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ABSTRACT The biogenesis of lipid droplets (LDs), key organelles for cellular lipid storage
and homeostasis, remains poorly understood. Seipin is essential to normal LD biogenesis but
exactly how it regulates LD initiation remains to be elucidated. Our previous results sug-
gested that seipin may bind anionic phospholipids such as PI(3)P. Here, we investigate wheth-
er PI(3)P is functionally linked to seipin and whether PI(3)P can also impact LD biogenesis. In
seipin-deficient cells, there were enlarged PI(3)P puncta where its effector, DFCP1, also ap-
peared to congregate. Reducing cellular PI(3)P partially rescued the defective LD initiation
caused by seipin deficiency. Increasing PI(3)P impeded the lipidation of nascent LDs. We fur-
ther demonstrated that DFCP1 localized to LDs and facilitated the efficient lipidation of na-
scent LDs. However, the normal function and localization of DFCP1 were disrupted when
cellular PI(3)P homeostasis was perturbed. Our results thus identify PI(3)P as a novel regulator
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of LD initiation and suggest that PI(3)P may impact the biogenesis of LDs through DFCP1.
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INTRODUCTION

Lipid droplets (LDs) are evolutionarily conserved organelles present
in nearly all organisms. LDs store neutral lipids, prevent cellular lipo-
toxicity, and regulate a number of cellular processes such as mem-
brane and lipid trafficking, protein storage and degradation, and
bacterial and viral infection (Walther et al., 2017; Gao et al., 2019b;
Olzmann and Carvalho, 2019; Bosch et al., 2020). Moreover, the
accumulation of enlarged LDs in adipocytes, hepatocytes, and mac-
rophages is associated with common metabolic disorders including
obesity, hepatic steatosis, and cardiovascular diseases. In most cells,
LDs make up a hydrophobic core of triacylglycerols (TAGs) and/or
sterol esters (SEs), which are enclosed by a monolayer of amphipa-
thic lipids. LDs originate from highly curved regions of the endoplas-
mic reticulum (ER), but the molecular mechanisms governing their
biogenesis remain poorly understood (Walther et al., 2017; Gao
et al., 2019b; Santinho et al., 2020).

Seipin, an evolutionarily conserved protein residing in the ER,
plays a critical role in the initiation and expansion of LDs, as well as
in adipogenesis (Szymanski et al., 2007; Fei et al., 2008, 2011a; Cui
et al., 2011; Gao et al., 2019b). We and others first discovered the
role of seipin in LD formation through genetic screens in yeast:
yeast cells lackingseipin/FId1p/Seilp are characterized by the pres-
ence of many small, clustered LDs and a few “supersized” LDs
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(Szymanski et al., 2007; Fei et al., 2008). Seipin deficiency in mam-
malian cells impeded the lipidation of initial LDs, formed supersized
LDs after prolonged oleate treatment, and disrupted normal ER-LD
contacts (Pagac et al., 2016; Salo et al., 2016; Wang et al., 2016;
Chung et al., 2019). Importantly, loss-of-function mutations of seipin
in humans cause the most severe form of congenital generalized
lipodystrophy, Berardinelli-Seip congenital lipodystrophy type 2
(BSCL2) (Magre et al., 2001; Cui et al., 2011; Fei et al., 2011a).

The molecular function of seipin has been under intensive inves-
tigation in recent years. A few studies have found a role for seipin in
glycerophospholipid metabolism. In particular, changes in the level
and localization of phosphatidic acid (PA) have been observed in
seipin-deficient cells (Fei et al., 2011b; Sim et al., 2012; Jiang et al.,
2014; Han et al., 2015; Wolinski et al., 2015; Soltysik et al., 2021; Du
and Yang, 2021), possibly due to enhanced activities of the ER-local-
ized glycerol-3-phosphate acyltransferases (GPATs) (Pagac et al.,
2016; Gao et al., 2020). Other recent studies suggest that seipin
functions to maintain ER-LD contacts, to promote TAG nucleation in
the ER in collaboration with LDAF1, and/or to prevent LD ripening
through ER-LD contact (Szymanski et al., 2007; Grippa et al., 2015;
Salo et al., 2016, 2019, Wang et al., 2016; Chung et al., 2019;
Santinho et al., 2020; Klug et al., 2021; Arlt et al., 2022). An integral
membrane protein of the ER with both N- and C-termini facing the
cytosol, seipin has two transmembrane domains and a large, evolu-
tionarily conserved luminal loop (Lundin et al., 2006). We and others
reported the cryogenic electron microscopy (cryo-EM) structures of
the luminal domains of human, fly, and yeast seipin (Sui et al., 2018;
Yan et al., 2018). Human seipin exists as an undecamer, and the con-
served luminal domain of seipin forms an eight-stranded B-sandwich
fold (Yan et al., 2018). Surprisingly, the purified full-length human
seipin can bind phosphatidylinositol 3-phosphate (PI(3)P) (Yan et al.,
2018). PIQ3)P in the ER is a well-established facilitator of autophago-
some biogenesis (Axe et al., 2008; Mizushima et al., 2011; Hurley
and Young, 2017; Mercer et al., 2018; Melia et al., 2020), but there
has been no reported link between PI(3)P and LD formation. Here,
we demonstrate that reducing PI(3)P or overexpressing DFCP1 re-
stored normal lipidation of initial LDs in seipin-deficient cells. Impor-
tantly, disrupting PI(3)P balance in the ER of normal cells also led to
aberrant LD formation. Our results thus identify PI(3)P and DFCP1 as
novel regulators of the biogenesis of LDs.

