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The acyltransferase transmembrane protein @
68 regulates breast cancer cell proliferation
by modulating triacylglycerol metabolism
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Abstract

Background Cellular carcinogenesis is often marked by the accumulation of lipid droplets (LDs) due to
reprogrammed lipid metabolism. LDs are dynamic organelles that primarily store intracellular triacylglycerol (TAG) and
cholesteryl esters (CEs). Transmembrane protein 68 (TMEM68), a potential modifier of human breast cancer risk and
outcomes, functions as a diacylglycerol acyltransferase, synthesizing TAG. However, the specific roles of TMEM68 in
breast cancer cells remain unclear.

Methods Gene expression profiling interactive analysis and survival analysis were conducted. TMEM68 was
overexpressed or knockdown in breast cancer cells to assess its impact on cell proliferation, migration and invasion.
Targeted quantitative lipidomic analysis and quantitative polymerase chain reaction were used to profile lipid
alterations and examine gene expression related to lipid metabolism following changes in TMEM68 levels.

Results TMEM68 gene was upregulated in breast cancer patients and higher TMEM68 levels were associated with
poorer survival outcomes. Overexpression of TMEM68 increased breast cancer cell proliferation and invasion, whereas
knockdown had minimal or no impact on reducing proliferation and invasion. Altering TMEM®68 levels resulted in
corresponding changes in TAG levels and cytoplasmic LDs, with overexpression increasing both and knockdown
decreasing them. Lipidomic analysis revealed that TMEM68 regulated TAG levels and altered diacylglycerol content in
breast cancer cells. Additionally, TMEM68 influenced the metabolism of glycerophospholipids, CEs and acylcarnitines.
TMEM68 also modified the expression of key genes encoding enzymes related to neutral lipid metabolism, including
TAG and CEs.

Conclusions TMEMG68 is highly expressed in breast cancer and negatively correlated with survival. Its overexpression
promotes breast cancer cell proliferation while knockdown has varied effects depending on TMEM68 levels. TMEM68
regulates intracellular TAG and LDs contents along with alterations in glycerophospholipids. These findings suggest
that TMEM68 may drive breast cancer cells proliferation by modulating TAG and LD content.
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Introduction

The incidence and associated mortality rates of breast
cancer, as the most frequent cancer among women are
steadily rising worldwide [1, 2]. Based on gene expres-
sion, highly complex and heterogeneous breast cancer
is usually classified into four distinct subtypes [3-5].
Luminal A tumors are positive for estrogen receptor (ER)
and progesterone receptor (PR), but negative for CK5/6,
epidermal growth factor receptor (EGFR) and human
epidermal growth factor receptor 2 (HER2). Luminal B
tumor have lower expression of ER and PR and exhibit
high histologic grade. HER2-positive tumors subtype
may be HER2 positive, but negative for CK5/6, EGFR,
ER, and PR. Triple-negative breast cancer (TNBC) lacks
ER and PR expression and shows no amplification of the
HER?2 gene [3-5].

Metabolic reprogramming, an established hallmark
of cancer, has been identified as a prerequisite for can-
cer initiation and progression [6]. Lipids provide energy,
form the backbone for membrane synthesis, and act as
mediators of signal transduction in cancer cells. Regulat-
ing lipid metabolism is considered an effective strategy
for cancer cells adapt to changing microenvironments
and has attracted extensive research attention in recent
years [7]. LDs accumulation is a common feature of cel-
lular carcinogenesis and often accompanies lipid metab-
olism reprogramming [8]. In breast cancer cells, LD
expansion enhances cell survival during hypoxia and
protects cells against nutrient and oxidative stress [9-12].
High LD content is also associated with breast cancer cell
stemness as well as drug and radiation therapy resistance
[13-15].

Neutral lipids, primarily TAG and CE are stored in
the hydrophobic core of LD [16]. With the exception of
the monoacylglycerol (MAG) pathway that is largely
restricted to enterocytes, the glycerol-3-phosphate (G3P)
pathway is primarily responsible for the de novo synthesis
of TAG in most mammalian cells (Supplementary Fig. S1)
[17, 18]. Both pathways share a common final reaction,
incorporating a fatty acid from acyl-CoA into diacylglyc-
erol (DAG), which is catalyzed by the acyl-CoA: diacyl-
glycerol acyltransferases (DGATs), DGAT1 and DGAT?2,
the key enzymes in TAG synthesis [17, 18]. In contrast,
TAG is initially mobilized by adipose triglyceride lipase
(ATGL), the rate-limiting enzyme during lipolysis [19].
All of them are implicated in breast cancer progression
[8, 20]. Additionally, enzymes participated in fatty acid
synthesis contribute to breast cancer tumorigenesis [21,
22].

