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Lipid droplets (LDs) are evolutionarily conserved organelles that
play critical roles in mammalian lipid storage and metabolism.
However, the molecular mechanisms governing the biogenesis and
growth of LDs remain poorly understood. Phosphatidic acid (PA) is
a precursor of phospholipids and triacylglycerols and substrate of
CDP-diacylglycerol (CDP-DAG) synthase 1 (CDS1) and CDS2,
which catalyze the formation of CDP-DAG. Here, using siRNA-
based gene knockdowns and CRISPR/Cas9-mediated gene
knockouts, along with immunological, molecular, and fluores-
cence microscopy approaches, we examined the role of CDS1 and
CDS2 in LD biogenesis and growth. Knockdown of either CDS1 or
CDS2 expression resulted in the formation of giant or supersized
LDs in cultured mammalian cells. Interestingly, down-regulation
of cell death-inducing DFF45-like effector C (CIDEC), encoding a
prominent regulator of LD growth in adipocytes, restored LD size
in CDS1-but notin CDS2-deficient cells. On the other hand, reduc-
ing expression of two enzymes responsible for triacylglycerol syn-
thesis, diacylglycerol O-acyltransferase 2 (DGAT2) and glycerol-3-
phosphate acyltransferase 4 (GPAT4), rescued the LD phenotype in
CDS2-deficient, but not CDSI-deficient, cells. Moreover, CDS2
deficiency, but not CDS1 deficiency, promoted the LD association
of DGAT2 and GPAT4 and impaired initial LD maturation.
Finally, although both CDS1 and CDS2 appeared to regulate PA
levels on the LD surface, CDS2 had a stronger effect. We conclude
that CDS1 and CDS2 regulate LD dynamics through distinct
mechanisms.

Lipid droplets (LDs)> are important metabolic organelles,
which are used as cellular storage sites for neutral lipids in vir-
tually all organisms, from bacteria to humans (1-5). Nearly all
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LDs comprise a hydrophobic core of neutral lipids, predomi-
nantly triacylglycerols (TAGs) and/or sterol esters, which are
encapsulated by a monolayer of phospholipids. The phospho-
lipid monolayer is embedded with LD-associated proteins,
which regulate the dynamics of LDs, including biogenesis,
growth, and turnover (1, 2). The neutral lipids provide a buffer
for energy fluctuations and a reservoir for membrane lipid pre-
cursors. Both deficient and excessive storage of neutral lipids in
LDs is associated with human diseases, including lipodystro-
phy, nonalcoholic fatty liver disease, atherosclerosis, and obe-
sity/type 2 diabetes (6). Aberrant LD dynamics can also be a
contributing factor to cancer progression (7) or Alzheimer’s
disease (8).

LDs are highly dynamic organelles. Although the molecular
mechanisms of LD biogenesis and expansion remain to be elu-
cidated, the prevailing model of LD growth is that LDs originate
from the endoplasmic reticulum (ER) before they expand and
mature (5). This process is regulated by metabolic enzymes,
nonbilayer lipids, and LD-associated proteins (2, 5, 9-17). LDs
can be classified into initial LDs (iLDs) and expanding LDs
(eLDs) according to their size and stage in life cycle. iLDs are
those LDs of 400 —800-nm diameter that are formed from the
ER. eLDs are converted from iLDs through a maturation/
growth process, mediated by specific proteins such as triglyc-
eride synthesis enzymes (12), Arfl/COPI (13), and CIDEC/
Fsp27 (18, 19). Recent studies also showed that loss of SEIPIN,
an ER protein implicated in human genetic lipodystrophy, can
delay the maturation of iLDs and accumulate supersized LDs
(sLDs) (16, 17, 20—-22). Finally, pre-LDs that give rise to iLDs
must exist, but these LDs cannot be stained by common neutral
lipid dyes, such as BODIPY and LipidTox Deep Red, due to
their tiny size and lack of neutral lipids. Thus, markers, such as
Livedrop and Hpos, have been artificially made to label these
pre-LDs (11, 17).

The size of LDs varies in different tissues and even in the
same cell types (1). How LDs grow is not fully understood,
although lipid transfer from smaller LDs to bigger ones, a pro-
cess mainly mediated by CIDE family proteins, and increased
lipid synthesis are two driving factors. Under specific condi-
tions, CIDE proteins can generate “fusion pores” between LDs
and facilitate the transfer of neutral lipids from small to large
LDs (18). LDs can also grow by locally incorporating lipids. For
example, some TAG synthesis enzymes, such as glycerol-3-
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phosphate acyltransferase 3/4 (GPAT3/4) and diacylglycerol
O-acyltransferase 2 (DGAT2), may translocate from the ER to
LDs to synthesize lipids locally for the expansion of LDs (12,
23). In addition, phospholipids, such as phosphatidic acid (PA)
and phosphatidylcholine (PC), are also important regulators of
LD growth. Giant LDs can be formed when reducing the
amount of PC and/or increasing the level of PA (24-27). Also,
PA was suggested to be involved in the formation of super-
sized lipid droplets (sLDs) caused by the abnormal expres-
sion of some key proteins, such as SEIPIN and GPAT3/4 (14,
15, 23, 25).

CDP-diacylglycerol (CDP-DAG) synthase (CDS) enzymes con-
vert PA, the precursor of all phospholipids and TAG synthesis,
into CDP-DAG for the synthesis of phosphatidylinositol (PI),
phosphatidylglycerol, and cardiolipin (28). Although the biochem-
ical function of CDS1 and CDS2 has been characterized, little is
known about their involvement in cellular lipid storage (LD for-
mation). In a genome-wide screen, we previously reported that the
depletion of CDS1 in the budding yeast Saccharomyces cerevisiae
and mammalian cells causes the formation of sLDs (15, 25). Here,
we show that CDS1 and CDS2 control LD growth through distinct
mechanisms.