RESULTS

Increased PI(3)P aggregation in seipin-deficient cells

Our previous results suggested that seipin may bind PI(3)P in vitro
(Yan et al., 2018). Here, we decided to examine the functional rela-
tionship between seipin and PI(3)P in vivo. First, we used a well-es-
tablished probe for PI(3)P, GST-2xFYVE (for conserved in Fab1,
YOTB, Vac1 and EEA1) (Gillooly et al., 2000), to detect PI(3)P in wild-
type (WT) and seipin knockout (SKO) Hela cells (Yan et al., 2018). As
a control to confirm the specificity of GST-2xFYVE, we treated cells
with amino acid—free media (Earle’s balanced salt solution [EBSS])
for 15 min, a condition known to increase ER PI(3)P. Indeed, the
number of GST-2xFYVE—positive puncta increased dramatically in
WT cells upon starvation (Figure 1, A and B). Interestingly, there
were significantly more GST-2xFYVE puncta in SKO than in WT cells
under normal growth conditions, and this increase was rescued by
expressing WT seipin (Figure 1, C and D). We then used another
well-established PI(3)P-binding probe, DFCP1 (Axe et al., 2008), to
further examine PI(3)P in WT and SKO Hela cells. DFCP1 is an ER-
associated protein with two PI(3)P-binding FYVE domains. In WT
cells, myc-DFCP1 formed very small punctate structures (Figure 1E)
(Axe et al., 2008; Li et al., 2019). In SKO cells, the myc-DFCP1 struc-
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tures appeared highly irregular and significantly enlarged (Figure 1,
E and F). The total level of DFCP1 did not increase under seipin
deficiency (Supplemental Figure S1A), suggesting that these en-
larged structures are likely due to aggregation of DFCP1. Impor-
tantly, expressing WT seipin reduced the size of these DFCP1-posi-
tive structures in SKO cells (Figure 1, E and F). To validate the DFCP1
phenotype, we also generated SKO U20S cell lines. Consistent with
Hela SKO cells, enlarged DFCP1 puncta were observed in U20S
SKO cells (Figure 1, G and H).

Reduced DFCP1-LD association under seipin deficiency

We and others previously reported that DFCP1 localizes to LDs (Gao
etal., 2019a; Li et al., 2019) in WT cells. Strikingly, its LD association
was severely impaired in SKO cells (Figure 2, A and B). WT seipin
restored the LD association of DFCP1 (Figure 2, A and B). To confirm
that the change in DFCP1 distribution in SKO cells is indeed related
to PI(3)P, we focused on the class Ill PI3-kinase complex | (PIK3C3-
C1), which produces PI(3)P in the ER, especially during the induction
of autophagy (Hurley and Young, 2017). PIK3C3-C1 comprises
VPS34 (the catalytic subunit), VPS15/P150, Beclin-1, and ATG14L.
ATG14L, which is unique to PIK3C3-C1, interacts with Beclin-1 di-
rectly and recruits PIK3C3-C1 to the ER (Matsunaga et al., 2010;
Hurley and Young, 2017). Knocking down ATG14L, Beclin-1, VPS34
but not ATG5S (which is essential for autophagy but not PI(3)P pro-
duction) reduced the size of DFCP1-positive puncta in SKO cells
(Figure 2, C and D; Supplemental Figure S1, A-D). Likewise, knock-
ing down ATG14L, Beclin-1 or VPS34 but not ATG5 restored LD as-
sociation by DFCP1 in SKO cells (Figure 2, E and F). To further con-
firm the involvement of PI(3)P, we also examined the distribution of
a PI(3)P-binding mutant of DFCP1, dmDFCP1 (a double mutation
inactivating both FYVE domains of DFCP1) (Axe et al., 2008). Dis-
tinct from WT DFCP1, dmDFCP1 did not form large irregular puncta
in SKO cells (Figure 2G). Moreover, the LD association of dmDFCP1
was not impacted by seipin deficiency (Figure 2H). In fact, the dmD-
FCP1 mutant appeared to have stronger interaction with LDs than
DFCP1 in WT Hela cells (Figure 2H), suggesting that PI(3)P binding
may disrupt LD association by DFCP1. Together, these data indicate
that there is increased PI(3)P in seipin-deficient cells, causing abnor-
mal DFCP1 distribution.

Reducing PI(3)P in seipin-deficient cells restores normal LD
biogenesis

Because seipin binds PI(3)P and PI(3)P is increased in SKO cells, we
wondered whether seipin’s role in LD formation is related to PI(3)P.
Seipin deficiency causes two well-known phenotypes in mamma-
lian cells: 1) Accumulation of a few highly enlarged/'supersized’
LDs after prolonged oleate loading; 2) Delayed maturation of initi-
ating LDs during the early minutes of oleate treatment (Szymanski
et al., 2007; Fei et al., 2008; Pagac et al., 2016; Salo et al., 2016;
Wang et al., 2016; Yan et al., 2018; Chung et al., 2019). Either or
both phenotypes could be related to the accumulation of PI(3)P in
SKO cells. To examine these, we focused on components of
PIK3C3-C1. Knocking down VPS34, Beclin-1, ATG14L, or ATG5
barely reduced LD size in SKO cells treated with oleate for 16 h
(Figure 3, A and B) and had negligible impact on TAG mass (Sup-
plemental Figure S1E). By contrast, knocking down components of
PIK3C3-C1, but not ATGS5, significantly increased the formation of
BODIPY-positive LDs after 15 min oleate treatment in SKO cells,
without impacting TAG (Figure 3, C-E) (Chung et al., 2019). The
broad PI(3)K inhibitor wortmannin, but not the autophagy/H*-
ATPase inhibitor bafilomycin A1 (BafA1), moderately decreased
LD size in SKO cells treated with oleate for 16 h, without impacting
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PI(3)P is increased in seipin-deficient (SKO) cells. (A) HeLa cells grown in normal media or EBSS for 1 h were
permeabilized with 0.05% saponin and treated with purified GST-2xFYVE and immunostained with anti-GST antisera.
(B) Number of small GST-2xFYVE puncta per cell. Mean + SD, n = 30 cells over three biological experiments,

**k* p < 0.0001, calculated by unpaired Welch's t test. (C) WT and SKO Hela cells expressing mCherry-EV or mCherry-
seipin were permeabilized with 0.05% saponin, fixed, and then treated with 100 pg/ml purified GST-2xFYVE for 1 h.

(D) The GST-2xFYVE puncta per cell for A were counted. Mean + SD, n = 28-30 cells over three biological experiments,
**%% b <0.0001, by one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test. (E) Irregular and
enlarged myc-DFCP1 puncta in SKO cells. WT and SKO Hela cells expressing myc-DFCP1 and mCherry-EV or mCherry-
seipin were fixed and stained with anti-myc antisera. (F) Quantification of the size of myc-DFCP1 puncta as shown in E.
Mean * SEM, n > 400 puncta over three biological experiments, ****, p < 0.0001; ns, no significance, calculated by
one-way ANOVA with Dunnett’s multiple comparisons test. (G) GFP-DFCP1 puncta in SKO U20S cells grown in normal
media. (H) Quantification of GFP-DFCP1 puncta size as shown in G. Mean + SEM, n > 1224 puncta, ***, p < 0.001,

calculated by unpaired Welch’s t test. Scale bars represent 5 pm.

