Research Papers FiiEkik=y

0) )L S i R
Progress in Biochemistry and Biophysics
' '12025,52(3>;705~715

www.pibb.ac.cn

Contribution of Transmembrane Protein 68 to
Triglyceride Synthesis and Lipid Droplet Formation
Differs From Diacylglycerol Acyltransferase’
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Abstract Objective To characterize transmembrane protein 68 (TMEMG68) in an alternative triacylglycerol (TAG) biosynthesis
pathway, and determine the interplay between TMEMG68 and the canonical TAG synthesis enzyme acyl-CoA: diacylglycerol
acyltransferase (DGAT). Methods Effects of exogenous fatty acid and monoacylglycerol on TAG synthesis and lipid droplet (LD)
formation in TMEMG68 overexpression and knockout cells treated with DGAT inhibitor or not were investigated by comparing LD
morphology, Oil Red O staining, and measurement of TAG levels. LDs were stained with fluorescence dye and observed by confocal
fluorescence microscopy. TAG levels were determined with an enzyme-based triglyceride assay kit. Colocalization of TMEM68 and
DGAT1 was detected by co-expression and confocal fluorescence microscopy and their interaction was determined by co-
immunoprecipitation. RT-qPCR and immunoblotting assay were used to detect the expression of DGAT1. Results The synthesis of
TAG catalyzed by TMEM68 was independent of DGAT activity. Surplus exogenous fatty acids and monoacylglycerol promoted
TAG synthesis mainly through DGAT in human neuroblastoma cells. The LDs formed by TMEM68 were different in morphology
from those by DGAT. In addition, TMEM68 and DGAT1 colocalized in the same endoplasmic reticulum (ER) compartment but did
not interact physically. TMEM68 overexpression reduced the expression of DGAT1, the major DGAT enzyme involved in TAG
synthesis, while TMEMG68 knockout had little impact. Conclusion The TMEMG68-mediated TAG synthesis pathway has distinct
features from the canonical DGAT pathway, however, TMEM68 and DGAT may coregulate intracellular TAG levels.
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Triacylglycerols (TAGs) are complex neutral acylates diacylglycerol (DAG) with fatty acyl-

lipids composed of a glycerol backbone linked to
three fatty acyl chains!". TAGs are synthesized in the
endoplasmic reticulum (ER) and stored in cytosolic
lipid droplets (LDs), which constitute a major cellular
reservoir of energy, signaling lipids and membrane
structure components”?. The main well-known
pathways for TAG biosynthesis in mammals include
the monoacylglycerol (MAG) and glycerol-3-
phosphate (G3P) pathways'Y. The MAG pathway
operates in a restricted set of tissues, including the
small intestine, adipose tissue, and liver®®
the G3P pathway, also known as the de novo synthesis

, Whereas

pathway, contributes the majority of TAGs in most
cells and tissues'”. These two classical TAG synthesis
pathways converge in a common final step, which

coenzyme A (CoA) by acyl-CoA : diacylglycerol
acyltransferase (DGAT) to form TAGs™. In addition,
an alternative TAG biosynthesis pathway driven by
transmembrane protein 68 (TMEMG68), also known as
DGAT1/2-independent enzyme synthesizing storage
lipids (DIESL), was recently identified in mammals’.

Two DGAT isoenzymes, DGAT1 and DGAT2
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can utilize de novo synthesized or exogenously
supplied fatty acid (FA) to esterify DAG, with a
preference of DGAT1 for exogenous and recycling
FA, while a priority of DGAT?2 to de novo synthesized
FAI'""2l DGAT1 is primarily anchored on the ER
membrane and is implicated in the biogenesis of new
LDs!", DGAT2 can also
mitochondria and LDs and may promote LD
expansion''" 1 In mammals, DGAT1 and DGAT2
account for the majority of TAG synthesis in most cell

whereas localize to

types and tissues!'""'*'7). However, DGAT1/2 adipose
specific double-knockout mice retained a substantial
amount of TAG in their adipocytes!"®, which
suggested
responsible for mammalian TAG synthesis.