Results
CDS deficiency results in sLDs

We confirmed our previous findings in CDSI and CDS2
knockdown (KD) cells (Fig. 1, A-D and H), and here, we further
extended those observations in CDSI and CDS2 knockout (KO)
cells generated by the CRISPR/Cas9 system (Fig. 1, E-G), that
CDS depletion resulted in sLD formation (15). The percentage
of cells with LD diameters larger than 3 um increased dramat-
ically in the KO cells compared with the KD cells (Fig. 1F).
Moreover, the average diameter of three largest LDs per cell in
the KO and KD cells increased significantly over the control
cells (Fig. 1H). The increase in TAG also became more obvious
in CDS2 KO cells (Fig. 11). With the KO cells, we were able to
more accurately examine the rescue effect of CDS1 or CDS2.
CDS1 overexpression could restore normal LD morphology in
both CDS1- and CDS2-deficient cells. Likewise, CDS2 overex-
pression could also restore LD morphology in both cells (Fig. 1,
J—L). Thus, CDS1 and CDS2 appear to share overlapping func-
tions in relation to regulating LD size.

Although CDS1 and CDS2 share certain core functions, it
remains a key question as to why mammalian cells have two
isoforms of the same enzyme. One possibility is different sub-
strate preferences (29), and another possibility could be distinct
cellular localization. For instance, CDS enzymes were proposed
to function at ER—plasma membrane (PM) contact sites during

the synthesis and transfer of PI (30). We therefore carefully
examined the localization of CDS1 and CDS2 in relation to the
ER, LDs, ER-PM contact sites, and mitochondria using mark-
ers of Sec61B (31), LipidTox, MAPPER (32), Nir2 (33), and
MitoTracker (34), respectively. We found that CDS1 and CDS2
mainly localized to the ER (Fig. S14, top array), with CDS1 also
localizing to mitochondria (Fig. S14, bottom array). In addi-
tion, we also examined the distribution of LDs in CDS KD cells
by labeling the ER (DsRed-ER) (Fig. S1B), Golgi (DsRed-Golgi)
(Fig. S1C), and mitochondria (MitoTracker Deep Red) (Fig.
S1D). Interestingly, the giant LDs in CDS-deficient cells colo-
calized with mitochondria, especially in CDS1 KD cells (Fig. S1,
D and E). These data indicate that the ablation of CDS, espe-
cially CDS1, may affect mitochondrial function. Overall, the
increase in LD size in CDS1- or CDS2-deficient cells was rather
striking, and it is important to understand the underlying
molecular mechanisms.

Knockdown of CIDE family proteins impairs sLD formation in
CDS1-deficient cells

LD growth can be mediated by CIDE family proteins, includ-
ing CIDEA, CIDEB, and CIDEC, which mediate lipid transfer
from small to large LDs. It is possible that CIDE proteins pro-
mote sLD formation in CDS1/2-deficient cells. We first exam-
ined the expression of CIDE genes in CDS1/2-deficient cells.
Whereas CDSI KD had minor effects on the mRNA levels of
CIDEA, -B, and -C (Fig. S2), CDS1 KO in HelLa cells signifi-
cantly increased CIDEC mRNA and protein levels (Fig. 2, A-C).
Interestingly, neither CDS2 KD nor KO had any effects on the
expression of CIDE genes (Fig. 24 and Fig. S2). We next sought
to investigate whether the depletion of CIDE genes (Fig. 2D) has
any impacts on LD size in CDS1/2-deficient cells. Down-regu-
lation of CIDE genes almost completely eliminated sLDs in
CDS1-deficient cells, where LD size became similar to that of
control cells, with silencing CIDEC showing the strongest res-
cue effect (Fig. 2, E-G). LD size in CDS2-deficient cells was also
decreased by down-regulation of CIDE proteins, but remained
significantly larger than that of control cells (Fig. 2G). Further-
more, there was a significantly stronger expression of CIDEC
protein localizing on LDs in CDSI-deficient cells, but not in
CDS2-deficient cells, based on fluorescence intensity (Fig. 2,
H-J). Finally, no significant changes were observed in the total
TAG level when CIDEC was knocked down in CDSI- or CDS2-
deficient cells (Fig. 2K). This indicates that CIDEC regulates the
growth of LDs through the fusion-transfer mechanism without
affecting TAG metabolism. Together, these data suggest that
sLD formation in CDSI-deficient cells mainly results from an
enhanced LD fusion event mediated by CIDE proteins, espe-

