated by anti-HA antibodies, both endogenous Rtn4
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and REEPS5 coprecipitated (Fig. 3 B and Fig. S2 C). As expected,
unrelated ER resident proteins Climp-63 and calnexin did not
interact with FIT2 under these conditions (Fig. 3 B and Fig. S2 C).

We also observed coprecipitation of Rtn3a with FIT2 (Fig.
S2 D). However, when Arl6IP1 or Rtn2, other reticulon homol-
ogy domain (RHD)-containing proteins, were tested, nearly no
interaction was seen with FIT2, presumably because of RHD
sequence variation (Fig. S2, E and F). In addition, two unrelated
ER-resident and TM hairpin-containing proteins, ACSL3 and
HT008, did not coprecipitate with FIT2-HA (Fig. S2, G and H).
Taken together, these results show that FIT2 interacts specifi-
cally with ER tubule-forming proteins.

FIT2 is a six-TM-containing membrane protein with a few
loops facing the cytosol (Fig. 1 B). We investigated the specific
regions to which tubule-forming proteins bind. FIT2-HA and
Flag-REEP5 were transfected into COS-7 cells individually or
together. As described above, when cotransfected, FIT2-HA was
able to precipitate Flag-REEP5 and vice versa (Fig. 3 C). How-
ever, when they were transfected individually and the extracts
mixed, no coprecipitation was observed (Fig. 3 C). Similarly,
FIT2-HA and Rtn4a-GFP (Fig. 3 D) only coimmunoprecipitated
when they resided in the same membranes. These results sug-
gest that FIT2 likely interacts with tubule-forming proteins
through TM domains.

To further dissect the RHD-interacting regions in FIT2, we
engineered truncation mutants of FIT2 (Fig. S2 K). When the
first three TM domains of FIT2 (TMI-3, residues 1-141) were
expressed and precipitated using anti-HA antibodies, endoge-
nous REEP5 and Rtn4 were still pulled down, with reduced
binding to Rtn4 (Fig. 3 E). In contrast, when the last four TM
domains of FIT2 (TM3-6, residues 87-262) were used, Rtn4 re-
tained its interactions with FIT2 but REEP5 was no longer bound
(Fig. 3 E). These results suggest that tubule-forming proteins
interact with different regions of the FIT2 TM domains. Notably,
neither FIT2 truncated mutant was able to induce bubble-like
structures in the ER (Fig. S2 L), confirming that all FIT2 TM
domains are functionally important.

FIT2 interacts with cytoskeletal septins

Cytoskeleton structures, particularly microtubules and septins,
are suspected to play a role in LD growth and transportation
(AKkil et al., 2016; Bostrom et al., 2005; Moreno-Castellanos et al.,
2017; Shubeita et al., 2008). When we attempted to identify
additional FIT2-interacting proteins, we found that the septin
cytoskeleton, but not microtubules or F-actins, colocalizes
with FIT2-induced ER bubbles (Fig. 2, D and E; and Fig. S1 N).
Septins form GTP-dependent oligomers in the form of a fila-
ment (Kim et al., 2011; Sirajuddin et al., 2007). In mammals,
the core complex of septin filaments is composed of a septin
2 dimer flanked by two heterotypic dimers of septin 6 and
septin 7 (Fig. S3 A). In cells expressing exogenous FIT2-HA,
when the extracts were precipitated by anti-HA antibodies,
septin 2, the core component of the septin skeleton, was found
in the precipitate (Fig. 4 A). The interaction between FIT2 and
endogenous septin 2 was enhanced when the extracts were
treated with GTP (Fig. 4 B), presumably promoting septin
assembly.
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Figure 2. Proteins enriched in FIT2-induced
ER bubbles. (A) COS-7 cells were transfected
with FIT2-HA and stained with anti-HA anti-
bodies and LipidTOX. Representative images
were captured by 3D-SIM. A lateral view of a 3D
bubble-like structure is shown on the right.
Scale bars, 10 pm. (B) COS-7 cells were co-
transfected with FIT2-HA and the indicated ER
tubule proteins and stained with anti-HA anti-
bodies alone or together with anti-Myc anti-
bodies. Representative images were captured
by 3D-SIM. Lateral views of 3D bubble-like
structures are shown on the right. Scale bars,
10 pm. (C) As in B, but with COS-7 cells coex-
pressing FIT2-HA and Flag-Climp-63. The insets
show magnified details in white squares. Scale
bars: 10 um; 2 um (inset). (D and E) Distribution
of endogenous septin 2 filaments (red) visual-
ized in COS-7 cells expressing FIT2-HA (green).
The bottom images show enlargements of the
boxed regions on FIT2-induced ER bubbles. The
line scans of the red and green fluorescence
intensities indicate the colocalization of septin
2 filaments and FIT2-induced ER bubbles. Scale
bar, 10 um; 2 um (inset).

Next, we tested whether endogenous FIT2 binds to the septin  nascent LD formation; therefore, we performed coimmunopre-
cytoskeleton. FIT2-HA precipitated from FIT2 KI cells, but none  cipitation (coIP) upon oleic acid (OA)-induced LD biogenesis
of the endogenous septin components, coprecipitated (Fig. 4 C). after starvation and clearance of existing LDs. In addition,
We reasoned that FIT2-septin interactions were transient during  we added dithiobis(succinimidyl propionate) (DSP) to stabilize
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Figure 3. Interactions between tubule-forming proteins and FIT2. (A) IP of FIT2-HA in WT and FIT2-HA Kl HepG2 cells. WT and FIT2-HA Kl cells were lysed

in 1% digitonin-containing buffer. IP was performed with anti-HA antibodies. The samples were analyzed by immunoblotting (IB) with the indicated antibodies.
(B) colP of FIT2 and ER tubule-forming proteins in HepG2 cells. IP was performed as in A. Samples were analyzed by IB with antibodies of different ER
membrane proteins. (C) FIT2-HA and REEP5-Myc were cotransfected into HEK293T cells and solubilized in triton-containing buffer or transfected individually
into cells in different dishes, followed by mixing of the Triton-solubilized cell extracts. IP was performed with anti-HA or anti-Myc antibodies. (D) As in C, but
with cells expressing FIT2-HA and/or GFP-Rtn4a. The asterisk (*) indicates degraded GFP-Rtn4a. (E) colP of FIT2 truncations and Rtn4/REEP5. HEK293T cells
expressing FIT2-HA, FIT2 truncations, or empty vector were lysed in 1% Triton-containing buffer and cell lysates immunoprecipitated with anti-HA antibodies.

transient interactions via chemical cross-linking. Under these
conditions, endogenous septin 7 readily coprecipitated with
endogenous FIT2-HA (Fig. 4 C), despite the levels of septin 7
being greatly reduced due to starvation (Fig. 4 C). Interestingly,
endogenous FIT2 only exhibited detectable interactions with
septin 7, not septin 2 and 6 (Fig. 4 D). These results confirm that
FIT2 and cytoskeletal septin interact endogenously, likely through
septin 7.