the presence of additional enzymes

One candidate enzyme recently implicated in
mammalian TAG synthesis is TMEMG68, a poorly
characterized acyltransferase with weak sequence
homology to monoacylglycerol acyltransferase
(MGAT) and DGAT enzymes!'”. TMEMG6S is
anchored on the ER membrane and is expressed in
adult mouse brain at a higher level than other
tissuest'”. The ectopic expression of TMEMG68
TAG and LD

dependently on the presence of
[20]

promotes storage accumulation
conserved
acyltransferase catalytic active sites=. In addition,
DGAT]1 activity is not required for the increased TAG
levels due to TMEM68 overexpression™”. TMEM68
was recently demonstrated to synthesize TAG using
DAG as an acyl acceptor independent of DGAT,
which was under potent control by thioredoxin-related
transmembrane protein 1 (TMX1) P, TMEM68
overexpression increased TAG levels and reduced
contents of glycerophospholipids (GPLs), especially
phosphatidylcholine (PC) and ether-linked PCP2%,
suggesting the potential utilization of phospholipids as
an acyl donor. In contrast, our previous results showed
20%-30% reduction of TAG levels due to TMEM68
knockout (KO) or knockdown without DGAT
inhibition®"). Thus, the TMEM68-mediated pathway
accounts for a small but discrete proportion of basal
cellular TAG synthesis in mammalian cells.

Compared with wild-type mice, global Tmem68§-
KO mice exhibited a lower body weight, shorter body
size, less body fat and decreased plasma TAGs!,
indicating that DGATs cannot
TMEMG68 deficiency. During lipids deprivation,
TMEMBS68 is required for the production of TAG to
provide FAs for mitochondrial breakdown at the

compensate for

expense of membrane phospholipids'”’. The emerging
data suggest unique roles for TMEM68 and DGATSs in
TAG synthesis from distinct pools of FAs. Whether
the alternative TAG production process affects LD
formation and the interplay between TMEMG68 and
DGAT under different metabolic conditions or across
cell types remain unclear. In the present study, the
roles of TMEMG68 and DGATs in TAG synthesis and
LD formation and their relationships were further
explored based on our previously generated TMEM68-
TMEMG68-KO

overexpressing and human

neuroblastoma cell models.
1 Materials and methods

1.1 Cell culture and transfection

SK-N-SH and HEK293 cells were cultured in
DMEM supplemented with 10% fetal bovine serum
(FBS), 100U/ml  penicillin  and 100 mg/L
streptomycin in a 37°C incubator with 5% CO,. SK/
TMEMG68 cells and SK/TMEM68 KO cells stably
overexpressing and knocking out TMEMG6S,
respectively, were cultured in complete medium
supplemented with 0.5 mg/L puromycin®. The
plasmids pTMEM68-GFP and pDGATI1-mCherry
(constructed by Jiangsu Genecfps Biotechnology Co.,
Ltd., China) were co-transfected into HEK293 cells
using Lipofectamine 2000 (Thermo Fisher Scientific,
USA).
1.2 Oil Red O staining

Cells were treated with vehicle (0.1% DMSO),
10 umol/L DGAT1 inhibitor T863 (MCE, Shanghai,
China), 5 pmol/L DGAT2 inhibitor PF06424439
methanesulfonate (MCE, Shanghai, China) alone or
both DGAT inhibitors for 6 h in the presence or
absence of 0.1 mmol/L. monoacylglycerol (MAG),
I-oleoyl-rac-glycerol  (Sigma-Aldrich, = Shanghai,
China). For cells incubated with MAG and DGAT
inhibitor together, cells were preincubated with DGAT
inhibitor for 1 h. After removing the medium and
washing with PBS, the cells were fixed with 4%
in PBS for
temperature and then stained using an Oil Red O
(ORO) staining kit (Solarbio, Beijing, China). Cell
images were acquired using an Olympus [X73

paraformaldehyde 10 min at room

inverted microscope. The area stained with ORO was
quantified using ImageJ image analysis software!*?.