TAG mass (Supplemental Figure S1, F-H). Notably, wortmannin,
but not BafA1, significantly increased early LD lipidation in SKO
cells after 15 min oleate treatment (Supplemental Figure S1, | and
J). Finally, treating cells with a VPS34 inhibitor (VPS34IN1) also
increased the lipidation of nascent LDs (Supplemental Figure S1,
Kand L).
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To further ascertain the role of PI(3)P in seipin function, we also
examined the effects of reducing PI(3)P through increasing PI(3)P
hydrolysis in SKO cells. For this purpose, we employed a PI-3 phos-
phatase, the myotubularin-related protein (MTMR) family member
14, also known as Jumpy, to reduce PI(3)P. Jumpy has been shown
to inhibit autophagy initiation presumably through reducing the
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LDs) by myc-DFCP1 as shown in D, n = 30 cells, data from a representative experiment. (C) Knocking down ATG14L,
Beclin-1, or VPS34 but not ATG5 reduced the size and number of DFCP1 puncta in SKO cells. WT and SKO Hela cells
were transfected with the indicated siRNAs, fixed, and stained with anti-myc antisera. (D) Quantification of the area of
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cells, data from a representative experiment. (G) Distribution of myc-DFCP1 and myc-dmDFCP1 in WT and SKO Hela
cells. (H) Distribution of myc-DFCP1 and myc-dmDFCP1 (both in red) in WT and SKO Hela cells treated with 400 pM
oleate for 16 h. LDs were stained with BODIPY493/503 (green). Scale bars represent 5 pm.
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cytoplasmic level of PI(3)P (Vergne et al., 2009). As with blocking
PI(3)P synthesis (e.g., knocking down Beclin-1, VPS34 and ATG14),
overexpressing Jumpy reduced the size of DFCP1-positive struc-
tures (Supplemental Figure STM) but did not reduce LD size in SKO
cells treated with oleate for 16 h (Figure 3, F and G). We then em-
ployed an optogenetic approach to control the activity of Jumpy
temporally and spatially to examine its effect on early LD lipidation
(Benedetti et al., 2020). Jumpy was fused with MagB, and the fusion
protein was largely cytosolic but rapidly recruited to the ER upon
blue light activation by binding to ER-localized MagA (Supplemen-
tal Figure S1, N and O). The transient recruitment of Jumpy to the
ER increased the number of BODIPY-positive LDs in SKO cells
treated with oleate for 15 min (Figure 3, H and |). Together, these
results suggest that an increase of ER PI(3)P may underpin at least
some of the abnormalities of LD formation under seipin deficiency,
especially the lipidation of nascent LDs.

DFCP1 is required for the lipidation of nascent LDs

How does PI(3)P regulate the lipidation of initial LDs? We focused
on the putative PI(3)P effector, DFCP1, because we and others have
previously shown that DFCP1 associates with LDs and regulates LD
formation (Gao et al., 2019a; Li et al., 2019). The appearance of ir-
regular DFCP1 puncta and the dissociation of DFCP1 from LDs in
SKO cells (Figures 1 and 2) suggest that DFCP1 may become
trapped by excessive PI(3)P and thereby dysfunctional in SKO cells.
If this is the case, then overexpressing DFCP1 should alleviate the
delay in LD lipidation of SKO cells. Indeed, overexpressing DFCP1
moderately but significantly increased the formation of BODIPY-
positive LDs in SKO cells 15 min post-oleate treatment (Figure 4, A
and B). However, overexpressing DFCP1 had a limited effect on LD
morphology in SKO cells treated with oleate for 16 h (Supplemental
Figure S2, A and B), suggesting that DFCP1 may primarily function
at the initial lipidation step during LD biogenesis. To test this hy-
pothesis, we generated a DFCP1 knockout (DFCP1-KO) Hela cell
line by CRISPR. Highly reminiscent of SKO cells, there is a striking
delay in the lipidation of nascent LDs in DFCP1-KO cells (Figure 4, C
and D). Distinct from SKO cells, however, the sizes of LDs were mod-
erately but significantly decreased in DFCP1-KO cells after pro-
longed oleate treatment (Figure 4, E and F), consistent with results
from knockdown studies (Gao et al., 2019a; Li et al., 2019). Thus,
both seipin and DFCP1 play critical roles in the initial stages of LD
biogenesis but have rather opposite effects on LD morphology after
prolonged oleate treatment.

These findings prompted us to further explore the functional and
physical relationship between seipin and DFCP1. No synergistic de-
fects were observed in initial LD lipidation in cells deficient in both
DFCP1 and seipin (Supplemental Figure S2, C-E). Moreover, over-
expressing seipin in DFCP1-deficient cells failed to rescue LD lipida-
tion (Figure 4, G and H). The size of LDs decreased in DFCP1 KO
cells after prolonged oleate treatment, which was not rescued by
overexpressing seipin (Figure 4, | and J). While seipin and DFCP1
are functionally linked, they do not seem to interact strongly: they
coimmunoprecipitated when both were overexpressed (Supple-
mental Figure S2F), but negligible interaction was detected be-
tween endogenous proteins (Supplemental Figure S2G). Overex-
pressing DFCP1, but not seipin, drastically increased the clustering
of LDs (Figure 4, K and L). Finally, a loss of seipin, but not DFCP1,
increased the formation of PLIN3 puncta (Supplemental Figure S2,
H and 1), which represent the earliest LDs (Chung et al., 2019). To-
gether, these data suggest that both seipin and DFCP1 are required
for the efficient lipidation of nascent LDs, although seipin and
DFCP1 may have rather distinct molecular functions.
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PI(3)P impacts LD formation through DFCP1