We also examined whether FIT2 and septins interact directly
using purified component. GFP-tagged full-length FIT2 was ex-
pressed in SF9 insect cells, purified, and reconstituted into
proteoliposomes (Fig. S3, C and D). Septin hexamer, which was
formed by septin 2, 6, 7 (two of each), was either coexpressed
and copurified or individually isolated (Fig. S3, B and E) and
subsequently incubated with FIT2-containing proteoliposomes.
When FIT2 vesicles were floated in a density gradient, we ob-
served coflotation of septin 2/6/7 (Fig. 4 E). When individual
septins were tested, only septin 7 had prominent coflotation;
septin 2 interacted weakly with FIT2, and septin 6 showed no
detectable binding (Fig. 4 F). We also tested septin 9, another
common septin cytoskeleton component, and found no appre-
ciable interactions with FIT2 (Fig. 4 F and Fig. S3 E). Taken

Chen et al.
FIT2 interacts with reticulons and septins

together, these results indicate that FIT2 interacts directly with
septin 7 of the cytoskeletal septins.

The cytosolic localization of septin suggests that it may en-
gage FIT2 through its cytosolic loops. Thus, we performed pull-
down assays using purified septin hexamer and synthesized
biotinylated peptides according to the sequences of the FIT2
loops (N-terminal loop, residues 1-23, [NTL]; cytosolic loop 1,
residues 79-93, [cytLl]; cytosolic loop 2, residues 167-190,
[cytL2]; C-terminal loop, residues 240-262, [CTL]; Table S1).
When peptides were precipitated by streptavidin beads, copre-
cipitated septins were analyzed. We found that the NTL and
cytL2 interacted with septin (Fig. 4 G). These binding sites were
confirmed in cells using truncated FIT2 (Fig. 4 H). We also an-
alyzed interactions between purified septin 2 or 7 and the NTL
peptide using bio-layer interferometry (BLI). Biotinylated pep-
tide was immobilized to streptavidin sensor and incubated
with increasing concentrations of septin 2 or 7. The association
and disassociation of septins with the sensor, which influenced
the thickness of the layer on the sensor tip, were measured as
an interference wavelength shift. Consistently, we observed
stronger binding by septin 7 than septin 2 (Fig. 4 I). To narrow
down the regions of septin 7 that interact with FIT2, we purified
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Figure 4. Interactions between septins and FIT2. (A) HEK293T cells transfected with FIT2-HA or empty HA vector were lysed, and colP assay was per-

formed by incubating cell lysates with anti-HA agarose beads. Immunoblotting (IB) was performed using the indicated antibodies. (B) As in A, but with or

without 5 mM GTP in the lysates. (C) FIT2 KI U20S cells were cultured under normal conditions or LD biogenesis conditions (fatty acid starvation [Starv.] for 60 h,
OA treatment for 15 min). After DSP-mediated protein cross-linking, colP of FIT2-HA with endogenous septin 7 was performed using anti-HA agarose beads.
(D) As in C, colP of FIT2-HA and endogenous septin 2, 6, and 7 in the LD biogenesis condition. (E and F) Coflotation assay using FIT2-reconstituted

proteoliposomes and purified septin2/6/7 hexamer (E) or individual septins (septin 2, 6, 7, and 9; F). Proteins in each fraction were detected by IB using the

indicated antibodies. (G) In vitro peptide pull-down assays were performed using the indicated biotinylated peptides and purified septin2/6/7 hexamer,
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followed by SDS-PAGE and Coomassie blue staining. (H) HEK293T cells were transfected with the indicated FIT2-HA truncations, colP and IB assays
performed as in A. (I) BLI assays using biotinylated FIT2 NTL peptide-coated sensor and individually purified septin 2, septin 7, septin 7-ACC, and septin 7-CC
at the gradient concentration of 31.2-500 nM. The dissociation constant (K4) is shown. CTL, C-terminal loop; ctyL1, cytosolic loop 1; ctyL2, cytosolic loop 2.

the C-terminal coiled coil (CC) domain of septin 7 (residues
332-437) and a truncated septin 7 that lacks the CC domain
(SEPT7-ACC, residues 1-331; Fig. S3 F). SEPT7-ACC, which con-
sisted of mostly the GTPase domain, had similar interactions
with FIT2-NTL similar to those of full-length septin 7, whereas
SEPT7 CC had a much weaker interaction with the peptide
(Fig. 4 I). Finally, we disassembled other cytoskeleton compo-
nents, including microtubules and actin filaments, and found no
impact on septin association with FIT2 (Fig. S2 M). Collectively,
these results indicate that septin 7, particularly its GTPase do-
main, physically interacts with FIT2.

FIT2-interacting proteins regulate LD biogenesis

To test whether newly identified FIT2-interacting proteins
participate in LD biogenesis, we depleted these proteins indi-
vidually in HepG2 cells (Fig. S4, A and B), which have a known
tendency to store neutral lipids in LDs, and monitored LD
number and size by LipidTOX staining. As in FIT2-depleted cells,
both LD number and size were decreased in cells depleted of
REEPS5 or Rtn4 (Fig. 5 A and Fig. S4 C). Similar results were
obtained when cells were treated with OA to stimulate LD for-
mation (Fig. 5 B and Fig. S4 C), but depletion of an unrelated ER
protein, Sec6lB, had no effect (Fig. S3, G-I). When tubule-
forming proteins are eliminated, the morphological balance in
the ER shifts toward sheets (Voeltz et al., 2006). However, de-
pletion of Climp-63, an ER-shaping protein for sheet formation,
did not affect LD biogenesis (Fig. S4, D and E). In addition, de-
pletion of REEP5 or Rtn4 did not alter the levels of a known
regulator of LD biogenesis (Fig. S4 F). These results suggest that
tubule-forming proteins contribute specifically to LD biogenesis.

Next, we generated septin 2-deleted HepG2 cells using
CRISPR/Cas9 (Fig. S4 G) and analyzed LD number and size. In
both the presence and absence of OA treatment, the LDs in these
cells became fewer and smaller (Fig. 5, C and D). We also de-
pleted FIT2-interacting septin 7 and observed similar changes
(Fig. S4, I and K). Because septins usually act as hetero-
oligomers, we found that depletion of septin 6 and 9 caused
similar defects (Fig. S4, H and K). These data confirm that septin
polymers are involved in LD biogenesis.

To further confirm the LD phenotype in a physiological set-
ting, we tested FIT2-interacting protein mutants in C. elegans.
Worms possess one reticulon, RET-1, and one REEP5 homologue,
YOP-1. The yop-1 mutant strain 0k3629 contained a reduced
number of LDs (Fig. 6 A). Similarly, treatment with ret-1 RNAi
resulted in fewer LDs (Fig. 6 B), and the mutant of septin ho-
mologue unc-61 (e228) had fewer LDs (Fig. 6 C). These results
suggest that tubule-forming proteins and septins have a con-
served role in LD biogenesis.

To strengthen the linkage between FIT2-associated proteins
and LD biogenesis, we measured the levels of these proteins
during adipocyte differentiation, a process that demands ele-
vated levels of LD formation. Consistently, the expression of
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septins (septin 2, 6, and 7) and REEP5 was induced in insulin-
treated 3T3-L1 cells (Fig. 6 D). The levels of Rtn4 also increased,
but to a lesser extent, whereas those of an unrelated ER-resident
protein, Sec61B, did not change much (Fig. S3 J). Depletion of
FIT2-associated proteins blocked insulin-induced 3T3-L1 pre-
adipocyte differentiation (Fig. 6, E and F). In addition, interac-
tions between FIT2 and REEP5 were slightly enhanced when LD
formation was stimulated by OA treatment (Fig. S3 K), but they
were not affected upon seipin depletion (Fig. S2 I) or by mu-
tating the enzymatic activity residues (H155 and H214) of FIT2
(Fig. S2J). Similarly, the FIT2 H155A/H214A mutant interacted
with septin 2 or septin7 similar to WT FIT2 (Fig. S2 N).