1.3 Confocal fluorescence microscopy

For detection of LDs, cells were seeded in
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12-well plates mounted onto cover slips. After seeding
for 24 h, cells were treated with vehicle (0.1%
DMSO), 10 pmol/L. T863, 5 umol/L PF06424439
methanesulfonate or both inhibitors for 6 h in the
presence or absence of 0.2 mmol/L oleic acid (OA)
complexed with fat-free BSA for 6h. Before
incubation with OA and DGAT inhibitor together,
cells were treated with DGAT inhibitor for 1 h. Then
cells were washed with PBS twice and fixed with 4%
paraformaldehyde for 30 min at room temperature.
LDs were stained with HCS LipidTOX™ Deep Red
(Thermo Fisher Scientific, USA) (1:1 000 in PBS) for
30 min. After brief washes with PBS, nuclei were
stained with 0.5 mg/L DAPI for 15 min. To detect
colocalization of TMEMG68 and DGATI, cells were
washed with PBS twice after transfection for 48 h and
fixed with paraformaldehyde at room temperature.
Then cells were washed briefly and nuclei were
stained with DAPI. Slides were sealed with antifade
mounting medium and stored at 4°C. Fluorescence
images were captured with an Olympus SpinSR
confocal microscope. HCS LipidTOX™ Deep Red
was excited at 633 nm, and emission was detected
between 650 and 700 nm. DAPI was excited at
364 nm, and emission was detected between 450 and
490 nm. GFP was excited at 488 nm, and emission
was detected between 500 and 530 nm. mCherry was
excited at 561 nm, and emission was detected
between 580 and 610nm. All the
experiments were repeated independently at least 3
times. LD area (2D) was quantitatively determined
using the Imagel Auto Local Threshold tool (Bernsen
method).
1.4 TAG levels assay

TAG levels were determined with an enzyme-
based triglyceride assay kit (Applygen, Beijing,
China). Briefly, cells were harvested and dissolved in
(100 ul/10° cells). After a brief
the protein concentration of the

presented

lysis  buffer
centrifugation,
supernatant was measured with a BCA protein assay
kit (Beyotime Biotechnology, Shanghai, China). The
supernatant was then heated for 10 min at 70°C and
centrifuged for 5 min at 2 000 r/min. TAG levels in
the supernatant were determined according to the
manual of the triglyceride assay kit.
1.5 Co—immunoprecipitation
Co-immunoprecipitation (Co-IP) was performed
according to the manual of the Co-IP kit (Wuhan

Gene Create Biological Engineering Co., Ltd., China).
Briefly, HEK293 cells were co-transfected with
TMEM68-GFP and DGAT1-mCherry plasmid DNA.
48 h post transfection, cells (approximately 2x107)
were solubilized with 1 ml of lysis buffer containing
1% protease inhibitor for 30 min and then sonicated.
Insoluble material was removed by centrifugation at
15000g for 10min at 4°C , and the solubilized
material was transferred to a fresh tube. A 100 ul
aliquot (10% of the total) was removed to determine
the protein levels (input). A 450 pl aliquot was
incubated with 3-5 pg of anti-GFP or anti-mCherry
antibody overnight. Control experiments were
performed using normal mouse IgG (5 pg). Protein
A/G magnetic beads (30 ul) were then added and
rotated for 2 h. The beads were washed with wash
buffer, and the bound proteins were eluted with 100 pl
buffer. A 30 pul
immunoprecipitates was analyzed by immunoblotting
with  anti-mCherry or  anti-GFP  antibodies
(Proteintech, Wuhan, China) (1 - 1 000 dilution). All
manipulations were performed at 4°C.

1.6 RNA extraction and RT-qPCR

Total RNA was extracted using a FastPure® Cell/
RNA Isolation Kit V2 (Vazyme
Biotechnology, Nanjing, China) and then transcribed
to cDNA with a HiScript III All-in-one RT SuperMix
Perfect for quantitative PCR (qPCR) Kit (Vazyme
Biotechnology). Real-time qPCR was performed with
ChamQ SYBR ¢PCR Master Mix (Vazyme
Biotechnology) on a Bio-Rad 1Q5 qPCR System. The
following primers were used: hDGATI fw 5'-CGGT-
CCCCAATCACCTCATCTG-3"; hDGATI rv 5'-TGC-
ACAGGGATGTTCCAGTTC-3"; hactin fw 5'-CAT-
GTACGTTGCTATCCAGGC-3'; and hactin rv 5'-CT-
CCTTAATGTCACGCACGAT-3". mRNA
levels were quantified according to the AAC, method

of elution aliquot of the

Tissue Total

Relative

using f-actin as a reference gene!*,
1.7 TImmunoblotting assay

Total protein extract was prepared in RIPA buffer
supplemented with 1 mmol/L phenylmethanesulfonyl
fluoride (PMSF) by sonication and then centrifuged at
15 000g for 15 min at 4°C to pellet the cell debris.
The supernatant protein concentration was determined
with a BCA protein assay kit. The supernatant was
mixed with 5xSDS loading buffer and boiled for
5 min. All the samples were subjected to SDS/PAGE,
transferred to nitrocellulose filters and subjected to
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immunoblotting analysis using an anti-DGATI
antibody (1 : 1000 dilution) and an anti-GAPDH
antibody (1 : 5000 dilution) (Proteintech, Wuhan,