The putative acyltransferase transmembrane protein 68
(TMEMBS68) forms a distinct subgroup in the pfam01553
glycerophospholipid acyltransferase family [23], although
its role in TAG metabolism in breast cancer remain
unclear. Several enzymes in the G3P pathway, including
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glycerophosphate acyltransferase (GPAT) and acylg-
lycerophosphate acyltransferase (AGPAT) also belong
to this family [23]. Akin to GPAT/AGPAT, TMEM68
contains the most conserved motif I in the pfam01553
domain with the conserved active sites H and D forming
an acyltransferase catalytic dyad [23, 24]. TMEMS68 has
two putative transmembrane domains and is localized to
the endoplasmic reticulum via the first transmembrane
domain [24]. Overexpression of TMEMG68 elevated TAG
levels and enhanced LD accumulation in HEK293 and
MCE-7 cells, depending on the conserved catalytic motif
I [25]. An in vitro assay revealed that TMEMG68 exhibited
monoacylglycerol acyltransferase (MGAT) and DGAT
activity [25]. TMEM68 mediates an alternative pathway
for TAG synthesis independent of DGAT and possibly
incorporate fatty acyl groups from phospholipids into
DAG to form TAG (Fig. S1) [26]. TMEMBS68 activity is
blocked by the endoplasmic reticulum-anchored trans-
membrane thioredoxin 1(TMX1), and deletion of TMX1
triggers TMEMG68 activity, resulting in higher than basal
levels of TAG in cells [26]. Tmem68 knockout in mice led
to around a 50% reduction in fat mass and lowered TAG
levels in serum and brain tissue [26]. Thus, TMEM68
plays a critical role in TAG biosynthesis.

Expression levels of the rat TMEM68 gene are higher
in susceptible breast tumors than in resistant mammary
tumors, suggesting that TMEM68 may be a potential
modifier of breast cancer risk and outcomes in humans
[27]. Given its role in TAG biosynthesis, TMEMS68 likely
influences breast cancer cells by regulating lipid metabo-
lism, particularly TAG homeostasis. Given the complex
effects of lipids on tumor development, it is essential to
analyze biological samples using methods that can assess
multiple lipid species rather than focusing on a single
lipid class. In the current study, TMEM68 was demon-
strated to regulate the proliferation of breast cancer cells,
and modulate global lipid homeostasis, especially levels
of TAG and glycerophospholipids (GPLs).

Materials and methods

Gene expression profiling and survival analysis

Gene expression, overall survival (OS) and disease-
free survival (DFS) analyses of TMEM68 in breast
cancer patients were conducted on Gene Expression
Profiling Interactive Analysis (GEPIA) website (http://
gepia.cancer-pku.cn/) [28]. In total, 1085 breast invasi
ve carcinoma (BRCA) samples and 291 normal breast
tissue samples were included. Box plots and stage plots
for the TMEMG68 gene were generated to analyze gene
expression profiles in BRCA and paired normal samples.
Survival differences for disease-free interval (DFI) and
metastasis-free survival (MFS) were analyzed between
high- and low-TMEM®68 levels groups using the R pack-
age “survival’ P-values were determined using Log-rank


http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/

Zhao et al. Lipids in Health and Disease (2024) 23:378

tests. TMEMS68 protein expression detected by immuno-
histochemistry (IHC) was from The Human Protein Atlas
(https://www.proteinatlas.org).

Cell culture and treatment

SK-BR-3 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100 units/mL penicillin and 100 pg/
mL streptomycin. MCEF-7 cells were cultured in DMEM
containing FBS, penicillin, streptomycin, and 10 pg/mL
insulin. BT-474 cells were cultured in RPMI 1640 supple-
mented with 20% FBS, penicillin and streptomycin,10 pg/
mL insulin and 200 pg/mL L-glutamine. SK-BR-3, MCE-7
and BT-474 cells were maintained at 37 °C in saturated
humidity with 5% CO,. MDA-MB-453 cells were cul-
tured in L-15 medium supplemented with 10% FBS,

Table 1 The primers used for gPCR

Primer name Sequence (5'-3')