FIT2 and FIT2-interacting proteins mark peripheral LD
formation sites

FIT2 has been proposed to be critical in the budding of nascent
LDs from the ER (Choudhary et al., 2015). The LD defects ob-
served with mutants of FIT2-interacting proteins coincide with
mutants of FIT2, suggesting that they cooperate with FIT2 dur-
ing LD formation. To analyze their precise roles in LD biogen-
esis, we monitored nascent LD formation using the recently
developed early stage LD marker LiveDrop, which is composed
of the TM domain of GPAT4 fused with GFP (Wang et al., 2016).
Initially, cells were starved to consume most of the existing LDs,
and subsequent formation of new LDs was followed with Live-
Drop upon the addition of OA (Fig. S5 A). Comparing control
COS-7 cells with cells depleted of FIT2 or FIT2-interacting
tubule-forming proteins (REEP5 and Rtn4), fewer nascent LDs
were seen in mutant cells (Fig. 7 A). As expected, septin
2 knockdown, but not overexpression of unrelated protein
Climp-63 (Fig. 7 B), resulted in a decreased number of LDs (Fig. 7
C) and a delay in nascent LD formation (Fig. 7 D).

Finally, we followed nascent LD formation in the cell pe-
riphery using LiveDrop and live cell super-resolution micros-
copy. When fluorescently labeled FIT2 was cotransfected with
LiveDrop, FIT2 formed puncta along the tubule first, and a few
seconds later LiveDrop puncta became visible in close proximity.
The maturation of LiveDrop puncta was accompanied by the
disappearance of FIT2 puncta (Fig. 8 A and Video 1). These
events accounted for ~85% of newly formed LDs in the cell pe-
riphery (Fig. S5 D). A similar pattern was observed with REEP5
and Rtn4a (Fig. 8 B, Fig. S5 B, Video 2, and Video 3), but only in
the case of Rtnda, its puncta forming at ~20% of nascent LDs in
the cell periphery (Fig. S5 D). When septin 7-mCherry was co-
transfected with LiveDrop, septin 7-positive puncta were re-
cruited to some LiveDrop puncta, even though these events
occurred transiently (Fig. S5 C and Video 4). We also analyzed
the overlap between LiveDrop puncta and endogenous septin
2 during nascent LD formation in fixed COS-7 cells. The septin
2 puncta had a significant overlap with LiveDrop puncta, and the
degree of overlap decreased when FIT2, but not seipin, was
depleted in these cells (Fig. 8, C-E; and Fig. S5, E-G). Taken
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Figure 5. FIT2-interacting proteins in LD biogenesis. (A) LipidTOX staining of LDs and quantification of LDs per cell, as well as LD size, in control and
tubule-forming protein-depleted HepG2 cells without OA treatment. 3D pictures of LDs were acquired under a confocal microscope by serial layer scanning
along the z axis. Colorized pictures were acquired using Imaris software. Different colors indicate different LD diameters, as labeled. n = 86-200 cells/group. All
graphs are representative of three repetitions, total LDs numbers >2,000. Mann-Whitney test; ***, P < 0.001. Scale bar, 10 um. (B) As in A, except each group
of cells was treated with 0.2 mM OA for 6 h before LipidTOX staining. n = 82-143 cells/group, total LDs numbers >2,000. Mann-Whitney test; ***, P < 0.001.
Scale bar, 10 um. (C and D) As in A and B, LDs were stained in WT (SEPT2-WT) and septin 2 KO (SEPT2-KO) HepG2 cells with (C) or without (D) OA treatment.
The numbers and sizes (diameter) of LDs were measured. For groups without OA treatment, n = 46-76 cells/group; for groups with OA treatment, n = 53-78
cells/group, total LD numbers >2,000. Mann-Whitney test; **, P < 0.01; ***, P < 0.001. Scale bar, 10 um. siControl, small interfering Control; siFIT2, small
interfering FIT2; siREEP5, small interfering SiREEP5; siRtn4, small interfering Rtn4. Error bars represent SEM.
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Figure 6. Functional tests of FIT2-interacting proteins. (A) Representative confocal images of wild-type and yop-1(0k3629) larval stage L4 animals carrying
the ldrls2 (Pmdt28::mdt28::cherry) transgene. Images are 3D projections of 2.62-pm confocal z-stacks that covered the posterior body forward from the vent. LD
quantification is shown on the right. n = 16 (wild-type) and 18 (yop-1) animals. Unpaired t test, ***, P < 0.001. Scale bar, 10 um. (B) As in A, but with
RET-1-depleted animals generated by RNAi feeding. n = 7 (wild-type) and 11 (ret-I) animals. Unpaired t test, ***, P < 0.001. Scale bar, 10 um. (C) As in A, but
with unc-61(e228) mutant. n = 10 (wild-type) and 13 (unc-61) animals. Unpaired t test, ***, P < 0.001. Scale bar, 10 um. Error bars represent SEM. (D) Dif-
ferentiated 3T3-L1 cells were collected at the indicated times, and protein levels were detected by immunoblotting (IB) with the indicated antibodies. (E) The
knockdown efficiency of the indicated siRNAs in 3T3-L1 cells was measured by IB. (F) Representative images of 3T3-L1 adipocytes. On day 10, differentiated 3T3-
L1 cells were fixed and stained with Oil Red. Images were captured using a stereomicroscope under the indicated magnifications. Scale bar, 2 mm. siControl,
small interfering Control; simSEPT2: small interfering mouse SEPT2; simREEPS: small interfering mouse REEP5; simRtn4, small interfering mouse Rtn4.

together, these results indicate that FIT2-interacting proteins,
particularly REEP5, Rtn4a, and septins, contribute to the early
steps of LD formation, likely in concert with FIT2.

Discussion
Our results reveal previously unidentified interactions between
FIT2, the known regulator of LD budding, and ER tubule-
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forming proteins and the cytoskeletal septin. Mutation of FIT2
causes abnormal budding of newly formed LDs; thus, fewer and
smaller LDs are seen (Choudhary et al., 2015; Goh and Silver,
2013; Kadereit et al., 2008). FIT2 can bind to neutral lipids
through its TM segments (Gross et al., 2011), is predicted to be a
potential lipid phosphatase or phosphotransferase (Hayes et al.,
2018), and subsequently was shown to be an acyl-coenzyme A
diphosphatase (Becuwe et al., 2020), suggesting a converging
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Figure 7. FIT2-interacting proteins in early steps of LD formation. (A) Representative images of remaining LDs after delipidation and nascent LDs formed
after OA treatment in control and ER tubule-forming protein-depleted COS-7 cells. Each group of cells expressing LiveDrop was delipidated for 60 h and then
treated with 0.2 mM OA for 15 min to induce nascent LD formation. Quantification of LDs is shown on the right. n = 36-42 cells/group. Unpaired t test; NS, P >
0.05. Scale bar, 10 um. (B) As in A, but with cells overexpressing Flag-Climp-63. n = 33-37 cells/group. One-way ANOVA, ***, P < 0.001. Scale bar, 10 um.
(C) Asiin A, but nascent LDs in septin 2 knockdown COS-7 cells were counted. The bottom images show enlargements of the boxed regions over the tubular ER
network. n = 13-16 cells/group. Unpaired t test, ***, P < 0.001. Scale bar, 10 um; 3 pm (inset). Error bars represent SEM. (D) Time-lapse stills of nascent LD
formation in control or septin 2 knockdown COS-7 cells. The histogram on the right shows the quantification of the frequency of nascent LDs in the indicated
time frame. n = 3 or 4 cells/group. Scale bar, 5 um. siControl, small interfering Control; siFIT2, small interfering FIT2; siREEPS5, small interfering siREEP5; siRtn4,

small interfering Rtn4; siSEPT, small interfering SEPT.

role in orchestrating lipids for LD formation. Similar defects of
fewer and/or smaller LDs are affiliated with the loss or mutation
of tubule-forming proteins and septins consistent with a coop-
erative role with FIT2. We noted that FIT2 clusters often appear
at sites of LD formation and precede the appearance of LiveDrop
puncta, implying that localized activity is needed at an early
stage of nascent LD formation. Coincidently, REEP5 or Rtn4
behaves the same (Fig. 8 F). These findings could explain why
overexpression of FIT2 alone does not boost LD formation.