241 The blots were

China) as described previously
quantified by ImageJ (1.43) software.
1.8 Statistical analysis

All graphs and statistical analyses were
generated using GraphPad Prism 9 (GraphPad
Software, Inc., La Jolla, CA, USA). Bar graphs
represent means£SD. Statistical comparisons for two
groups were performed by the Student’s ¢ test and for
more than two groups by ordinary one-way ANOVA
followed by Tukey’s multiple comparison testing.
Group differences between means were considered

significant at P<0.05.
2 Results

2.1 TAG synthesis and LD formation catalyzed
by TMEMG68 are independent of DGAT activity

LDs are required to store TAGs. The effect of
TMEM68 on LD formation is not well known. As
shown in Figure la, a small number of LDs were
present in human neuroblastoma SK-N-SH cells, and
fewer and smaller-sized LDs were observed after
DGAT1/2 inhibition (D1D2i). LDs content was
significantly increased in SK/TMEMG68
compared with SK-N-SH cells, but was not
significantly decreased by DI1D2i (Figure 1b). OA
supplementation increased the size and number of
LDs in SK-N-SH cells, which was significantly
blocked by D1D2i (Figure 1a). Conversely, neither
OA loading nor DGAT1/2 inactivation significantly
altered the content of LDs in SK/TMEMG68 cells
(Figure 1b). TAG levels were elevated and reduced
significantly by exogenous OA challenge and D1D2i
in SK-N-SH cells (Figure 1c). In contrast, TAG
content was not affected by OA loading in SK/
TMEM68 cells or decreased due to both DGAT
inhibition (Figure 1c). Thus,
exogenous FAs were channeled into TAG and stored
in LDs mainly through DGAT, and TMEMG68 was
capable of promoting TAG and LDs formation
independently of DGAT.

In addition to FAs, MAG is also utilized for TAG
biosynthesis through the MAG pathway. MAG
stimulation resulted in an increased number of cells

cells

activities surplus

stained positive for ORO and a significant increase in
the staining intensity in human neuroblastoma cells

(Figure 2a). Compared with the vehicle group, the
ORO staining area and TAG levels were increased
more than 5-fold by MAG treatment in SK-N-SH
cells (Figure 2b, c). When both DGAT activities were
inhibited pharmacologically using established small
molecule inhibitors, almost no ORO staining was
observed in the presence of exogenous MAG. This
inhibitory effect occurred mainly through DGAT1, but
not DGAT2
DGAT1 was the dominant enzyme for TAG synthesis
using MAG in SK-N-SH cells. In contrast, ORO
staining and TAG levels in SK/TMEMG68 cells were
insensitive to MAG treatment and DGAT1/2
inhibition (Figure 2), showing that TMEM68 was
capable of promoting TAG  accumulation
independently of DGAT and exogenous MAG. We
next repeated these experiments with TMEM68 KO
cells and found that ORO staining and TAG content
were increased significantly upon MAG treatment and
DGAT1/2
inhibitors, which was indistinguishable from the
findings in SK-N-SH cells (Figure 2). This further
suggested that the incorporation of exogenous MAGs
DGATs, mainly DGAT1 and
TMEMG68 did not efficiently metabolize exogenously
provided MAGs for TAG synthesis.
2.2 TMEM68 and DGAT
contribute to LD formation