Figure 1. CDS1/2 deficiency resulted in the formation of sLDs. A, efficiency of CDS7 and CDS2 KD in Hela cells. B, LD morphology upon CDS KD in Hela cells.
LDs were stained by BODIPY. Bars, 5 um. C, distribution of LDs according to their sizes in CDS KD cells. LDs from ~50 cells/cell type were used. D, total TAG level
in HeLa cells upon CDS KD. E, CDS KO strategy diagram by CRISPR/Cas9. F, LD morphology upon CDS KO in Hela cells. LDs were stained by BODIPY. Bars, 5 um.
G, distribution of LDs according to their sizes in CDS KO cells. LDs from ~50 cells/cell type were used. H, quantification of diameters of the three largest LDs in
each cell as shown in Band F. Two-tailed Student’s t test was used: mean = S.D. (error bars); n = 45 LDs from 15 cells for each cell type; ****, p < 0.0001., total
TAG level in Hela cells upon CDS KO. J, overexpression of CDS restored normal LD morphology in CDS KO cells. HeLa cells with CDS KO were transfected with
mCherry-C1 empty vector or mCherry-tagged CDS1 or CDS2 for 24 h when cell confluence reached ~60%. Bars, 5 wm. OE, overexpression. K, distribution of LDs
according to their sizes in J. LDs from ~50 cells/cell type were used. L, quantification of the diameters of three largest LDs in each cell as shown in J. Two-tailed
Student’s t test was used: mean = S.D.; n = 45 LDs from 15 cells for each cell type; ****, p < 0.0001; ns, no significance. For CDS KD and KO cells, two different
siRNAs and KO colonies were examined for each experiment. For B, D, F, I, and J, 200 um oleate was added to cells to induce LD formation for 16 h. For A, D, and
I, two-tailed Student'’s t test was used: mean = S.D.; n = 3; ¥, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 2. Knocking down CIDEC reduced the occurrence of sLDs in CDS1-deficient cells. A, CDS7 KO increased the mRNA level of CIDEC in Hela cells.
Two-tailed Student’s t test was used: mean = S.D. (error bars); n = 3;**,p < 0.01. B,immunoblot analysis of endogenous CIDEC in HeLa cells upon CDS depletion.
C, quantification of CIDEC level in B. Two-tailed Student’s t test was used: mean = S.D.; n = 3; *, p < 0.05; ns, no significance. D, the KD efficiency of CIDEA, -B,
and -Cin Hela cells. Two-tailed Student’s t test was used: mean = S.D.; n = 3; **, p < 0.01. E, morphology of LDs upon CIDEA/B/C KD in CDS-deficient cells. 200
um oleate was added to cells to induce LD formation for 16 h. LDs were stained by BODIPY. Two different siRNA sequences were used for each gene. Bars, 5 um.
F, distribution of LDs according to their sizes in E. LDs from ~50 cells/cell type were used. G, quantification of the diameters of three largest LDs in each cell as
shown in F. One-way analysis of variance was used: mean = S.D.; n = 45 LDs from 15 cells for each cell type; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, no
significance. H, localization of CIDEC in CDS KD cells. Bars, 5 um. Inset, bars, 1 um. I, protein level of CIDEC upon CDS depletion in whole cell examined by
fluorescence. Two-tailed Student’s t test was used: mean = S.D.; n = 20; *, p < 0.05. J, protein level of CIDEC upon CDS depletion in LD fraction examined by
fluorescence. Two-tailed Student’s t test was used: mean = S.D.; n = 20; **, p < 0.01; **** p < 0.0001. K, TAG levels when CIDEC was knocked down in
CDS-deficient Hela cells. Values are mean = S.D.; n = 3. 200 um oleate was added to cells to induce LD formation for 16 h.
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cially CIDEC, whereas sLD formation in CDS2-deficient cells
may be driven by different factors.

Knockdown of DGAT2/GPAT4 impairs sLD formation in
CDS2-deficient cells

We next sought to understand how sLDs are formed in
CDS2-deficient cells. Apart from LD fusion, increased TAG
synthesis is another factor that drives LD expansion (1, 12).
Enzymes such as DGAT2 and GPAT3/4 can relocate from the
ER to LD surface, where they locally synthesize TAG to meet
the requirement of LD growth (12, 23). Hence, we first exam-
ined the mRNA levels of DGAT1/2 and GPAT3/4 in CDS1/2-
deficient cells (Fig. 3, A) and found that CDSI or CDS2 KD had
no effect on the mRNA expression of DGAT1, whereas CDS2
KD significantly increased the mRNA expression of DGAT2.
The expression of GPAT3 was dramatically decreased in both
CDSI- and CDS2-deficient cells, whereas that of GPAT4 was
not affected. PA is the substrate of CDS enzymes and plays
important roles in the regulation of LD dynamics (25, 35). The
discrepancy in the changes of mRNA expression between
DGATI/2 and GPAT3/4 when depleting CDS enzymes may be
linked to their respective roles in the TAG synthesis pathway, in
which GPAT3/4 produces PA, whereas DGAT1/2 consumes
PA (36). Increased mRNA expression of DGAT2 in CDS2-defi-
cient, but not CDSI-deficient, cells implies the involvement of
TAG synthesis in the formation of sLDs when ablating CDS2.
Thus, it is necessary to examine the dynamics of LDs in CDS-
deficient cells when reducing TAG synthesis. We silenced
DGATI1/2 and GPAT3/4 (Fig. 3B) and examined LD size in
both CDSI- and CDS2-deficient cells. Whereas knocking
down DGATI had little effect on sLD formation in either
CDS1- or CDS2-deficient cells, DGAT2 knockdown specifi-
cally impaired sLD formation in CDS2-deficient cells, but
not in CDSI-deficient cells (Fig. 3, C, D, and G). In the case of
GPAT3/4, the formation of sLDs in CDS-deficient cells was
clearly blocked by down-regulation of GPAT3. However,
only sLD numbers in CDS2- but not CDSI-deficient cells
were drastically reduced by GPAT# depletion (Fig. 3, E-G).
As expected, down-regulation of DGAT1/2 and GPAT3/4 in
CDS2 KD cells significantly decreased the total TAG level
compared with CDS2 KD alone (Fig. 3, H and I). Importantly,
similar effects of CIDE family proteins, DGAT2, and GPAT4
on sLD formation caused by CDS1I or CDS2 deficiency were
also found in HEK293T cells (Fig. S3, A-C), 3T3-L1 cells
(Fig. S3, D—F), and CDS KO HelLa cells (Fig. S3, G-I). CDS
KO HelLa cells displayed much larger LDs (>5 um) than that
in KD cells. Down-regulation of CIDEC or DGAT2/GPAT4
effectively reduced the proportion of the largest LDs (>5
pm) in CDSI and CDS2 KO cells, respectively (Fig. S3H).