The interactions between FIT2 and tubule-forming proteins
can be categorized into two types: REEP5 mainly engages the
N-terminal half of FIT2, and Rtn4 binds to both halves. These
findings support that the interactions are specific and may have

Chen et al.
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different functions. One benefit of tubule-forming proteins is
membrane curvature. The biophysical property of the oil lens
and the budding and fission processes could all be related to
curvature generation (Santinho et al., 2020). The intrinsic cur-
vature of phospholipids in the ER is critical for the architecture
of LDs (Choudhary et al., 2018). Thus, budding site-concentrated
FIT2 may introduce yet another layer of curvature generation,
in this case by integral membrane proteins, to the birth of LDs.
However, LD defects caused by depletion of tubule-forming
proteins could not be easily recapitulated by the domination
of ER sheets, structures with less curvature than tubules.
Therefore, the presence of ER tubules per se is not sufficient
for efficient LD formation. As FIT2 is an acyl-coenzyme A
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Magenta arrowheads indicate the accumulation of FIT2, and green arrows indicate the nascent LDs. Scale bar, 1 um. (B) As in A, but with cells expressing
REEP5-mCherry and LiveDrop. Magenta arrows indicate the accumulation of REEP5, and green arrows indicate the nascent LDs. Scale bar, 1 um. (C) Rep-
resentative 3D-SIM images of colocalization between LiveDrop and endogenous septin 2 in delipidated COS-7 cells with or without OA treatment. En-
largements of the boxed regions are shown. Scale bar, 5 um; 1 um (inset). (D and E) As in C, but in COS-7 cells transfected with siControl and siSeipin. The
Mander’s coefficient was measured by ImageJ. In each group, 45-50 ROIs in 10-15 cells were measured. Unpaired t test, ***, P < 0.001. Scale bar, 5 pm; 1 um
(inset). Error bars represent SEM. (F) A model of FIT2-mediated nascent LD formation. ROI, region of interest; siControl, small interfering Control; siFIT2, small

interfering FIT2; siSeipin, small interfering seipin; Starv., starvation.

diphosphatase, it is reasonable to speculate that the association
of tubule-forming proteins regulates the enzymatic activity of
FIT2. The requirement of this activity of FIT2 is also supported
by the loss-of-function mutation we identified in worms. The
equivalent mutation in humans in FIT2, D151N, is very close to
the potential active site, H155, in the luminal face of FIT2 be-
tween TM3 and TM4.

The colocalization of FIT2, ER tubule-forming proteins, and
the nascent LD marker LiveDrop implies spatial control of LD
formation in subdomains of the ER. Almost all nascent LDs ob-
served in our live cell tracing experiments formed in ER tubules.
However, nascent LDs can also be generated in the cell center,
where tubules and sheets are interconnected in a dense net-
work; thus, currently available tools will likely not be able to
resolve the spatial regulation of LD formation. Notably, ER
sheets have high membrane curvature similar to tubules at sheet
edges, and ER tubule-forming proteins localize to the edges of
sheets (Shibata et al., 2010). In theory, nascent LDs can bud from
ER sheets, even if membrane curvature and ER tubule-forming
proteins are needed.

The involvement of septin in LD biogenesis has been pro-
posed, but as indirect regulation through microtubules (Akil
et al., 2016). The physical contacts between the GTPase do-
main of septin 7 and two cytosolic loops of FIT2 indicate that the
role of septins can be direct. Other septins are known to interact
with phospholipids through a C-terminal amphipathic helix.
Thus, it is likely that FIT2-anchored septins hold onto the sur-
face phospholipids of newly formed LDs and serve as a handrail
(Fig. 8 F). Such scaffolds would not only stabilize the budding
LDs but would also ensure directional budding of the neutral
lipid-enriched membrane compartment. Notably, each septin
hexamer is ~25 nm in length, and nascent LDs are 100-200 nm
in diameter (Sirajuddin et al., 2007; Walther et al., 2017).
Therefore, the “handrail” may not need heavy bundling of the
septin units.

Our results, together with previous findings, led to a refined
model of early stage LD formation (Fig. 8 F). Neutral lipids
within the two leaflets of ER membranes may accumulate with
FIT2, which recruits ER tubule-forming proteins to stabilize the
curvature of the growing oil lens or promote lipid preparation.
The outward bulging of the oil lens may be supported further by
FIT2-interacting septins. The actual actions of tubule-forming
proteins on FIT2 remain to be determined. Given the diversity
and redundancy of these proteins, it is very likely that FIT2 is
differentially regulated in different cell types. In addition, FIT2
likely acts independently from other LD biogenesis regulators,
such as seipin. The FIT2-organized interacting complex facili-
tates the generation of the complicated, but fine-tuned, land-
scape of the fat-storage organelle.
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Materials and methods
Strains

The following strains were used in this work: N2 Bristol (WT),
fitm-2(erm002), fitm-2(av41), qxIs439(Phyp7::gfp::tram-1), ojls2
(Ppie-L:gfp:spi2), ldrIs2 (Pmdt28::mdt28::cherry), and zcls4(Phsp-4::
gfp).

Identification, mapping, and cloning of fitm-2

The fitm-2(erm002) allele was identified in screens for mutations
with altered ER morphology in gxIs439(Phyp7::gfp::tram-1) animals,
which expressed the GFP:TRAM-1 fusion protein in hypodermal
cells. Mapping single nucleotide polymorphism markers placed
erm002 between 2 and 2.95 on linkage group I. The molecular
lesion in erm002 was then determined by whole-genome
sequencing. A transgene containing fosmid WRMO0637bE08
or the single gene fitm-2 restored ER morphology in erm002
mutants.

Generation of fitm-2(av41) C. elegans

We generated the early nonsense mutation in fitm-2 using
CRISPR/Cas9 technology as described previously (Choudhary
et al., 2015). Briefly, we designed two gRNAs (Table S1) that
target two overlapping fitm-2 Cas9 sites and cloned the designer
gRNAs into plasmid pDD162. A repair template was synthesized
containing two stop codons on both targeted PAM sites (codons
17 and 20) and a HindIII restriction site for screening purposes
(Table S1). The gRNA containing pDD162 plasmids and the repair
template were injected into C. elegans germlines. The F2 progeny
were picked. The fitm-2(av4l) sequence was confirmed and
balanced with hT2 [bli-4(e937) let-?(q782) qIs48] (L1II). Non-GFP
animals were picked and observed.

RNAi inactivation in C. elegans

For RNAi feeding assays, L1 larvae expressing MDT-28::CHERRY
were plated onto Nematode Growth Medium plates containing
1 mM IPTG and seeded with ret-1 double-stranded RNA bacterial
clones. The animals were grown at 20°C, and the F1 progeny was
examined at L4 stage.