Together our data suggest that seipin deficiency disrupts the cel-
lular distribution of PI(3)P, which affects the normal distribution and
function of DFCP1 and hence causes a delay in the lipidation of
nascent LDs. If this is the case, then increasing ER PI(3)P in normal
cells should also impede the lipidation of nascent LDs by trapping
DFCP1. Adopting a similar strategy to studying SKO cells (Figure
3), we focused on components of the PIK3C3-C1 in WT cells.
Overexpressing VPS34 or Beclin-1 increased cytoplasmic DFCP1
puncta/PI(3)P (Supplemental Figure S3A), but this did not extend
to dmDFCP1. Overexpressing VPS34 or Beclin-1 also impeded the
lipidation of initial LDs (Figure 5, A and B). This was almost com-
pletely rescued by simultaneously overexpressing DFCP1 (Figure
5, A and B), with the level of TAG remaining unchanged during
these experiments (Figure 5C). By contrast, knocking down VPS34,
Beclin-1 or ATG14, but not ATG5, promoted the lipidation of ini-
tial LDs without impacting the level of TAG or DFCP1 (Figure 5,
D-F, and Supplemental Figure S1, A-D). Importantly, the positive
effect of PIK3C3-C1 deficiency on LD initiation depends on a func-
tional DFCP1 (Figure 5, G-I). Consistent with knocking down com-
ponents of PIK3C3-C1, wortmannin but not BafA1 increased initial
LD formation (Supplemental Figure S3, B and C). The effect of
changing PI(3)P on LD formation after prolonged oleate treatment
is rather subtle. Overexpressing or knocking down components of
PIBKC3-C1 had only a moderate impact on the size of mature LDs
and the level of TAG in WT cells after prolonged oleate treatment
(Supplemental Figure S3, D-I). Both wortmannin and BafA1 mod-
erately reduced LD size after prolonged oleate treatment (Supple-
mental Figure S3, J and K) without significantly altering TAG levels
in WT cells (Supplemental Figure S3L). Together, these data sug-
gest that PI(3)P has a general function in regulating the lipidation
of initial LDs, most likely through controlling the distribution and
function of DFCP1.

PI(3)P and seipin may coordinate the biogenesis of LDs and
autophagosomes

PIB)P in the ER is a key early signal for autophagy initiation
(Mizushima et al., 2011). Because seipin deficiency increased the
clustering of cytoplasmic PI(3)P, we wondered whether seipin may
also regulate autophagy. The ratio of LC3-Il over LC3-I under seipin
deficiency increased during starvation-induced autophagy, espe-
cially after BafA1 treatment (Figure 6, A and B). Moreover, the in-
creased LC3-Il in SKO cells was rescued by reexpressing WT seipin
(Figure 6, C and D). We also used an RFP-GFP tandem-tagged LC3
(RFP-GFP-LC3) probe to detect autophagic flux. This probe emits
yellow signals (GFP plus RFP) in the cytosol and on autophago-
somes but only red signals in autolysosomes because GFP is more
easily quenched and/or degraded in the lysosome than RFP (Kimura
et al., 2007). There was less green signal in SKO cells after EBSS
treatment (Supplemental Figure S4, A and B), suggesting increased
autophagic flux. There were also enlarged DFCP1 puncta upon
EBSS treatment in SKO cells, which was rescued by reexpressing WT
seipin (Figure 6, E and F), consistent with Figure 1. Moreover, there
were more WIPI2 (a well-established mediator of autophagosome
initiation) puncta in SKO cells (Figure 6G and Supplemental Figure
SA4C) (Mercer et al., 2018). There were also increased LC3 puncta in
SKO Hela cells, and the LC3 puncta increased further upon BafA1
treatment (Figure 6H and Supplemental Figure S4D). Finally, in-
creased LC3 puncta were also observed in SKO cells generated
from U20S cells (Supplemental Figure S4, E and F). Together, these
data suggest that the formation of autophagosomes is increased in
SKO cells.

PI(3)P and lipid droplet formation | 5
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DISCUSSION

The biogenesis of LDs is an important yet challenging subject in cell
biology. Here, we identify the well-known signaling lipid PI(3)P as a
novel regulator of LD biogenesis and establish a role for DFCP1 in
the lipidation of nascent LDs. Together, our data shed light on the
molecular events underlying the biogenesis of LDs and implicate
PI(3)P and DFCP1 as key molecules in coordinating the biogenesis
of both autophagosomes and LDs.

Seipin controls the distribution of PI(3)P and DFCP1

Loss of seipin function has two well-defined LD phenotypes: a delay
in the lipidation of nascent LDs and the appearance of large or “su-
persized” LDs after prolonged oleate treatment (Szymanski et al.,
2007, Fei et al., 2008; Salo et al., 2016, 2019; Wang et al., 2016;
Chung et al., 2019). The prevailing model posits that seipin, to-
gether with LDAF1, may physically trap TAG molecules to facilitate
TAG nucleation and define sites of LD initiation (Chung et al., 2019;
Klug et al., 2021; Arlt et al., 2022). Moreover, seipin may also help
establish ER-LD contact and ensure optimal TAG transfer from the
ER to growing LDs (Salo et al., 2016, 2019; Wang et al., 2016). How-
ever, past work from our lab and others suggests that seipin func-
tions to maintain the proper distribution of phospholipids, such as
phosphatidic acid (Fei et al., 2011b; Han et al., 2015; Wolinski et al.,
2015; Pagac et al., 2016; Yan et al., 2018; Gao et al., 2019b; Soltysik
etal., 2021). Surprisingly, our present data suggest that seipin regu-
lates the distribution of PI(3)P in the ER. Because reducing PI(3)P
rescued the defective lipidation of initial LDs in SKO cells, our results
suggest that abnormal PI(3)P distribution in the ER may affect the
activity of its putative effectors, especially DFCP1 (see below), caus-
ing defective LD initiation under seipin deficiency.

DFCP1 is required for the lipidation of initiating LDs

DFCP1 is a well-established PI(3)P-binding protein known for mark-
ing omegasomes, structural features present during the initial stages
of autophagosome formation (Axe et al., 2008). However, DFCP1 is
not essential for autophagy and its primary cellular function remains
to be determined (Axe et al., 2008). We and others previously
showed that DFCP1 associated with LDs but its effect on LD growth
after prolonged oleate treatment was fairly moderate (Gao et al.,
2019a; Li et al, 2019). Here, using a recently developed assay
(Chung et al., 2019), we observed a striking defect in the lipidation
of initial LDs in DFCP1-deficient cells. Thus, one of the primary func-
tions of DFCP1 is likely to facilitate lipid delivery to nascent LDs.