CDS1 and CDS2 function differently on LD dynamics

These results strongly suggest that increased TAG synthesis
mediated by DGAT2 and/or GPAT4 may be mainly respon-
sible for sLD formation upon CDS2 depletion.

CDS2 deficiency promotes LD association of DGAT2 and
GPAT4

sLDs caused by CDS2 deficiency are most likely generated
through the incorporation of lipids synthesized in situ on the
LD surface (12). The involvement of DGAT2 and GPAT4 in
sLD formation prompted us to examine the localization of
these enzymes in CDS2-deficient cells. Whereas DGAT1 had
no colocalization with LDs (Fig. 44), DGAT2 was clearly asso-
ciated with LDs in control, CDS1, and CDS2 KD cells (Fig. 4D).
Interestingly, DGAT2 almost completely localized to the LD
surface in CDS2 KD cells, whereas only a fraction of DGAT2
was found to associate LDs in control and CDSI KD cells after
incubation with oleate for 16 h, with the majority of DGAT2
showing a pattern resembling the ER network (Fig. 4D). Quan-
tification of LD sizes in cells overexpressing DGAT1 or DGAT2
revealed that DGAT1 mainly contributed to the growth of mid-
dle-sized LDs (about 2—3 um in diameter) in CDS1 or CDS2 KD
cells (Fig. 4, B and C), whereas DGAT2 increased the sLD per-
centage (>3 um in diameter) in CDS2 KD cells but only slightly
enhanced the growth of middle-sized LDs in CDSI KD cells
(Fig. 4, E and F). All of these results implied that CDS2 depletion
promotes more DGAT2 association with the LD surface, where
it produces TAG to support LD expansion. We next investi-
gated the localization of DGAT? at early stages of LD forma-
tion. In control or CDS1 KD cells, DGAT?2 did not translocate
to LDs until 3 h after incubation with oleate (Fig. 4G). Strik-
ingly, in CDS2 KD cells, DGAT?2 started to translocate from the
ER to LDs at the very beginning of LD formation (i.e. as early as
30 min after oleate treatment) (Fig. 4G). The dramatic differ-
ences of DGAT?2 localization between control or CDSI KD and
CDS2 KD cells could be observed either at the early stage of 1 h
or at the late stage of 8 h after oleate treatment (Fig. 4H). The
phenotype of enhanced DGAT?2 localization on the LD surface
under CDS2 deficiency was consistently observed in CDS KO
cells (Fig. S4).

In the case of GPAT3/4, GPAT3 was able to relocate from the
ER to LDs in all cell types (Fig. 54 and Fig. S5, A (2 and d) and B
(a and d)). GPAT3 contributed to sLD formation in either
CDSI- or CDS2-deficient cells, especially in CDS2-deficient
cells (Fig. 5, B and C). However, this contribution was not
apparent until the late stage of LD formation (8-h oleate treat-
ment) (Fig. S5, A (b and ¢) and B (b and ¢)). In contrast, GPAT4
specifically contributed to sLD formation in CDS2 KD cells
(Fig. 5, D and E). GPAT4 showed more contribution to sLD
formation (>3 um) in CDS2 KD cells from the early stage of LD

Figure 3. Knocking down DGAT2 or GPAT4 restored normal LD morphology in CDS2-deficient cells. A, mRNA levels of DGAT1/2 and GPAT3/4 upon CDS KD
in Hela cells. Two-tailed Student’s t test was used: mean = S.D. (error bars); n = 3;**,p < 0.01; **** p < 0.0001. B, KD efficiency of DGAT1/2 and GPAT3/4in HelLa
cells. Two-tailed Student’s t test was used: mean = S.D.; n = 3;**,p < 0.01; ***, p < 0.001. Two different sequences (a and b) of siRNA against each gene were
used. C, LD morphology when DGAT1/2 were knocked down in CDS-deficient HeLa cells. 200 um oleate was added to cells to induce LD formation for 16 h. LDs
were stained by BODIPY.Bars, 5 um. D, distribution of LDs according to their sizesin C. LDs from ~50 cells/cell type were used. E, LD morphology when DGAT3/4
were knocked down in CDS-deficient HeLa cells. 200 um oleate was added to cells to induce LD formation for 16 h. LDs were stained by BODIPY. Bars, 5 um. F,
distribution of LDs according to their sizes in E. LDs from ~50 cells/cell type were used. G, quantification of the diameters of the three largest LDs in each cell
as shown in Cand E. Two-tailed Student’s t test was used: mean = S.D.; n = 45 LDs from 15 cells for each cell type; *, p < 0.05; **, p < 0.01; ****, p < 0.0001; ns,
no significance. H, total TAG level in CDS1/2 and DGAT1/2 KD cells. Two-tailed Student's t test was used: mean = S.D.; n = 3; **, p < 0.01./, total TAG level in
CDS1/2 and GPAT3/4 KD cells. Two-tailed Student’s t test was used: mean * S.D.;n = 3; **, p < 0.01.
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growth (3-h oleate treatment) (Fig. 5E (4 and b)), whereas in
CDSI1 KD cells, GPAT4 seemed to mainly support the middle-
size (1-3 wm) LD growth at the late stage of LD growth (Fig. 5E
(cand d)). Specifically, LDs associated with GPAT4in CDSI1 KD
cells were smaller than those in CDS2 KD cells (Fig. 5, D and E
(a and c)). Similar observations were also made in CDSI or
CDS2 KO cells (Fig. S5, C and D). There was more GPAT4-LD
colocalization in CDS2 KD cells, although GPAT4 transloca-
tion to LDs started at the very early stage of LD formation under
all conditions (Fig. 5, D and F). In summary, these results dem-
onstrated that CDS2 deficiency specifically promoted the trans-
location of DGAT2 and GPAT4 to the LD surface, indicating
that continuous TAG production on the LD surface might be
the main driving force for sLD formation in CDS2-deficient
cells.