Worm LipidTOX staining

Animals at L4 stage were suspended in 1 ml of water before
adding 100 pl of freshly prepared 4% paraformaldehyde solution
and mixing. The mixture was frozen and (not completely)
thawed three times. The worms were allowed to settle and
washed three times with PBS. Next, 1 ml of LipidTOX dye diluted
in PBS (1:1,000) was added, and the worms incubated for 30 min
at room temperature (RT) with occasional gentle agitation. The
worms were then washed three times with PBS. After most of
the staining solution was removed, the fixed worms were

Journal of Cell Biology
https://doi.org/10.1083/jcb.201907183

12 of 17


https://doi.org/10.1083/jcb.201907183

mounted onto 2% agarose pads for microscopic observation and
photography.

EM of C. elegans

In the high-pressure freeze (HPF) procedure, several living
worms were picked into a type A specimen carrier (200-pm
well) containing 2% agarose to avoid voids and overfilling. Next,
they were placed in a treated type B carrier (flat) with hex-
adecane and closed before freezing in the HPF device (Leica;
HPM100). Following HPF, the fast-frozen samples were im-
mersed in a freezing tube containing 2% osmium tetroxide in
98% acetone/2% water and placed into the freeze substitution
device (Leica; EM AFS) set to the following parameters: T1 =
-90°C for 72 h, S1 = 5°C/h, T2 = -60°C for 12 h, S2 = 5°C/h, T3 =
-30°C for 10 h, then slowly warmed to 10°C (5°C/h). Following
freeze substitution, samples were rinsed four times in 100%
acetone (15 min each) at RT. Next, they were stained using 0.5%
uranyl acetate dissolved in 90% acetone/10% methanol (filtered
before use) and incubated for 2 h in the dark at RT. After
staining, samples were rinsed four times in 100% acetone
(15 min each) at RT, and the samples were transferred
into new 2-ml Eppendorf tubes. Next, they were infiltrated
in graded mixtures (1:5, 1:3, 1:1, 1:3) of resin (EMS; Resin
Mixture: 16.2 ml SPI-PON812, 10 ml Dodecenylsuccinic an-
hydride, 8.9 ml Methyl-5-Norbornene-2,3-Dicarboxylic An-
hydride, and 1.5% Benzyldimethylamine) and acetone, then
changed to 100% resin, which was replaced four times over
the next 3 d on a rotator. Finally, worms were embedded and
polymerized for 12 h at 45°C and 48 h at 60°C. The ultrathin
sections (70 nm sethick) were sectioned with a microtome
(Leica; EM UC7) and examined by a scanning electron mi-
croscope (FEI Helios; Nanolab 600i SEM) in immersion high-
magnification mode (Concentric higher energy electron
detector, 2 kV, 0.34 nA).

Constructs

GFP-HTO008, Flag-Climp-63, GFP-Rtn4a, Myc-ATL3, and RFP-
sec61B constructs were described previously (Hu et al., 2009;
Shibata et al., 2008; Wang et al., 2017). FIT2 and REEP5 were
amplified from the human cDNA library. Full-length FIT2 and
truncated FIT2 (TM1-3, TM3-6, TM3-6AC) were subcloned into
pCI-neo-2HA, and REEP5 was ligated into pcDNATM4/TO/myc-
His B as indicated. For mcherry-Rtn4a, mCherry was amplified
and replaced the GFP tag in GFP-Rtn4a. For REEP5-mCherry,
REEP5 was amplified from REEP5-Myc and inserted into the
pCI-neo vector with mCherry on the C-terminus, and Septin 7
was inserted into the pmCherry-N1 vector with mCherry on the
C-terminus. For C. elegans expression, fitm-2 was amplified from
the C. elegans cDNA library and subcloned into the pPD49.26
vector with the hyp7 promoter on the N-terminus and RFP on the
C-terminus. The Flag-Lipinlb plasmid was a gift from Pingsheng
Liu’s laboratory (Institute of Biophysics, CAS, Beijing, China).
Septin2/6/7 hexamer dual vectors were obtained from Dr. Thomas
Lecuit (Aix-Marseille University, Marseille, France), and individ-
ual septins (septin 2, 6, 7, and 9) and septin 7 truncations (SEPT7
CC and SEPT7ACC) were inserted into the pET28a vectors with a
His-tag on the N-terminus.
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BLI

Purified septins used for BLI were exchanged into assay buffer
(50 mM Tris-Cl, 150 mM KCl, and 0.02% Tween 20, pH 8.0) and
diluted to a gradient concentration of 32.5-500 nM. Biotinylated
FIT2 NTL peptides were diluted in assay buffer to the final
concentration of 100 nM and then loaded onto the streptavidin
sensors for 300 s. Association and dissociation were measured
for 600 s by dipping the sensors into gradient protein solutions
or blank assay buffers. The BLI assays were performed using
Octer96 and data analysis performed in FortéBio Data Analysis
7.0 software.

Cell culture, transfection, and immunofluorescence

HepG2 cells (a gift from Pingsheng Liu’s laboratory), COS-7 cells,
U20S cells, and HEK293T cells were maintained in DMEM (In-
vitrogen) supplemented with 10% FBS at 37°C in 5% CO,.
Transfections were performed using Lipofectamine 3000 (In-
vitrogen) for DNA plasmids, except for transfection of plasmids
after delipidation, which was performed using X-tremeGENE
HP DNA Transfection Reagent (Roche) and Lipofectamine
RNAi MAX (Invitrogen) for siRNAs according to the manu-
facturer’s instructions. Cell samples were harvested 24 h af-
ter plasmid transfection or 48 h after siRNA transfection
unless otherwise indicated. Immunofluorescence experi-
ments were performed as described previously. Transfected
cells were grown on coverslips and immunostained with
primary antibodies and various Alexa Fluor-conjugated sec-
ondary antibodies (Invitrogen). Images were captured at RT
on a 3D-structured illumination microscopy (3D-SIM) or
Zeiss LSM700 confocal microscope as indicated. The primary
antibodies used are mouse-anti-HA (ORIGENE; TA180128),
rabbit-anti-HA (Abcam), rabbit-anti-Myc (Sigma; C3956),
mouse-anti-Flag (Sigma), rabbit-anti-calreticulin (Abcam;
ab2907), mouse-anti-Climp-63 (Enzo; ENZ-ABS669-0100),
rabbit-anti-septin 2 (Abcam; ab187654), and mouse-anti-a-
tubulin (Abcam; ab7291).