Notably, the LD lipidation defects are nearly identical in seipin- and
DFCP1-deficient cells. Moreover, overexpressing DFCP1 rescued
the LD lipidation defect associated with seipin loss, but not vice
versa. It remains to be determined exactly how DFCP1 may facilitate
the lipidation of initial LDs. One possibility is through maintaining
the contact between the ER and LDs (Li et al., 2019). In this regard,
it is noteworthy that the ER-LD contact is also impaired under seipin
deficiency (Salo et al., 2016). Therefore, in seipin-deficient cells,
DFCP1 may be trapped in PI(3)P-rich structures and separated from
LDs, thereby failing to maintain proper ER-LD contact and causing a
delay in the lipidation of initial LDs. Thus, our data suggest that the
defective lipidation of initial LDs in seipin-deficient cells may, at least
in part, be attributed to the altered distribution of PI(3)P and a dys-
functional DFCP1.

Whereas DFCP1 and seipin are connected via their control of the
lipidation of initial LDs, they appear to have rather distinct biochem-
ical functions. For instance, supersized LDs are commonly seen in
SKO cells after prolonged oleate treatment. By contrast, the size of
LDs decreased in DFCP1 KO cells after prolonged oleate treatment.
Thus, seipin may control multiple steps in LD formation through dif-
ferent mechanisms. For instance, the formation of supersized LDs in
SKO cells could be related to its role in controlling PA levels and
distribution (Fei et al., 2011b; Pagac et al., 2016; Soltysik et al.,
2021). Moreover, seipin is known to regulate calcium homeostasis,
sphingolipid metabolism, and adipogenesis (Gao et al., 2019b), and
seipin can also regulate the distribution of PI(3)P as demonstrated in
this study. Thus, DFCP1 appears to have a rather restricted role in
early LD growth, possibly by helping establish and/or maintain
ER-LD contact. Seipin, on the other hand, has a much broader role
in cell/lipid biology that extends beyond LD dynamics.

PI(3)P is a novel regulator of LD biogenesis

Our data also unveil a negative regulatory role for PI(3)P in LD
biogenesis. Besides seipin deficiency, increasing or reducing PI(3)
P through manipulating PIK3C3-C1 activity also compromised or
promoted the lipidation of initial LDs, respectively. Importantly,
these effects were reversed by overexpressing or knocking down
DFCP1. Therefore, PI(3)P and DFCP1 have a general role in regu-
lating LD biogenesis, independent of seipin. PI(3)P is a well-estab-
lished regulator of autophagy, and our present results suggest that
PI(3)P also regulates the biogenesis of LDs. Although LDs and au-
tophagosomes have distinct functions in cells, the de novo bio-
genesis of LDs and the biogenesis of autophagosomes share some

FIGURE 3: Reducing PI(3)P synthesis restored normal lipidation of nascent LDs in seipin-deficient cells. (A) SKO cells
were treated with the indicated siRNAs and then incubated with 400 pM oleate for 16 h. LDs were stained with
BODIPY493/503 (green). (B) Quantification of the size of LDs as shown in A. The diameters of LDs were measured. Mean
+SD, n=1700-1765 LDs over three biological experiments, ns, no significance, calculated by one-way ANOVA with
Dunnett’s multiple comparisons test. (C) SKO cells were treated with the indicated siRNAs and then starved in DMEM
containing 1% LPDS for 16 h. Cells were then treated with 400 pM oleate for 15 min and LDs stained with
BODIPY493/503 (green). (D) Quantification of the number of LDs per cell as shown in C. Mean + SD, n > 30 cells over
three biological experiments, ****, p < 0.0001; ns, no significance, calculated by one-way ANOVA. (E) Total TAG after

15 min oleate treatment as shown in C. Results reflect three independent experiments. Mean + SEM, ns, no significance,
calculated by one-way ANOVA with Dunnett’s multiple comparisons test. (F) Overexpression of a PI-3 phosphatase,
Jumpy, and LD size. SKO Hela cells transfected with EV-GFP or Jumpy-GFP were incubated with 400 uM oleate for 16 h,
and LDs were stained with HCS LipidTOX Deep Red Neutral Lipid Stain (red). (G) Quantification of the size of LDs as
shown in F. The diameters of LDs were measured: Mean + SD, n=550-580 LDs, ns, no significance, calculated using an
unpaired Welch’s t test. (H) Transient activation of Jumpy at the ER increased the lipidation of nascent LDs in SKO Hela
cells. SKO cells were transfected with ER-EGFP-eMagA and eMagB-RFP or eMagB-Jumpy RFP. Cells were staved in 1%
LPDS in DMEM for 16 h and then treated with 400 uM oleate for 15 min. Blue light was shone for 200 s. (I) Quantification
of the number of LDs per cell as shown in C. Mean + SD, n =15 cells over three biological experiments, *, p < 0.05;

***% p < 0.0001, calculated by two-way ANOVA with Sidak’s multiple comparison test. Scale bars represent 5 pm.
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similarities (Joshi et al., 2017; Gao et al., 2019b). Both organelles
originate from subdomains of the ER, and both lack coat proteins.
Importantly, the formation of both organelles is enhanced under
stressful conditions, including starvation and ER stress (Taylor and
Parks, 1979; Yang et al., 1996; Zhang et al., 2003; Bernales et al.,
2006; Ogata et al., 2006; Fei et al., 2009; Mizushima et al., 2011;
Madeira et al., 2015; Rambold et al., 2015; Nguyen et al., 2017).
Autophagy can promote LD biogenesis after prolonged starva-
tion, but it remains unclear if and how the initiation of these two
organelles at the early stages of starvation are linked. The mole-
cular mechanism underlying the complex relationship between
LDs and autophagosomes is unknown and would be an important
topic for future studies.

In summary, our data identify PI(3)P and DFCP1 as novel regula-
tors of the lipidation of initial LDs and suggest that PI(3)P may co-
ordinate the biogenesis of both LDs and autophagosomes. Future
work is required to dissect exactly how seipin regulates PI(3)P dis-
tribution and how DFCP1 regulates LD growth, as well as the com-
plex relationship between seipin, DFCP1, and PI(3)P during LD
biogenesis.