CDS2 deficiency results in a delay in iLD maturation

We next investigated the role of CDS1 and CDS2 in the
biogenesis of LDs at the very initial stage. An artificial LD
marker, Hpos, was used to label the nascent LDs that were
not big enough to be labeled by the lipophilic dye LipidTox
Deep Red, which can only stain LDs of a certain size (11). In
control or CDS1 KD cells, iLDs were quickly generated and
could be stained by LipidTox Deep Red as early as at 5 min
after oleate treatment (Fig. 6, A and B). However, in CDS2
KD cells, most iLDs accumulated could not be labeled by
LipidTox until 1-2 h after oleate treatment (Fig. 6, A and B).
Based on the distribution of LD sizes at 2-h oleate incuba-
tion, there was an obvious population (~10%) of smaller LDs
with diameter below 0.3 um in CDS2 KD cells (Fig. 6C, indi-
cated by a red arrow). This delay in iLD maturation in CDS2-
deficient cells was more striking in KO cell lines (please note
that large LipidTox-positive particles are pre-existing LDs
that remained after starvation) (Fig. S6). The LipidTox-neg-
ative Hpos puncta accumulation in CDS2-deficient cells
indicates that CDS2 may play an important role in promot-
ing the maturation of iLDs. This difference in LD formation
at the early stage between CDSI1- and CDS2-deficient cells
also suggests that CDS1 and CDS2 may function differently
in the process of LD biogenesis.

The role of PA in the formation of sLDs in CDS-deficient cells

PA is a key intermediate in the synthesis of all glycerolipids. It
is the substrate of CDS1/2, which convert PA into CDP-DAG
for the synthesis of other phospholipids, such as PI (37). It has
been shown that the accumulation of PA contributes to the
giant LD formation and that PA facilitates LD coalescence (25).
To investigate whether PA is involved in sLD formation caused
by CDS depletion, we used the PA sensor (RFP-PASS) to exam-
ine PA localization in CDS-deficient cells. Interestingly, there

CDS1 and CDS2 function differently on LD dynamics

was a clear localization of PA on the sLD surface in CDS KD
cells (Fig. 7A), and this localization became more striking in
CDS2 KO cells (Fig. 7E). This was consistent with the lipidomic
result that CDS2 KD increased PA level (15). Moreover, our
laboratory previously showed that PA accumulation caused by
SEIPIN deficiency can regulate LD dynamics (14). Also, we pro-
vided biochemical evidence that SEIPIN is capable of binding
anionic phospholipids such as PA (38). FId1/SEIPIN deficiency
was also known to increase GPAT activity and cause the forma-
tion of giant LDs in yeast and mammalian cells (14, 20, 39). We
wondered whether SEIPIN overexpression could inhibit GPAT
activity, thereby reducing the level of PA and restoring LD size
in CDS-deficient cells. Indeed, our data demonstrated that
overexpression of SEIPIN decreased LD size in both CDS1/2
KD (Fig. 7, B-D) and KO cells (Fig. 7, F-H). These data suggest
that increased PA level might be an important factor for sLD
formation in CDS-deficient cells, especially in CDS2-deficient
cells.

Discussion

In a genome-wide screen, we have previously found that yeast
cells deficient in CDS1 harbor giant or supersized LDs (25). This
was further confirmed in cultured mammalian cells (15). Notably,
the giant LDs seen in CDS-deficient cells are among the largest
observed in yeast or cultured cells. Work described in this study
aims to understand the mechanisms by which sLDs are formed in
CDS1- or CDS2-deficient mammalian cells. Although CDS1 and
CDS2 catalyze the same biochemical reaction, our data here sug-
gest that CDS1 and CDS2 function differently during LD forma-
tion in both early stage (pre-LD formation) and the late stage (LD
growth and sLD formation). The CIDE proteins, CIDEC in partic-
ular, play a major role in sLD formation under CDSI-deficient
conditions, whereas enhanced TAG synthesis mediated by
GPAT4/DGAT?2 contributes to the formation of sLDs under
CDS2 deficiency.

CDS1 and CDS2 are known to have different substrate
preferences and generate different CDP-DAG pools (29).
CDS1 has almost no acyl chain preference for PA, whereas
CDS2 shows substrate specificity at both the sn-1 and sn-2
positions. For instance, CDS2 prefers 1-stearoyl-2-arachi-
donoyl-PA. Thus, CDS1 and CDS2 deficiency may accumu-
late different PA species, which may impact LD biogenesis
and growth differently. However, we were not able to detect
any specific accumulation of 1-stearoyl-2-arachidonoyl-PA
or TAG species enriched in arachidonate in CDS2-deficient
cells (data not shown). Alternatively, whereas both CDS1
and CDS2 are believed to localize to the ER (Fig. S1A4, top)
(30), there were studies showing that CDS1, but not CDS2, is
possibly present on mitochondria (Fig. S14, bottom array),