colP

For ER tubule-forming protein immunoprecipitation (IP), cells
were lysed in 1% digitonin containing IP buffer (25 mM Hepes,
150 mM KAc, 2 mM Mg(Ac)2, and protease inhibitor cocktails).
For septin IP, cells were lysed in 1% Triton X-100 IP buffer
(50 mM Tris-Cl, 150 mM KCl, 2 mM MgCl,, and protease in-
hibitor cocktails). Cell lysates were incubated with anti-HA
magnetic beads (Bimake; B26202) or anti-HA agarose (Sigma;
A2095) for 2 h at 4°C. Washed precipitates were separated by
SDS-PAGE and immunoblotted with various antibodies. For
DSP-mediated cross-linking coIP, FIT2-HA KI U20S cells were
cultured in fatty acid-free medium (1% fatty acid-free BSA in
DMEM) for 60 h and then treated with 20 mM OA for 15 min.
The culture medium was then removed, and 1 mM DSP in PBS
was added. The dishes were incubated at RT for 30 min. The
cross-linking reaction was stopped by the addition of 20 mM
Tris-Cl (final concentration, pH 7.8) for 15 min at RT. Cells were
washed with PBS three times and then lysed. coIP and im-
munoblotting were then performed. The primary antibodies
used for immunoblotting are mouse-anti-GAPDH (Proteintech;
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60004-1), rabbit-anti-NOGO (Rtn4; Novus; NB100-5681), rabbit-anti-
REEP5 (Proteintech; 14643-1-AP), rabbit-anti-calnexin (Proteintech;
10427-2-AP), rabbit-anti-GFP (Proteintech; 50430-2-AP), rabbit-
anti-septin 7 (Abcam; ab175229), rabbit-anti-septin 6 (Immunoway;
YT4205), rabbit-anti-MSF (septin 9; Abcam; ab114099), mouse-anti-His
(MBL; D291-3), mouse-anti-B-actin (abgent; AM1021B), rabbit-anti-BIP
(Abcam; ab21685), mouse-anti-PDI (Abcam; ab2792), mouse-anti-
ACSL3 (Abnova; HO0002181-BO1P), mouse-anti-BSCL2 (seipin; Ab-
nova; H00026580-A02), and rabbit-anti-sec61 (Abcam; ab78276).

CRISPR-mediated gene targeting

FIT2-HA KI HepG2 cells and U20S cells were generated fol-
lowing a previously described procedure (Ran et al., 2013).
Briefly, the gRNA sequences of human FIT2 were ligated into the
Bbsl sites of px260a-m2 vector. The template plasmids were
constructed using pUC57 vector as the backbone, with the inser-
tion of a left homologous arm (~600-bp genomic DNA sequence
upstream of the TAA region of FIT2), two tandem HA sequences
(5-TACCCATACGACGTCCCAGACTACGCT-3'), a 2A sequence (5'-
GGCTCCGGAGAGGGCAGGGGAAGTCTTCTAACGTGCGGGGAC
GTGGAGGAAAATCCCGGCCCC-3'), a neo sequence, and a right
homologous arm (~800-bp genomic DNA sequence downstream
of TAA region of FIT2). The two plasmids were cotransfected into
cells, and FIT2-HA KI cells were screened using G418 and then
verified by PCR sequencing and Western blotting.

Rtn4 KO and septin 2 KO HepG2 cells were generated using
the gRNA sequences in Table S1. Single cells were sorted 48 h
after transfection and verified by PCR sequencing and Western
blotting.

LipidTOX staining of mammalian cells

HepG2, COS-7, and U20S cells were grown on 60-cm confocal
dishes. Cells were fixed in 4% paraformaldehyde for 30 min,
washed with PBS buffer, and stained with LipidTOX dye diluted
in PBS (1:3,000) for 30 min. LipidTOX was removed by washing
with PBS three times. Images were captured on a Zeiss LSM700
confocal microscope.

Statistical analysis

3D pictures of LDs in HepG2 cells were acquired under a confocal
microscope by serial layer scanning along the z axis. Statistical
analysis of LD number and size was performed using Imaris
software by creating the surface of each LD using the same pa-
rameters in the control and experimental groups for each ex-
periment. Statistical analysis of LD number and size in single
confocal plane pictures was performed in Image] using the same
threshold value in the control and experimental groups for each
experiment. LD size was visualized in the form of a cross-
sectional area in pixels. The gray values of the Western blot
bands were analyzed in Gel-Pro. The results are presented as
mean + SEM. Student’s t test, Mann-Whitney test, and one-way
ANOVA were performed for statistical analyses. Data distribu-
tion was assumed to be normal, but this was not formally tested.

RNA extraction and RT-PCR
Total RNA was extracted using an RNA isolation kit (Magen)
according to the manufacturer’s instructions. cDNA reverse
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transcribed from poly-A mRNA was used as the template for
PCR. RT-PCR was performed in QuantStudio 7 Flex (Applied
Biosystems). The primers used for RT-PCR are in Table SI.

Delipidation and LD induction

Delipidation and LD induction were performed as described
previously (Salo et al., 2016). Cells were delipidated by culturing
in serum-free medium supplemented with 5% lipoprotein-
deficient serum (Sigma) for 60 h. Nascent LD formation was
induced by adding 0.2 mM OA (final concentration) for the
indicated times.

3D-SIM super-resolution microscopy and image analysis
3D-SIM images of fixed cells were acquired at RT on the Delta-
Vision OMX V3 imaging system (Applied Precision; GE) with a
x100 1.4 oil objective (Olympus UPlanSApo), solid-state multi-
mode lasers (488 nm, 405 nm, and 561 nm), and electron-
multiplying charge-coupled device cameras (Evolve; 512 x 512;
Photometrics). Serial z-stack sectioning was performed at
250-nm intervals in conventional mode. The microscope is
routinely calibrated with 100-nm fluorescent spheres to cal-
culate both the lateral and axial limits of image resolution.
Conventional image stacks were processed by deconvolution
methods using softWoRx 5.0 (Applied Precision; GE Health-
care) with the following settings: Wiener filter enhancement
= 0.900 and winner filter smoothing = 0.800. Pixel registra-
tion was corrected to be <1 pixel for all channels using 100 nm
Tetraspeck beads.

Live cell imaging by gazing incidence structured illumination
microscopy (GI-SIM)

Transfected COS-7 cells were plated on 25-mm coverslips coated
with polylysine and delipidated for 60 h. Before imaging, OA
was added to the culture medium at a final concentration of
0.2 mM at time point O. Pictures were acquired every 2 s. All
images were acquired by GI-SIM system (Li et al., 2015) using
the Olympus 1.49-NA objective under physiological conditions
(37°C and 5% CO,). At each time point, we acquired three raw
images at successive phase steps of 0, 1/3, and 2/3 of the illu-
mination period. We then repeated this process with the
standing wave excitation pattern rotated +120° with respect to
the first orientation, for a total of nine raw images. The film
speed for the rebuild image was one frame per second. The
excitation intensity was 40 W/cm?.

Protein purification
The purification of septin2/6/7 hexamer was performed as de-
scribed previously (Mavrakis et al., 2014; Mavrakis et al., 2016).
The septin2/6/7 hexamer with a His-tag and thrombin-cleaved
Strep-tag were coexpressed in Escherichia coli. The proteins were
isolated by Ni-NTA and StrepTactin chromatography (GE
Healthcare). The individual septins (septin 2, 6, 7, and 9) with
N-terminal His-tags were expressed in E. coli and isolated by Ni-
NTA chromatography.

The FIT2 protein was expressed using the Bac-to-Bac Bacu-
lovirus Expression System (Invitrogen). Full-length FIT2 was
inserted into the pFastbacl-C-tag vector, which encodes a
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C-terminal Strep-His8-GFP-tag. Recombinant Bacmid and bac-
ulovirus were generated according to the user manual. The
baculovirus-infected Sf9 cells were harvested and resuspended
in lysis buffer containing 50 mM Tris-Cl, 150 mM NacCl, and
1 mM EDTA and lysed by sonication. The lysate was centrifuged
at 32,000¢ for 1h, and the pellet was collected and homogenized
in lysis buffer containing 1% Fos-choline 12 using a Dounce glass
tissue grinder. The FIT2-Strep-His8-GFP fusion protein was
isolated by StrepTactin chromatography.