MATERIALS AND METHODS

Cell lines

Hela and U20S cells were obtained from the American Type Cul-
ture Collection. Both cell lines were grown in DMEM (#21969035;
Thermo Fisher Scientific) supplemented with 10% fetal bovine se-
rum (FBS) and 1% penicillin/streptomycin (PS). Cells were main-
tained at 37°C with 5% CO, and tested for mycoplasma contamina-
tion every 6 mo. Where noted, cells were treated with wortmannin
(#W1628; Sigma-Aldrich) and bafilomycin A1 (BafA1) #B1793;
Sigma-Aldrich) or VPS34-IN1 (#532628; Sigma-Aldrich) dissolved in
dimethyl sulfoxide and used at a final concentration as indicated in
the figure legends. To induce autophagy, cells were washed three
times in phosphate-buffered saline (PBS) before incubation in EBSS
media (#24010043; Thermo Fisher Scientific) for 1 h with or without
BafA1.

Antibodies, chemicals, and plasmids

Antibodies, chemicals, and plasmids with source and catalogue
numbers are described in Supplemental Table S1. Primers used for
cloning are listed in Supplemental Table S2.

For plasmid construction, all PCRs were performed using Q5
High Fidelity Polymerase (#M0491; New England Biolabs) and re-
striction enzymes from New England Biolabs. For site-directed mu-
tagenesis, PCRs were performed using KOD Hot Start Polymerase
(#71086; Merck Millipore).

Transfection and RNA interference

Plasmid transfections were carried out using the Lipofectamine LTX
and PLUS reagent (#15338100; Thermo Fisher Scientific) following
the manufacturer’s protocol. Small interfering RNA (siRNA) transfec-
tion were carried out using the Lipofectamine RNAIMAX reagent
(#13778150; Thermo Fisher Scientific) following the manufacturer’s
protocol.

Generation of knock-in Hela cells with
CRISPR/Cas%a-mediated genome editing

C-terminally mCherry-tagged Plin3 or C-terminally super-folder GFP
(sfGFP)-tagged seipin knock-in (KI) cells were generated via CRISPR/
Cas%a gene editing. Hela cells were simultaneously transfected us-
ing the Lipofectamine LTX and PLUS reagent with Megamer Single-
Stranded DNA Fragments (Integrated DNA Technologies) contain-
ing homology arms of ~100 base pairs upstream and downstream of
the target site (Plin3) or a donor plasmid containing ~600 base pairs
upstream and downstream of the target site (Seipin) along with a
single guide RNA (sgRNA) targeting upstream of the stop codon.
The Single-Stranded DNA Fragments, donor template, and sgRNA
information are described in Supplemental Tables S2 and S3. Cells
were then selected with 1 ug/pl puromycin (#A1113803; Thermo
Fisher Scientific) for 48 h, and single-cell fluorescence-activated cell
sorting (FACS) sorting was performed using the BD FACSMelodly cell
sorter. A laser (561 or 488 nm) was used to sort mCherry- and sfGFP-
positive cells, respectively.

FIGURE 4: DFCP1 is required for normal lipidation of nascent LDs. (A) Overexpression of DFCP1 increased BODIPY-
positive LDs in SKO cells. SKO Hela cells expressing GFP-EV or GFP-DFCP1 were starved in DMEM containing 1%
LPDS for 16 h and then treated with 400 pM oleate for 15 min. and LDs were stained with HCS LipidTOX Deep Red
Neutral Lipid Stain (red). (B) Quantification of the number of LDs per cell as shown in A. Mean + SD, n = 30 cells over
three biological experiments, ****, p < 0.0001, calculated by one-way ANOVA with Dunnett’s multiple comparisons test.
(C) Defective lipidation of nascent LDs during seipin deficiency (SKO) or DFCP1 deficiency (DFCP1 KO). WT, SKO, and
DFCP1 KO Hela cells were treated as described in A. Cells were then stained with BODIPY493/503 (green). (D)
Quantification of the number of LDs per cell as shown in C. Mean + SD, n= 30 cells over three biological experiments,

*kkk

, p < 0.0001; ns, no significance, calculated by one-way ANOVA. (E) The size of LDs increased in SKO but decreased

in DFCP1 KO cells after prolonged oleate treatment. WT, SKO, and DFCP1 KO Hela cells were treated with 400 pM
oleate for 16 h and then stained with BODIPY493/503 (green). (F) Quantification of LD size as shown in. The diameters
of LDs were measured: Mean £ SD, n = 450-500 LDs over three biological experiments, ****, p < 0.0001, calculated by
one-way ANOVA with Dunnett’s multiple comparisons test. (G) Overexpressing seipin cannot restore lipidation of
nascent LDs in DFCP1 KO cells. WT and DFCP1 KO Hela cells expressing mCherry or mCherry-seipin were treated as
described in A. Cells were then stained with BODIPY493/503 (green). (H) Quantification of the number of LDs per cell as
shown in G. Mean + SD, n = 30 cells over three biological experiments, **** p < 0.0001; ns, no significance, calculated by
one-way ANOVA with Dunnett’s multiple comparisons test. () Overexpressing seipin cannot restore the size of LDs in
DFCP1 KO cells after prolonged oleate treatment. WT and DFCP1 KO Hela cells expressing mCherry or mCherry-seipin
were treated with 400 pM oleate for 16 h. Cells were then stained with BODIPY493/503 (green). (J) Quantification of LD
size as shown in |. The diameters of LDs were measured: n = 500-550 LDs over three biological experiments,

*kkk

, p <0.0001; ns, not significance, calculated by one-way ANOVA with Dunnett’s multiple comparisons test.