Figure 4. CDS2 deficiency promoted LD-association of DGAT2. A, localization of DGAT1 in CDS KD cells after incubation with 200 um OA for 16 h. Bars, 5 um.
B, quantification of LD sizes in cells transfected by GFP-DGAT1 upon CDS deficiency. Two-tailed Student’s t test was used: mean; n = 150-300 LDs from ~20
cells; ***, p < 0.001; **** p < 0.0001. C, distribution of LDs in cells transfected by GFP-DGAT1 upon CDS deficiency. LDs from ~20 cells/cell type were used. D,
localization of DGAT2 in CDS KD cells after incubation with 200 um OA for 16 h. Bars, 5 um. E, quantification of LD sizes in cells transfected by GFP-DGAT2 upon
(DS deficiency. Two-tailed Student’s t test was used: mean; n = ~1000 LDs for siCtrl and siCDS1 and 300 LDs for siCDS2; ****, p < 0.0001; ns, no significance. F,
distribution of LDs in cells transfected by GFP-DGAT2 upon CDS deficiency. LDs from ~20 cells/cell type were used. G, localization of DGAT2 at the early stage
of LD formation in CDS KD cells. 200 um oleate was added to cells for the indicated time. Bars, 5 um. White arrows, DGAT2 puncta colocalizing with LDs. H,
quantification of DGAT2-LD associations during LD growth upon CDS deficiency. Two-tailed Student’s t test was used: mean = S.D. (error bars); n = 20 cells; *,

p < 0.05; ns, no significance.
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where it regulates mitochondrial lipid composition (40, 41).
Consistently, there was much more colocalization between
sLDs and mitochondria in CDSI-depleted cells than in
CDS2-depleted cells (Fig. S1, D and E). Therefore, the degree
of mitochondrial association may explain the phenotypic
differences in LD dynamics upon CDS1/2 deficiency.

CIDE proteins are LD-associated proteins and well-known
for their role in LD dynamics by generating “fusion pores”
between LDs and facilitating the transfer of TAG from small to
large LDs (42—-44). It has been revealed that CIDEC-deficient
white adipocytes lose giant LDs but accumulate many small
LDs. Ectopic expression of CIDEC contributes to sLD forma-
tion and reduces LD numbers (19, 45-48). Also, CIDEA/C was
heavily up-regulated in liver steatosis, which again confirmed
their role in promoting lipid storage in the form of giant LDs
(49). In this study, we found that CIDE proteins, especially
CIDEC, contribute significantly to sLD formation in CDS1-de-
ficient cells, but less so in CDS2-deficient cells (Fig. 2, E-G). Itis
not clear how CIDEC is up-regulated under CDS1 KO condi-
tions. Moreover, exactly why CIDE proteins are required to
form sLDs under CDSI deficiency is unknown. Given its func-
tional link with mitochondria as mentioned above, CDS1 may
regulate CIDE proteins and LD growth through mitochondrial
changes. Notably, CIDE proteins were initially found on
mitochondria and implicated in apoptosis (50). Thus, CDS1
and CIDE proteins may be functionally connected through
mitochondria. Finally, it is somewhat surprising that knocking
down each of the three CIDE genes reduced LD size in CDS
(especially CDS1)—deficient cells. Perhaps the CIDE proteins
need to form functional heterooligomers under CDS defi-
ciency. Future studies will elucidate the exact relationship
between CIDE proteins, mitochondria, and CDS1.

Besides the CIDE proteins, enhanced synthesis of TAG is
another driving force for giant LD formation (12). DGAT1 had
no colocalization with LDs (Fig. 44), which explained the find-
ing that down-regulating DGAT1 could not restore LD size
under CDS1/2-deficient conditions (Fig. 3C). More DGAT?2
and GPAT4 were found on the LD surface in CDS2- than CDS1-
deficient cells (Figs. 4H and 5F and Fig. S4B), suggesting that
these enzymes play a role in sLD formation under CDS2 defi-
ciency. Indeed, knockdown of either DGAT2 or GPAT4 signif-
icantly reduced sLD formation in CDS2-deficient cells (Fig. 3, C
and E). Interestingly, CDS2, but not CDSI, deficiency also
delayed the maturation of iLDs (Fig. 6 and Fig. S6), a phenotype
reminiscent of SEIPIN deficiency (17). Moreover, the forma-
tion of sLDs in CDS2-deficient cells (Figs. 1 (D and 1), 4H, and
5F and Fig. S4B) was also similar to that of SEIPIN deficiency
(16,17, 20, 21, 39, 51, 52). These findings imply that CDS2, but
not CDS1, may be functionally related to SEIPIN.

CDS proteins convert PA into CDP-DAG, and either CDS1
or CDS2 deficiency can cause PA accumulation. Indeed, prom-

CDS1 and CDS2 function differently on LD dynamics

inent PA accumulation was detected using mass spectrometry
(15) and a PA sensor in CDS2-deficient cells (Fig. 7, A and E).
PA is a negatively charged, cone-shaped lipid that is known to
promote SNARE-dependent and -independent membrane
fusion events (35, 53). As a nonbilayer lipid, PA can also impact
the local bilayer tension of the ER (54). Thus, accumulation of
PA in the ER may increase bilayer tension, thereby delaying
early LD growth in CDS2-deficient cells. PA may also promote
the formation of sLDs at a later stage, given its fusogenic prop-
erty. It is possible that a higher level of PA on the monolayer of
LDs would promote spontaneous fusion of contacting LDs (Fig.
7, A and E), leading to the formation of sLDs. Interestingly, the
loss of SEIPIN function was associated with increased
GPAT3/4 activity and the accumulation of PA in the ER (14,
25). As discussed above, CDS2 and SEIPIN deficiency causes
similar changes in early and late LD growth. Moreover, SEIPIN
overexpression almost completely restored LD morphology in
CDS1/2-deficient cells (Fig. 7, B—-D and F-H). Thus, CDS1/2
and SEIPIN may be functionally connected by their role in PA
metabolism.