Biotin-peptide pull-down assay

Biotinylated cytosolic FIT2 peptides (Table S1) were synthesized
by GL Biochem and dissolved in DMSO. Strep-tag cleaved septin
hexamer (1 pM) and peptides (20 pM) were used for pull-down
assays in a buffer containing 50 mM Tris-Cl, 150 mM KCl, 2 mM
MgCl,, and 2 mM GTP. The protein-peptide mixture was incu-
bated with streptavidin resin (Thermo Fisher Scientific; Pierce)
for 1 h. The precipitates were washed and analyzed by SDS-
PAGE and Coomassie blue staining.

Liposome reconstitution and coflotation assay

Liposome preparation, protein reconstitution, and proteolipo-
some flotation assay were performed as described previously
(Bian et al., 2011; Yan et al., 2015). Briefly, the FIT2-GFP fusion
protein was reconstituted at a protein/lipid molar ratio of 1:
2,000. Approximately 20 mM of liposomes or proteoliposomes
was mixed with 1 uM septin2/6/7 hexamer or individual septins
in 100 pl of 1.9 M sucrose. The sucrose gradient (1.9 M, 1.25 M,
and 0.25 M sucrose) was centrifuged at 174,000 for 1 h at 4°C.
The gradient fractions were collected and analyzed by SDS-
PAGE and immunoblotting.

Insulin-induced 3T3-L1 preadipocyte differentiations

3T3-L1 cells were maintained in DMEM supplemented with 10%
FBS. Before differentiation, 5 x 10 cells were seeded in a 6-well
plate and cultured until 90% confluence. To initiate differenti-
ation, the culture medium was removed on day O and Differ-
entiation Medium I (500 uM 3-isobutyl-1-methylxanthine, 1 uM
dexamethasone, 2 uM rosiglitazone, 10 pg/ml insulin, and 10%
FBS in DMEM) was added. On day 3, Differentiation Medium I
was removed and Differentiation Medium II (10 pg/ml insulin
and 10% FBS in DMEM) was added. On day 7, Differentiation
Medium II was removed, and fresh culture medium (10% FBS in
DMEM) was added. The differentiated cells were cultured until
the adipocyte-like cells were obtained on day 10.

Online supplemental material

Fig. S1 shows that FIT2 is required in the maintenance of ER
homeostasis. Fig. S2 shows that FIT2 interacts with tubule-
forming proteins and septins. Fig. S3 shows the purification of
septins and FIT2. Fig. S4 shows that tubule-forming proteins are
required in the maintenance of LD homeostasis in HepG2 cells.
Fig. S5 shows that tubule-forming proteins and septins partici-
pate in the early steps of LD biogenesis. Table S1 lists sequences
for primers, siRNAs, gRNAs, and peptides. Video 1, Video 2,
Video 3, and Video 4 show colocalization of LiveDrop with FIT2,
REEP5, Rtn4a, and septin 7, respectively.
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Figure S1. FIT2 is required in the maintenance of ER homeostasis. (A) Sequence alignment of FIT2. The mutation site in fitm-2(erm002) is highlighted in
red. The black box outlines the conserved SGH sequence containing the predicted active residue His. (B) Colocalization of FITM-2::RFP and ER marker GFP::
TRAM-1in the hypodermis. 3D-SIM images. Scale bar, 10 um. (C) Depiction of fitm-2(av41). Red dots show two stop codons on the N-terminus of FITM-2. (D)
Representative images of fitm-2(av41) animals at the young adult stage carrying the qx/s439 (Phyp7:gfp::tram-1) transgene. The ER of WT animals shown in B
was used for comparison. 3D-SIM images. Scale bar, 10 um. (E) ER morphology of early embryos and oocytes in fitm-2(av41) animals carrying the ojls23 (Ppie-1::
gfp::sp12) transgene. Single confocal planes. Scale bar, 10 um. (F) Relative mRNA level of FIT2 in control and FIT2-depleted COS-7 cells, indicating the
knockdown efficiency. (G) ER morphology in control and FIT2-depleted COS-7 cells. Cells were transfected with control or FIT2 siRNA for 48 h, fixed, and
stained with anti-calreticulin and anti-Climp-63 antibodies. Scale bar, 10 um. (H) Representative images of wild-type and fitm-2 mutants at the young adult
stage carrying the zcls4 (Phsp-4::gfp) transgene. Images were acquired under the same excitation light intensity. Scale bar, 100 um. (I) Expression level of PDI
and BIP in control and FIT2-knockdown COS-7 cells. (J) ER morphology in control and FIT2-HA-overexpressing COS-7 cells. Scale bar, 10 um. (K) Bubble-like
structures in COS-7, U20S, and HEK293T cells overexpressing FIT2-HA. Single confocal planes. Scale bars, 10 um. (L) COS-7 cells were overexpressed with
FIT2-HA and stained with anti-HA antibody, as well as Oil Red. Arrows indicate bubble-like structures stained by Oil Red. Scale bar, 10 pm. (M) COS-7 cells
were overexpressed with FIT2-HA and stained with anti-HA and anti-calreticulin antibodies. The insets show high-magnification details in the white squares.
Scale bars: 10 um (main panel) or 2 um (inset). (N) Immunofluorescence assay using phalloidin (Dylight 405; Thermo Fisher Scientific) and antibodies targeting
HA, septin 2, and a-tubulin in COS-7 cells transfected with FIT2-HA. Scale bar, 10 um; 2 um (inset). BIP, binding immunoglobulin protein; H. sapiens, Homo
sapiens; PDI, protein disulfide isomerase; siControl, small interfering control; siFIT2, small interfering FIT2.
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Figure S2.  FIT2 interacts with tubule-forming proteins and septins. (A) IP of FIT2-HA in FIT2-HA KI HepG2 cells transfected with control or siFIT2 RNA.
Cells were lysed in 1% digitonin-containing buffer. [P was performed with anti-HA antibodies. The samples were analyzed by immunoblotting (IB) with the
indicated antibodies. (B) Verification of FIT2-HA KI U20S cells by Western blotting. (C) colP of FIT2 and ER tubule-forming proteins in U20S cells. IP was
performed as in A. Samples were analyzed by immunoblotting with antibodies of different ER membrane proteins. (D) colP of FIT2 and Flag-Rtn3a. WT and
FIT2-HA Kl HepG2 cells were transfected with Flag-Rtn3a. IP was performed as in A with anti-HA antibodies. The asterisk indicates nonspecific bands. (E) colP
of FIT2 and Flag-Rtn2. (F) colP of FIT2 and Flag-Arl6IP. The asterisk indicates nonspecific bands. (G) colP of FIT2-HA and ACSL3. HEK293T cells were
transfected with FIT2-HA or empty vector and lysed in 1% Triton-containing IP buffer. IP was performed with anti-HA antibody in 0.5% Triton-containing IP
buffer. Samples were analyzed by Western blotting with anti-HA and anti-ACSL3 antibodies. (H) colP of FIT2-HA and HTO08-Myc. As in G, except with cells
coexpressing FIT-HA and HT008-Myc. (I) colP of endogenous FIT2-HA and tubule-forming proteins in FIT2-HA KI U20S cells transfected with siControl or
siSeipin. (J) colP of overexpressed FIT-HA and FIT2 HI55A/H214A mutant (FIT2-DM-HA) with ER tubule-forming proteins in HEK293T cells. (K) Schematic
diagram of the FIT2 constructs used. (L) Immunofluorescence assay detected the subcellular location of the indicated FIT2 constructs. Scale bar, 20 um. (M)
293T cells were transfected with FIT2-HA or HA-vector and then treated with nocodazole or cytochalasin D. The colP assay was performed as in Fig. 4 A. (N) As
in M, but colP of exogenous FIT2-HA or FIT2-DM-HA with endogenous septin 2 and 7. siControl, small interfering Control; siFIT2, small interfering FIT2; si-
Seipin, small interfering seipin.
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Figure S3. Purification of septins and FIT2. (A) Representation of the septin2/6/7 hexamer. (B) Purified septin2/6/7 hexamer was detected by SDS-PAGE
and Coomassie blue staining. The strep tag on the C-terminus of septin 7 was cleaved by thrombin. (C) The purified FIT2-strep-His8-GFP fusion protein was
detected by SDS-PAGE and Coomassie blue staining. (D) Representation of FIT2 proteoliposomes. (E) Purified His-tagged septins 2, 6, 7, and 9 were detected
by SDS-PAGE and Coomassie blue staining. (F) Purified His-tagged septin 7 CC and septin 7ACC were detected by SDS-PAGE and Coomassie blue staining.
(G-1) As in Fig. 5 A but with COS-7 cells depleted of Sec61B. n = 51-88 cells/group. Mann-Whitney test; NS, P > 0.05. Scale bar, 10 um. Error bars represent
SEM. (J) As in Fig. 6 D, Sec61B and GAPDH were detected by immunoblotting (IB). (K) colP of FIT2 and Rtn4/REEP5 before and after OA treatment. WT and
FIT2-HA Kl HepG2 cells were delipidated by starving for 60 h or treating with OA for 15 min and lysed in 1% digitonin buffer. IP was performed with anti-HA