(K) Overexpressing DFCP1, not seipin, promotes the clustering of LDs. Hela cells expressing EV-GFP, DFCP1-GFP, or
mCherry-EV, mCherry-seipin were treated with 400 pM oleate for 16 h, and LDs were stained with HCS LipidTOX Deep
Red Neutral Lipid Stain or BODIPY493/503, respectively. (L) Percentage of cells with LD clustering (structures
insufficiently separated by Watershed function in ImageJ analysis) as shown in K. n = 30 cells over three biological
experiments. Data from a representative experiment. Scale bars represent 5 pm.
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PI(3)P impedes normal lipidation of nascent LDs through trapping DFCP1. (A) Overexpressing VPS34 or
Beclin-1 impaired lipidation of nascent LDs, which were rescued by coexpressing DFCP1. Hela cells expressing various
indicated plasmids were starved in 1% LPDS in DMEM and then treated with 400 uM oleate for 15 min before LD
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shown in A. Mean + SD, n=25-30 cells over three biological experiments, **** p < 0.0001, calculated by one-way
ANOVA with Dunnett’s multiple comparisons test. (C) Total TAG after 15 min oleate treatment as shown in A. Results
reflect three independent experiments. Mean + SEM, ns, no significance, calculated by one-way ANOVA with Dunnett’s
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Generation of KO cells with CRISPR/Cas9a-mediated
genome editing

SKO Hela cells were generated as described (Yan et al., 2018).
DFCP1 KO Hela cells were generated by CRISPR/Cas%a gene edit-
ing. sgRNAs were designed using http://crispor.tefor.net/ and sub-
cloned into the PX459 vector (#62988; Addgene). Cells were trans-
fected and 48 h posttransfection were treated with 1 ug/ml
puromycin for 72 h. The drug-resistant clones were then sorted us-
ing the BD Influx cell sorter to form single colonies. To screen DFCP1
KO clones, cell lysates were collected and Western blot analysis was
performed to verify depletion of DFCP1 protein using DFCP1 anti-
body (#85156; Cell Signaling Technology).

For generating SKO U20S cells, corresponding DNA oligos
were synthesized, annealed, and subcloned into the PX330 vector
through Bbsl sites. The plasmids were transiently transfected in
U20S cells, and cells expressing plasmids were selected with puro-
mycin (1 pg/ml) for 3 d. Single clones were then isolated and col-
lected for genome DNA extraction and PCR amplification of a re-
gion containing sgRNA targeting sites. The amplified products
were cloned into T-vectors and transformed into Escherichia coli.
Twenty to thirty E. coli single clones were sequenced for each SKO
clone. Finally, SKO single clones were further verified by the LD
phenotype.

Fluorescence microscopy
Confocal microscopy was performed using a Zeiss LSM 900 confo-
cal microscope equipped with GaAsP detectors and a ZeissAiryscan
2 detector. A 63x/1.4 or 40x/1.3 oil immersion objective was ap-
plied for imaging at room temperature (RT). For LD studies, cells
were treated with 400 pM oleate-coupled bovine serum albumin
(BSA). Cells were then washed in PBS, followed by fixation with 4%
paraformaldehyde in PBS for 15 min at RT. After fixation, cells were
washed three times in PBS. Where noted, cells were stained with
1 ug/ml BODIPY493/503 (#D3922; Thermo Fisher Scientific) or HCS
LIPDTOX Deep Red Neutral Stain (#H34477; Thermo Fisher Scien-
tific) for 15 min or 1 h, respectively. Coverslips were mounted onto
glass slides using ProLong Gold Antifade Mountant with 4,6-di-
amidino-2-phenylindole (DAPI) (#P36941; Thermo Fisher Scientific).

For immunofluorescence studies, cells were permeabilized with
0.2% Triton X-100 in PBS for 15 min postfixation with 4% parafor-
maldehyde. Cells were then blocked with 3% (wt/vol) BSA in PBS for
1 h and probed with primary antibodies as noted in the figure leg-
ends before incubation with Alexa Fluor secondary antibodies
(Thermo Fisher Scientific) in 3% (wt/vol) BSA for 1 h each. Coverslips
were then mounted onto glass slides using ProLong Gold Antifade
Mountant with DAPI.

To detect early Plin3X-mCherry puncta, HiLo microscopy was
performed using Zeiss ELYRA. A Plan-Apochromat 63x/1.4 oil lens

was used with 0.2% of 561-nm laser excitations. Images were taken
with exposure time of 500 ms on an Andor Ultra 897 EMCCD cam-
era (gain at 200) in HiLo mode (angle = 58°). No collected samples
were excluded from analysis.

For optogenetic experiments, cells were seeded onto 35 mm
glass bottom gridded dishes (MatTek) and transfected with eMag
plasmids as noted in the figure legends. Twenty-four hours post-
transfection, cells were lipid starved in 1% lipoprotein depleted fetal
bovine serum (LPDS) in DMEM for 16 h. Media were changed to
Fluorobrite DMEM (#A1896701; Thermo Fisher Scientific) supple-
mented with 1% LPDS, and blue light illumination was carried out
at 37°C on Zeiss900 LSM with a 20x/0.8 objective. Tile scans of
469 pm x 469 um were illuminated with 488 nm laser pulses for
200 s (260 ms pulses per tile) before equal volumes of media con-
taining 800 pM oleate-coupled BSA were added, making a final
concentration of 400 pM oleate-coupled BSA. Fifteen minutes post—
oleate treatment, cells were fixed with 4% paraformaldehyde in PBS
for 15 min. Cells were washed with PBS three times before LDs were
stained with HCS LIPIDTOX Deep Red for 1 h and imaged with a
63x/1.4 oil objective. No collected samples were excluded from
analysis.

PI(3)P detection by GST-2xFYVE

GST-2xFYVE peptides were purified by a GST-fusion protein purifi-
cation protocol. Briefly, BL21 bacteria were cultured to ODgpp ~ 0.6
before induction with 0.1 mM isopropyl B-b-1-thiogalactopyranoside
for 4 h at 37°C. Cells were centrifuged at 4000 x g for 10 min at
4°C, and the bacterial pellet was frozen at —80°C. Bacterial pellets
were then resuspended in GST lysis buffer (50 mM Tris-HCI, pH 8.0,
50 mM NaCl, 1 mM EDTA, pH 8.0, 1 mM dithiothreitol, and com-
plete protease Inhibitor Cocktail tablet, EDTA-Free) and sonicated
on ice. Lysate was centrifuged at 12,000 x g for 30 min at 4°C before
incubation with glutathione Sepharose 4B beads (#GE17-0756-01;
Sigma-Aldrich) binding for 1 h at 4°C. Beads were washed with GST
lysis buffer and eluted with GST lysis buffer supplemented with
50 mM L-glutathione reduced. The supernatant was collected and
further dialyzed for final purification in 75 mM KCl, 30 mM HEPES,
pH 7.4, 5 mM MgCl,.