In summary, our results here unveil distinct mechanisms by
which the two CDS isoforms in mammals, CDS1 and CDS2,
may regulate LD growth. Our results also support the notion
that phospholipids play a key role in LD biogenesis and growth
(5, 35, 54). These results provide mechanistic insights into how
cells may generate supersized LDs, which are prominent fea-
tures of common human metabolic disorders, such as obesity
and hepatic steatosis.

Experimental procedures
Mammalian cell culture

HeLa and HEK293T cells were cultured in high-glucose Dul-
becco’s modified Eagle’s medium (Life Technologies, Inc.) sup-
plemented with 10% fetal bovine serum (Life Technologies) and
1% penicillin/streptomycin/glutamine (Life Technologies).
3T3-L1 cells were cultured in high-glucose Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% newborn calf
serum (Life Technologies) and 1% penicillin/streptomycin/glu-
tamine. Cells were incubated at 37 °C with 5% CO,. The
medium was changed every 2 days. To induce lipid droplet for-
mation, 200 um oleate (Sigma-Aldrich) was added to cells for
the indicated time.

Plasmid construction

cDNA sequences were retrieved from NCBI. Primers were
designed in-frame of the multiple cloning site (Table S1). DNA
was amplified by PCR using Phusion Hot Start II High-Fidelity
DNA polymerase (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Plasmids constructed in this study
and gifted from colleagues are listed in Table S2.

Figure 5. CDS2 deficiency promoted LD-association of GPATA4. A, localization of GPAT3 in CDS KD cells after incubation with 200 um oleate for 16 h. Bars, 5
mm. B, quantification of LD sizes in cells transfected by GFP-GPAT3 upon CDS deficiency. Two-tailed Student’s t test was used: mean, n = ~200-300 LDs from
~20cells.*, p < 0.05;**, p <0.01; *** p < 0.001. C, distribution of LDs in cells transfected by GFP-GPAT3 upon CDS deficiency. LDs from ~20 cells/cell type were
used. D, localization of GPAT4 in CDS KD cells at the early stage of LD formation in CDS KD cells. 200 um oleate was added to cells for the indicated time. Bars,
5 um. Inset, bars, 1 um. E, quantification of size (a and ¢) and distribution (b and d) of GPAT4-positive LDs at 3 and 8 h after adding oleate. Two-tailed Student’s
ttest was used: mean; n = ~200-350 LDs from ~20 cells; ***, p < 0.001; ns, no significance. F, quantification of GPAT4-LD associations during LD growth upon

CDS deficiency: mean = S.E. (error bars); n = 20 cells. OA, oleate.
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Plasmid transfection

The transient plasmid transfections were performed using
Lipofectamine LTX Plus reagent (Life Technologies) based
on the manufacturer’s instructions. For 6-well plates, 1-2 ug
of plasmid DNA was diluted into 250 ul of Opti-MEM
medium (Life Technologies), followed by the addition of 2 ul
of PLUS reagent. 2 ul of LTX reagent was diluted into a
separated tube with the same volume of Opti-MEM medium.
After incubation for 5 min, the LTX reagent was transferred
into the tube of plasmid, incubating for 10 min. The mixture
was then added to the cells. Normally, all of the transfections
were performed when cells were at 40 — 60% confluence. The
amount of plasmid DNA and reagent was scaled, depending
on the size of the dishes. Cells were harvested 24 or 48 h after
transfection.

siRNA transfection

Commonly, 15 X 10* cells were seeded on cover slides in
6-well plates 24 h prior to transfection. Transient transfections
of siRNA against CDSI/2 (Sigma-Aldrich), CIDEA/B/C
(Shanghai GenePharma Co. Ltd.), GPAT3/4 (Shanghai Gene-
Pharma Co. Ltd.), and DGAT1/2 (Sigma-Aldrich) were carried
out at 20 nM siRNA using Lipofectamine RNAIMAX reagent
(Life Technologies) according to the manufacturer’s protocol.
The siRNA and RNAiIMAX (the volume ratio of RNAIMAX/
siRNA was 1.5:1) were dissolved in 50 ul of Opti-MEM medium
separately and incubated for 5 min, and then the tubes were
combined together gently and incubated for 20 min before
transferring to cells. Transfections were commonly carried out
at about 40 — 60% confluence of cells. Cells were harvested 48 h
after transfection. The seeding density was increased to around
20 X 10* for the purpose of double knockdown. When both
siRNA and plasmid transfections were required, the plasmid
transfection would be done at least 6 h later than the siRNA
transfection with fresh culture medium.

Generation of knockout cell line using CRISPR/Cas9

Knockout cell lines were generated using CRISPR/Cas9 tech-
niques according to a previous study (55). Single guide RNAs
were designed using CRISPR (https://crispor.tefor.net/)® (56)
and constructed into pSpCas9(BB)-2A-GFP vector. HeLa cells
were transfected with GFP-tagged CRISPR plasmid for 24 h.
The GFP-positive single cell, screened by flow cytometry, was
then seeded into 96-well plates, 1 cell/well for 5 plates. After
growing cells for 4—6 days, the growing colonies were picked
and passaged for screening by Western blotting using antibod-
ies and fluorescence microscopy.

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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Fluorescence microscopy

Cells grown on coverslips were fixed using 4% paraformalde-
hyde (ProSciTech) for 15 min at room temperature. LDs were
stained by either 1 ug/ml BODIPY 493/503 (Life Technologies)
for 15 min or HCS LipidTox Deep Red neutral lipid stain (Life
Technologies) for 45 min at room temperature at a dilution of
1:500 in the dark. The mitochondria were labeled with Mito-
Tracker® Deep Red FM (Life Technologies) at a dilution of
1:10,000 by adding the dye into live cells for 16 h at 37 °C with
5% CO,. After washing two times using PBS (Life Technolo-
gies), the coverslips were mounted onto slides. Fixed cells were
viewed using an Olympus FV1200 confocal microscope. The
diameters of the LDs were measured using Image] software
(National Institutes of Health).