The contributions of DGAT and TMEMG68 to LD
formation were further

inactivation (Figure 2), suggesting

decreased to wundetectable levels by

strictly  requires

differentially

investigated in human
neuroblastoma cells. Compared with SK-N-SH cells,
almost no LDs were observed in SK/TMEM68 KO
cells after inhibition of DGAT1/2 (Figure 3a, b),
showing that TMEM68 and DGAT1/2 contributed to
LD formation. In SK-N-SH cells treated with DGAT1/2
inhibitors, the content of LDs was significantly
reduced and only few LDs with larger size were
present, suggesting TMEMG68 may contribute to the
formation of large LDs. This was further supported by
the presence of medium- and small-sized LDs in
SK/TMEM68 KO cells without DGAT1/2 inhibitors.
The contribution of DGAT1 and DGAT?2 alone to LDs
formation was further explored in TMEMG68
deficiency cells. DGAT1 inhibitor (D1i) led to the
disappearance of almost all but a few small-sized LDs
and a significant reduction in LDs content in
SK/TMEM68 KO cells, whereas DGAT2 inhibitor
(D2i) had little effect on LD formation (Figure 3),
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Fig.1 LD and TAG formation driven by TMEM68 was independent of DGAT activity
(a) SK-N-SH and SK/TMEM68 (TMEM68-overexpressing) cells were cultured in medium supplemented with OA (+OA) or not (-OA) and treated
with DGAT1/2 inhibitors together (D1D2i) or vehicle for 6 h. Cells were preincubated with D1D2i for 1 h before OA loading. LDs and nuclei were
visualized using HSC LipidTOX Deep Red and DAPI, respectively. Images were acquired by confocal fluorescence microscopy. (b) LD area/cell in

(a) was quantified using the ImageJ from 5 images for each treatment. Data were from a representative experiment that was repeated twice. (¢) TAG

levels were determined in 3 independent samples. Data are representative of three independent experiments and are presented as mean+SD. *P<0.05,

**P<0.01, ***P<0.001.

showing that DGAT1 functions as the major DGAT
enzyme responsible for LDs formation. Collectively,
TMEMG68 and DGAT1/2 have distinct contributions to

LD biogenesis.
2.3 TMEMBG68 colocalizes but does not interact
with DGAT1

TMEM68 and DGAT1 are the ER-anchored
membrane proteins that contribute to TAG
synthesis!> '), but how do they coordinately

synthesize TAG? We first co-expressed TMEM68 and
DGAT1 and observed their subcellular localization in
HEK293 cells. As shown in Figure 4, ectopically

expressed GFP alone was diffusely distributed
throughout the cell, whereas TMEM68 fused with
GFP (TMEMO68-GFP) exhibited a reticulate pattern in
the cytoplasm. Similarly, DGAT1 tagged with
mCherry (DGAT1-mCherry) also displayed a
reticulate pattern. Thus, GFP overlapped with DGAT1
to a minimal extent, wherecas TMEM68 and DGAT1
completely overlapped with each other in terms of
subcellular localization, revealing the colocalization
of both TMEM68 and DGAT1 in the ER. Next, we
performed co-IP experiments to investigate the
interaction of TMEMG68 and DGATI1. The co-
expression of TMEM68-GFP and DGAT1-mCherry
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Fig. 2 The synthesis of TAG catalyzed by TMEMG68 was not altered by exogenous MAG
(a) Accumulation of TAG as assessed by ORO staining. SK-N-SH, SK/TMEM68 (TMEM68-overexpressing) and SK/ TMEM68 KO (TMEM68
knockout) cells were preincubated for 1 h with DGAT1 inhibitor (D1i), DGAT2 inhibitor (D2i) alone or DGAT1/2 inhibitors together (D1D21i)
followed by incubation with 0.1 mmol/L MAG or vehicle in the presence/absence of DGAT inhibitors for 6 h. Cells were fixed and then stained with

ORO. Images were acquired to visualize TAGs. Three images were randomly acquired in each well. (b) Quantification of ORO staining area in (a) by

the ImagelJ. Total LD area of 3 random images per well was quantified and 5 wells were counted for every sample. Data are from a representative

experiment that was repeated twice. (¢) TAG levels measurement in (a), n=3. Data are presented as mean+SD. *P<0.05, **P<0.01, ***P< 0.001.
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Fig.3 Contribution of TMEM68 and DGAT to LD formation in mammalian cells
(a) SK-N-SH and SK/TMEM68 KO (TMEMG68 knockout) cells were preincubated for 1 h with DGAT1 inhibitor (D1i), DGAT2 (D2i) alone, in
combination or not, followed by incubation with OA+DGAT inhibitor for 6 h. LDs and nuclei were visualized using HSC LipidTOX Deep Red and

DAPI, respectively. Images were acquired by confocal fluorescence microscopy. (b) Quantification of LD area in (a). LD area/cell in 5 images for

each sample was quantified. Data are from a representative experiment that was repeated twice and are presented as mean+SD. *P<0.05, **P<0.01.