antibodies, and samples were analyzed by immunoblotting. The relative amount of Rtn4 (colP) or REEP5 (colP) compared with FIT2-HA (IP) was quantified by
Gel-Pro analyzer software. siSec61B, small interfering Sec61p.
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Figure S4. Tubule-forming proteins are required in the maintenance of LD homeostasis in HepG2 cells. (A) The levels of FIT2 and FIT2-related tubule-
forming proteins were determined by Western blotting or real-time PCR as indicated after HepG2 cells were transfected with siRNAs for 48 h. (B) Western
blotting of Rtn4 in WT and Rtn4-KO HepG2 cells. (C) LipidTOX staining of LDs and quantification of number of LDs per cell, as well as LD size, in WT and Rtn4
KO HepG2 cells without (~OA) or with (+OA) OA treatment. Colorized pictures were acquired using Imaris software. Different colors indicate different LD
diameters, as labeled. n = 50-76 cells/group, total LD numbers >2,000. Mann-Whitney test; ***, P < 0.001. Scale bar, 10 pm. (D) The level of Climp-63 was
determined by Western blotting after HepG2 cells were transfected with the indicated siRNAs for 48 h. (E) As in C, except in Control and Climp-63-depleted
HepG2 cells. For groups without OA treatment, n = 76 and 74 cells, total LD numbers >2,000. For groups with OA treatment, n = 45 and 51 cells, total LD
numbers >2,000. Mann-Whitney test; NS, P > 0.05. Scale bar, 10 um. (F) Levels of LD-related proteins in HepG2 cells transfected with the indicated siRNAs.
(G) Septin 2 KO (SEPT2 KO) HepG2 cells were generated using CRISPR/Cas9, two single clones (#10 and #16) picked, and the protein level of septin 2 in WT
and SEPT2 KO cells measured by immunoblotting (IB). (H-J) The knockdown efficiencies of siRNAs targeting septin 6, 7, and 9 were tested by Western blotting.
(K) As in Fig. 5 D, LipidTOX staining and Imaris 3D images of OA-treated HepG2 cells transfected with the indicated siRNAs. The numbers and sizes of the LDs in
each group were determined by Imaris surface analysis. n = 50-76 cells/group, n = 74-101 cells/group, total LD numbers >2,000. Mann-Whitney test; ***, P <
0.001. Scale bar, 10 pm. siClimp-63, small interfering Climp-63; siControl, small interfering Control; si FIT2, small interfering siFIT2; siREEP5, small interfering
REEPS5; siRtn4, small interfering Rtn4; siSEPT, small interfering SEPT. Error bars represent SEM.
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Figure S5. Tubule-forming proteins and septins participate in the early steps of LD biogenesis. (A) As in Fig. 7 A, COS-7 cells transfected with GFP-
LiveDrop (green) were fixed at the indicated time points and stained with LipidTOX (red). The boxed regions are magnified on the right. Scale bar, 10 pm; 5 pm
(inset). (B) Rtn4a appeared at LD biogenesis sites before LiveDrop accumulation. As in Fig. 8 A, but with cells expressing mcherry-Rtn4a and LiveDrop. Magenta
arrowheads indicate the accumulation of Rtn4a, and green arrows indicate the nascent LDs. Scale bar, 1 um. (C) Living cell images show the colocalization
between septin 7 and nascent LDs. As in Fig. 8 A, but with cells expressing SEPT7-mCherry and LiveDrop. Magenta arrowheads indicate the accumulation of
septin 7, and green arrows indicate the nascent LDs. Scale bar, 1 um. (D) Percentage of nascent LDs with the indicated protein dots that appeared before
LiveDrop accumulation in Fig. 8, A and B and Fig. S5, B and C. n = 10-14 nascent LDs in three cells for each group. (E) Representative images of the co-
localization of nascent LDs (LiveDrop) and endogenous septin 2 in Fig. 8 C. 3D models were computed by Imaris software. Scale bar, 1 um. (F and G) As in
Fig. 8, E and D, but COS-7 cells were transfected with siControl or siSeipin. The Mander’s coefficient was measured by Image). In each group, 30-40 ROIs in
8-12 cells were measured. Unpaired t test, NS, P > 0.05. Scale bar, 5 um; 1 um (inset). ROI, region of interest; siControl, small interfering Control; siSeipin, small
interfering seipin. Error bars represent SEM.
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Video 1. The accumulation of FIT2 at LD formation site. Associated with Fig. 8 A. GI-SIM images of OA-treated COS-7 cells expressing mCherry-FIT2
(magenta) and LiveDrop (green) were taken with a time interval of 2 s. The playback speed is at 5.7x real time. The circle highlights nascent LD formation site.

Video 2. The accumulation of REEP5 at LD formation site. Associated with Fig. 8 B. GI-SIM images of OA-treated COS-7 cells expressing mCherry-REEP5
(magenta) and LiveDrop (green) were taken with a time interval of 2 s. The playback speed is at 5.7x real time. The circle highlights nascent LD formation site.

Video 3. The accumulation of Rtn4 at LD formation site. Associated with Fig. S5 B. GI-SIM images of OA-treated COS-7 cells expressing mCherry-Rtn4a
(magenta) and LiveDrop (green) were taken with a time interval of 2 s. The playback speed is at 5.7x real time. The circle highlights nascent LD formation site.

Video 4. The accumulation of Septin 7 at LD formation site. Associated with Fig. S5 C. GI-SIM images of OA-treated COS-7 cells expressing mCherry-
Septin 7 (magenta) and LiveDrop (green) were taken with a time interval of 2 s. The playback speed is at 5.7 real time. The circle highlights nascent LD
formation site.

Provided online is Table S1, which lists the sequences for primers, siRNAs, gRNAs, and peptides used in this study.
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