To detect PI(3)P, cells were grown on coverslips and fixed with
4% paraformaldehyde for 15 min before incubation with permeabi-
lization/blocking buffer for 1 h (5% goat serum and 0.05% saponin
or 5% goat serum and 0.2% Triton X-100). Cells were then incubated
with 100 pg/ml GST-2xFYVE for 1 h in the respective permeabiliza-
tion/blocking buffer as stated in the figure legends. Cells were
washed with PBS three times and probed with GST antibody fol-
lowed by incubation with Alexa Fluor secondary antibody for 1 h
each. Coverslips were then mounted onto glass slides using Pro-
Long Gold Antifade Mountant with DAPI.

multiple comparisons test. (D) Knocking down components of PI3KC3-C1, but not ATG5, promoted lipidation of nascent
LDs. Hela cells treated with various siRNAs as indicated were treated as described in A. Cells were then stained with
BODIPY493/503 (green). (E) Quantification of the number of LDs per cell as shown in D. Mean + SD, n = 40-47 cells over
three biological experiments, **** p < 0.0001, calculated by one-way ANOVA with Dunnett’s multiple comparisons test.
(F) Total TAG after 15 min oleate treatment as shown in D. Results reflect three independent experiments. Mean + SEM,
ns, no significance, calculated by one-way ANOVA with Dunnett’s multiple comparisons test. (G) DFCP1 is required for
the enhanced lipidation of nascent LDs under PI3KC3-C1 deficiency. Hela cells treated with various indicated siRNAs
were treated as described in A. LDs were then stained with BODIPY493/503 (green). (H) Quantification of the number of
LDs per cell as shown in G. Mean + SD, n = 20 cells over three biological experiments, **** p < 0.0001, calculated by
one-way ANOVA with Dunnett’s multiple comparisons test. (I) Total TAG after 15 min oleate treatment as shown in G.
Results reflect three independent experiments. Mean + SEM, ns, no significance, calculated by one-way ANOVA with

Dunnett’s multiple comparisons test. Scale bars represent 5 ym.
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Seipin and PI(3)P may coordinate the initiation of autophagosomes and LDs. (A) WT and SKO cells were
incubated in normal media (basal) or EBSS for 1 h with or without 100 nM BafA1 treatment. Protein extracts were
isolated and blotted with antisera against LC3 and GAPDH. (B) LC3-1I/LC3-I ratio as shown in A. Results reflect three
independent experiments. ****, p < 0.0001, calculated by two-way ANOVA with Sidak’s multiple comparisons test.

(C) WT and SKO Hela cells expressing the indicated plasmids were grown in EBSS for 1 h and treated with or without
100 nM BafA1. Protein extracts were isolated and blotted with antisera against HA, LC3, and GAPDH. EV, vector
control. (D) LC3-1I/LC3-I ratio as shown in C. Results reflect three independent experiments. Mean + SEM, **, p < 0.01,
calculated by one-way ANOVA with Dunnett’s multiple comparisons test. (E) Fluorescence imaging showing myc-DFCP1
puncta in WT and SKO cells under EBSS. WT and SKO cells expressing the indicated plasmids were grown in EBSS for 1
h. Seipin and EV were tagged with mCherry. (F) Size of myc-DFCP1 puncta as shown in E. Mean + SEM, n > 350 puncta,
** p < 0.01; **** p <0.0001; ns, no significance, calculated by one-way ANOVA with Dunnett’s multiple comparisons
test. (G) WT and SKO Hela cells were grown in basal media or EBSS (1 h), fixed, and stained with antisera against
endogenous WIPI2. (H) WT and SKO Hela cells were grown in EBSS for 1 h and treated with or without 100 nM BafA1.
Cells were then fixed and stained with antisera against endogenous LC3-Il. Scale bars represent 5 pm.

Coimmunoprecipitation

For immunoprecipitation, cells were lysed in coimmunoprecipi-
tation lysis buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 1T mM
EDTA, 10% glycerol, 1% dodecyl-B-p-maltoside, and cOmplete,
EDTA-free Protease Inhibitor Cocktail) and incubated on ice for
10 min. Cell lysates were centrifuged at 18,000 x g for 10 min
at 4°C, and supernatant was collected. For Supplemental
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Figure S4, E and F, 1 or 3 mg of protein lysates, respectively, was
incubated with 25 pl of GFP-trap magnetic agarose beads
(#gtma-10; ChromoTek) for 16 h at 4°C. The protein-beads mix-
ture was washed three times with 500 pl of washing buffer
(25 mM HEPES, pH 7.4, 150 mM NaCl, 0.1% NP-40) and eluted
with 2x Laemmli sample buffer at RT before SDS-PAGE and
Western blot.

Molecular Biology of the Cell



SDS-PAGE and Western blot

For Western blot analysis, cells were washed twice with ice-cold PBS
and lysed using 1% Triton X-100 lysis buffer (1% Triton X-100, 0.1%
SDS, 10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 10% glycerol,
and complete protease Inhibitor Cocktail tablet, EDTA-Free). Cell
lysates were then incubated on ice for 10 min, followed by centrifu-
gation at 18,000 x g for 10 min at 4°C. Protein concentrations were
measured using the BCA Protein assay kit (Sigma-Aldrich), and cell
lysates were mixed with 2x Laemmli sample buffer before SDS-
PAGE. Electrophoresis was carried out at 150 V for 1 h, and gels were
transferred to nitrocellulose membrane at 100 V for 1 h. Membranes
were incubated with 5% (wt/vol) skim milk in tris-buffered saline with
Tween®20 (TBST) for 1 h at RT, followed by incubation with appropri-
ate primary antibodies overnight at 4°C. Membranes were washed
three times with TBS-T and subsequently incubated with appropriate
horseradish peroxidase—conjugated secondary antibodies (Jackson
Immuno Research) in TBS-T for 1 h. Membranes were washed three
times with TBS-T before imaging and analysis by enhanced chemilu-
minescence (#WBKLS0500; Merck Millipore) and BioRadChemiDoc
XRS+ imager.

TAG measurement

Cells were plated onto 100 mm dishes and transfected as noted in
the figure legends. Forty-eight hours posttransfection, cells were
treated with 400 uM oleate-coupled BSA as indicated in the figure
legends. Triglyceride levels were determined using the Triglyceride
Assay Kit (Abcam) following the manufacturer’s protocol.
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