DGAT1-mCherry

TMEMG68-GFP

DGAT1-mCherry

Fig. 4 Colocalization of DGAT1 and TMEM68 in mammalian cells
GFP or TMEM68-GFP and DGAT1-mCherry were co-expressed in HEK293 cells, and their subcellular distribution was observed by confocal

fluorescence microscopy. Nuclei were visualized with DAPI. The images were representative results from 3 independent experiments.

was confirmed by immunoblotting lysates of
transfected cells with anti-GFP and anti-mCherry
antibodies (Figure 5, Input). TMEMG68-GFP was
immunoprecipitated using an anti-GFP antibody with
normal IgG as a control. No immunoreactive material
was observed when anti-GFP immunoprecipitates
were immunoblotted with anti-mCherry, similar to the
normal IgG control, whereas DGAT1-mCherry was

detected in the supernatant (Figure 5a). The
expression of GAPDH was detected only in the
supernatant and input. Similar results were observed
when anti-mCherry and anti-GFP antibodies were
used for IP and WB, respectively (Figure 5b). These
results together showed that TMEMG68 does not
interact with DGAT.
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Fig.5 Co-IP of TMEMG68 and DGAT1 from HEK293 cells
TMEMG68-GFP was co-expressed with DGAT1-mCherry. (a) DGAT1 was immunoprecipitated with an anti-GFP antibody, and normal IgG was used

as the control. Input, IP and IP supernatants were separated by SDS-PAGE and then probed with anti-mCherry. (b) TMEM68 was immunoprecipitated

with an anti-mCherry antibody, and normal IgG was used as the control. Input, IP and IP supernatants were separated by SDS-PAGE and then probed

with anti-GFP. GAPDH was used as a protein loading control. The blots were representative results from 3 independent experiments.

24 TMEMG68 influences the expression of

DGAT1
Although TMEMG68 does not interact with
DGAT1, whether TMEMG68 influences DGATI1

expression to coordinate intracellular TAG synthesis
is unclear. In human neuroblastoma cells, TMEM68

overexpression significantly reduced the mRNA
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levels of DGATI gene by about 0.4-fold of control
cells, while TMEMG68 deficiency had little effect
(Figure 6a). These findings were further confirmed at
the protein level. As shown in Figure 6b, TMEM68
overexpression downregulated the expression of
DGAT1 by approximate 35%, whereas TMEM68 KO
did not affect DGAT1 levels compared with SK-N-SH
control cells.
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Fig. 6 TMEMG68 affected the expression of DGAT1 in human neuroblastoma cells.
(a) mRNA levels of DGATI gene were quantified by qPCR. (b) The expression of DGAT1 was detected by Western blot and quantified. The

expression of GAPDH was used as an internal control. Data are presented as mean+SD. *P<0.05, n=4.
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3 Discussion

TAG synthesis is tightly and accurately regulated
in the body. To date, the canonical TAG synthesis
pathway carried out by DGAT and an alternative
pathway catalyzed by TMEMG68 have been identified
in mammals!-*?). DGATs utilize FA to esterify DAG
with a preference of DGAT1 for exogenous and
recycling FA, as well as DGAT2 for de novo
synthesized FA!'"'? In human neuroblastoma cells,
DGAT1 was demonstrated to be the dominant enzyme
utilizing exogenously supplied surplus FA and MAG
to synthesize TAG and form LDs. TMXI1 usually
restricts TMEMG68-catalyzed TAG  synthesis®.
Overexpression of TMEMG68S still promotes TAG and
LDs accumulation independent of DGAT in the
presence of TMX1. TMEM68 may not be able to
efficiently utilize excess exogenous OA and MAG for
TAG synthesis

TAGs synthesized by both DGAT1 and DGAT2
affect the size and number of LDs in primary

human carcinoma

[13]

hepatocytes!'!),
cells!'"> >, adipocytes!"! and human skeletal muscle
cells?®®!. Here, TMEM68 and DGAT1/2 were found to
be responsible for

hepatocellular

LD formation in human
neuroblastoma cells. TAG synthesis and LD formation
were mainly dependent on DGATs, especially
DGAT1, and TAGs synthesized by TMEM68 were
stored in a few large LDs. Conversely, TAGs
synthesized through the canonical DGAT-dependent
pathway led to more and smaller-sized LDs
formation. The distinct sizes and numbers of LDs
formed by TMEM68 and DGATs may be related to
TAG composition for their differential access to
precursor pools. Both DGAT1 and DGAT?2 catalyze
the transfer of a fatty acyl group from FA-derived
fatty acyl-CoA to DAG, thereby forming TAGU'%,
while TMEMG68 possibly transfers fatty acyl groups
from membrane GPLs to DAGY. TMEM6S
deficiency led to a biased depletion of highly
unsaturated TAG  speciesi®!),  suggesting that
endogenous TMEMG68 preferentially (may not
exclusively) incorporates polyunsaturated fatty acyl
form GPLs into DAG. In addition to TAG synthesis,
TMEMG68 appears to have a function in basal cellular
GPLs remodeling and PUFAs homeostasis®'. GPLs
metabolism has been linked to LD formation!*’2*],