Antibodies

Antibody of rabbit polyclonal to CIDEC is a gift from Prof.
Peng Li. It was diluted in 1:1000. For immunoblotting, we
obtained horseradish peroxidase— conjugated secondary anti-
bodies from Jackson ImmunoResearch.

Immunoblot analysis

Samples were mixed with 2X Laemmli buffer, incubated for
10-15 min at 70 °C, and then subjected to 10% SDS-PAGE.
After electrophoresis, the proteins were transferred to Hybond-C
nitrocellulose filters (GE Healthcare). Incubations with pri-
mary antibodies were performed at 4 °C overnight. Secondary
antibodies were peroxidase-conjugated AffiniPure donkey
anti-rabbit (H+L; Jackson ImmunoResearch Laboratories)
used at a 1:1000 dilution. The bound antibodies were detected
by ECL Western blotting detection reagent (GE Healthcare or
Merck Millipore) and visualized with Molecular Imager®
ChemiDocTM XRS+ (Bio-Rad).

Neutral lipid extraction

HeLa cells were grown in 6-cm dishes with proper density.
200 wM oleate was added to cells for 16 h when cells reached
80-90% confluence. After washing cells once with PBS, the
neutral lipids were extracted by a 2-ml mixture of hexane
(Ajax FineChem) and isopropyl alcohol (Ajax FineChem)
(3:2) for 30 min in the fume hood. The solvent was then
transferred into 2-ml glass vials. Another 1 ml of fresh
hexane and isopropyl alcohol was used to collect the lipid
residues in dishes and then transferred to glass vials together
with the previous 2 ml of solvent. The lipids were dried using
a SpeedVac centrifuge. The cells were lysed with 0.1 M NaOH
(Ajax FineChem) for 15 min at room temperature after the
dishes were dried, and the protein concentrations were
determined by a bicinchoninic acid (Thermo Fisher Scien-
tific) assay.

Figure 6. Accumulation of LipidTox-negative and Hpos-positive puncta in CDS2-deficient HeLa cells. A, LD formation upon CDS deficiency. Control and
CDS1/2 KD cells expressing GFP-Hpos were first delipidated by culturing in serum-free medium supplemented with 5% lipoprotein-deficient serum for 48 h.
The cells were then treated with 200 um oleate for the indicated times before fixing. LDs were stained by LipidTox Deep Red. Bars, 5 um. Inset, bars, 1 um. B,
quantification of Hpos-positive (+)/LipidTox-negative (—) and Hpos-positive (+)/LipidTox-negative (+) objects, respectively, in CDS1/2-deficient cells upon
oleate/oleic acid treatment: mean = S.E. (error bars); n = ~30 cells. OA, oleic acid/oleate. C, quantification of LD sizes and distribution of LDs in CDS-deficient
cells after adding oleate for 2 h. For the LD diameter assay, the three smallest LDs in each cell were analyzed in each cell type. Two-tailed Student’s t test was
used: mean = S.D.; n = 45 LDs from 15 cells for each cell type. Red arrow, size and percentage of LDs accumulated in CDS2-deficient cells after incubation with

oleate for 2 h.
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TLC assay

The neutral lipids were reconstituted in 60 ul of hexane. The
samples were then loaded and separated using a Silica Gel 60
plate (Millipore) and developed in a solvent system consist-
ing of heptane/diethyl ether/glacial acetic acid (90:30:1) (Ajax
FineChem). The lipids were stained with iodine for around 15
min. The TLC plate was scanned using the Epson Perfection
4490 Photo, and lipids were quantified using Image] software
and normalized to protein concentrations.

RNA extraction and quantitative real-time PCR

Total RNA was extracted using TRIzol™ reagent (Sigma-
Aldrich). Mammalian cells were grown in 6-well plates. Cells
were washed with PBS once and then lysed by the addition of 1
ml of TRIzol™ regent and incubation for 5 min at room tem-
perature. 200 ul of chloroform (Sigma-Aldrich) was added to
the lysates, followed by shaking 30 times violently and then
incubation for 5 min at room temperature. The mixture was
then centrifuged at 12,000 X g for 15 min at 4 °C. The 350-pul
upper aqueous phase was carefully removed to a fresh tube, and
the same volume of isopropyl alcohol (Sigma-Aldrich) was
added and mixed well by the vortex for 5 s. The mixture was
centrifuged at 12,000 X g for 10 min at 4 °C. After removing the
upper aqueous phase, the pellet was washed twice with 1 ml of
75% ethanol (Sigma-Aldrich). Centrifugation at 7500 X g for 5
min at 4 °C was carried out between each wash. The RNA pellet
was dried in a fume hood after removing ethanol and then dis-
solved in RNase-free water (Life Technologies). RNA concen-
tration and purity were determined using a Nanodrop spectro-
photometer (Thermo Fisher Scientific). 1 ug of RNA was
adopted for cDNA synthesis using the High Capacity cDNA
Reverse Transcription kit (Thermal Fisher Scientific). Quanti-
tative RT-PCR was performed with a Rotor-Gene 6000 real-
time PCR machine (Qiagen) using KAPA SYBR® Green mix
(KAPA Biosystems). The mRNA levels were normalized against
the housekeeping gene and compared with control samples. All
quantitative RT-PCR primers used in this study are listed in
Table S3.

Statistical analysis

All data are expressed as mean * S.D. or mean * S.E. Com-
parisons between two groups were analyzed using two-tailed
Student’s ¢ test using GraphPad Prism version 6.0 software. Dif-
ferences at values of p < 0.05 were considered as significant.
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