How the alternative TAG biosynthesis pathway driven

by TMEMG68 affects LD biogenesis needs to be
further revealed at the molecular level. In addition,
LD size and TAG components are crucial for
determining the catabolism of LDs and the ultimate
fate of the released FAs®>?). Thus, it will be
necessary to elucidate the catabolism of LDs formed
by TMEMG68 and the utilization of FAs released under
different metabolic conditions and across cell types.
DGAT1 and TMEMG68 are integral membrane
proteins in the ER!"* '), DGATI is the major enzyme
responsible for TAG synthesis and TMEMG68
synthesized TAG independent of DGAT in human
neuroblastoma cells. Plants, yeast and microalgae
employ a well-known acyl-CoA independent pathway
for TAG synthesis, in which a fatty acyl is transferred
from GPLs to DAG via the enzyme phospholipid:

diacylglycerol acyltransferase (PDAT) B34, In
Arabidopsis, PDAT1 interacts with DGATI to
enhance TAG assembly™. Although TMEM68

colocalized with DGAT1 in the same subcellular
compartment, they did not interact each other in
Overexpression of TMEMG68
reduced the expression of DGATT, resulting in a non-

mammalian cells.
significant change LDs content in response to medium
supplemented with exogenously OA or MAG. This
may be an adaptive mechanism of TMEMG68
overexpression leading to an increase in TAG content.
In contrast, TMEMG68 deficiency did not affect the
expression of DGAT1, which may be owing to a less
reduction in TAG levels (approximate 30%) '),
However, TMEM68 is widely expressed in human
organs, indicating that it may play a role in
maintaining lipid homeostasis beyond TAG in
multiple tissues.

4 Conclusion

Taking together, our findings demonstrate that
TMEM68 and DGATI1 colocalize to the same ER
subdomain to coordinate TAG synthesis by regulating
gene expression without interaction. TMEM68 may
have different precursor pools from DGAT to
synthesize TAG in a DGAT-independent manner,
leading to LDs with unique characteristics compared
to those formed by DGAT.
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EEE B8 Bt H Bt K EBE S i & AL
MR EFR R ARIER

& R MEF OSHFE #EHM e wRE
(TP A B R 5 TR, KT KB R AR50 % . 7K 400065)

WE B RE—FK=BEHM (TAG) AWHREREE T IEIE T 68 (TMEM68), Jifix TMEM68 54 TAG &
FRAGIESLANET A « ZEEH VR RSN (DGAT) Z MMM EAEN . Aix il i DGAT Ml b B 5 A e IE A . T
21 O Y IR AL LA S TAG ZKF-, WS AR AR U7 B2 A1 A 1% H i % TMEMG68 33 32 35 TR 55 240 B2 A9 TAG & RN AR TE A A 52 0
JETH R eyl e a1 LR AR DO AR SR . TAG APl 3 Tl A G AR50 &0 52 . TMEM68 il DGAT1
P 7 3 3 FE TR AL R AT E B AOR K , IR F G FEUTRE R e AT A o SR FH I EE S5 0 0 3R R S 1y #
g% ENIREARG I DGAT 363k, 58 TMEM6S ML TAG A A KIS DGAT iE M. 1E AP B an i eh , AR AE
5 PR 0 BAL B KL HE 9k 3 258 i DGAT {2 #F TAG 5 )il . TMEMG68 5 DGAT JE i i g i BA AR AIE S . 1b4h, TMEMG6S Al
DGAT1fE[E— MR (ER) XEHEn, [EALEYHMEA/EH . TMEM6S fid Fik &M% T2 5 TAG 4 /MY 3% DGAT
Hi DGAT1 BYFE3A, 4K1MI TMEM68 BRI A #4518 TMEMG68 /5 TAG & k2 HoA A F T4 DGAT 18 g By L
SR TMEMG68 Fl DGAT W] REIL[F] I 2 Il Y TAG 7K.
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