TMEM68F CGGGTGCAGAAAACTCCAG
TMEM68R CGCATAATCTTCCGGCCATAGA
ATGLF GAGATGTGCAAGCAGGGATAC
ATGLR CTGCGAGTAATCCTCCGCT

HSLF GACCCCTGCACAACATGATG
HSLR TGAGCAGCACCCTTTGGATG
DGAT1F GGTCCCCAATCACCTCATCTG
DGAT1R TGCACAGGGATGTTCCAGTTC
DGAT2F ATTGCTGGCTCATCGCTGT
DGAT2R GGGAAAGTAGTCTCGAAAGTAGC
FASNF AAGGACCTGTCTAGGTTTGATGC
FASNR TGGCTTCATAGGTGACTTCCA
SCD1F TTCCTACCTGCAAGTTCTACACC
SCD1R CCGAGCTTTGTAAGAGCGGT
ACACAF TCACACCTGAAGACCTTAAAGCC
ACACAR AGCCCACACTGCTTGTACTG
SOAT1F GGTGCGCTCTCACAACCTTT
SOAT1R GAGGTGCTCTCAAATCCTTCG
SOAT2F ATGGAAACACTGAGACGCACA
SOAT2R GGTAGGATTATATAGCCTCCCG
PPARaF TTCGCAATCCATCGGCGAG
PPARaR CCACAGGATAAGTCACCGAGG
PPARYF TACTGTCGGTTTCAGAAATGCC
PPARYR GTCAGCGGACTCTGGATTCAG
actinfF CATGTACGTTGCTATCCAGGC
actinR CTCCTTAATGTCACGCACGAT
GPAT1F GATGTAAGCACACAAGTGAGGA
GPAT1R TCCGACTCATTAGGCTTTCTTTC
GPAT2F TGTGGTCGTCAGGCTTTGG
GPAT2R GGTCCGTTATGCTTCTGTGGA
GPAT3F CGCTGGTTCTCGGCTTCAT
GPAT3R TGGCCCACTCTAAAGTTTTCAC
GPAT4F GGTATCCGCAAACTCTACATGAA
GPAT4R CCACTTCGACGAATCTCTTTGA
TMX1F TTGCGAAAGTAGATGTCACAGAG

TMX1R CTGATAGCGCCTAAATTCACCAT
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penicillin and streptomycin, 10 pg/mL insulin, in a 37 °C
incubator with saturated humidity. 0.2 mM oleic acid
(OA) complexed with fat-free bovine serum albumin was
loaded into medium for 12 h to induce TAG biosynthesis.

Generation of lentivirus and stable infection

To stably express and knockdown human TMEMS68, len-
tiviral particles were generated and then transduced into
MCE-7 cells as previous description [29]. Briefly, lenti-
viral particles containing vectors expressing the human
TMEMG68 protein were produced by VectorBuilder
(Guangzhou, China). Lentiviral plasmids encoding
scrambled shRNA or shRNA targeting human TMEM68
(sShTMEM68: 5°-TTCCTGGATAATGCGTTAAATCT
CGAGATTTAACGCATTATCCAGGAA-3") were con-
structed and lentiviral particles were generated by Cya-
gen Biosciences (Suzhou, China). Cells (3x10° per well)
were seeded into 6-well plates and transduced with len-
tiviral particle and polybrene (8 pg/mL) for 24 h the next
day. Stable expressing cell clones were then selected with
puromycin (2 pg/mL) for one week. Positive clones for
overexpression or knockdown were verified by quantita-
tive polymerase chain reaction (qQPCR).

RNA extraction and gPCR

Total RNA was prepared using the Total RNA Isola-
tion Kit V2 (Vazyme Biotechnology, Nanjing, China)
according to the manufacturer’s instructions. Reverse
transcription (RT)-qPCR was carried out using RT mix-
ture with a DNase (Yuhen Biotechnologies, Suzhou,
China) and SYBR Mix (Vazyme Biotechnology) on a Bio-
Rad IQ5 qPCR system. Gene expression were determined
based on the AACt method using S-actin as reference
gene [30]. Primers were listed in Table 1.

Immunoblotting analysis

Total protein was prepared by sonication in RIPA buf-
fer containing 1 mM phenylmethylsulfonyl fluoride
(PMSEF) and then centrifuged at 15,000 g and 4 °C for
10 min to precipitate cellular debris. Protein concentra-
tion was measured using a BCA protein assay kit (Beyo-
time Biotechnology, Shanghai, China). The supernatant
samples were mixed with Laemmli buffer, denatured at
98 °C for 5 min, subjected to SDS-PAGE, and electrob-
lotted onto nitrocellulose membranes. Membranes were
incubated in TBST buffer containing 5% milk for 1 h to
block nonspecific binding. TMEM68 expression was
detected by immunoblotting with an anti-TMEM68 anti-
body (Abmart Biotechnology, Shanghai, China; 1:1000
diluted in TBST containing 5% milk), as described previ-
ously [31]. GAPDH protein levels were used as a loading
control.
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Cell proliferation assay

Cell viability was assessed using a Cell Counting Kit-8
(CCK-8; Solarbio Life Sciences, Beijing, China) at 24, 48,
72, and 96 h post seeding. Cells were seeded in 96-well
plates at a density of 5x10° cells/well. After removing
medium at the indicated times, cells were incubated with
complete medium supplemented with 10% well-mixed
CCK-8 reagent for 2 h. Absorbance at 450 nm was then
measured using a microplate reader (Detie, Nanjing,
China).

Cell migration and invasion assays

The cells were plated in triplicates in the upper wells of
24-well transwell chambers (8.0 pm pore size) at a den-
sity of 1x10° per well in 100uL of serum-free medium.
At the same time, 600pL of complete medium containing
20% FBS was added to the lower chamber. After a period
of 48 h migration at 37 °C and 5% CO, atmosphere, cells
remaining at upper membrane surface of the upper wells
were removed by wiping with a cotton swab. Cells that
migrated to the lower surface of filter were fixed with 4%
paraformaldehyde for 20 min and stained with 0.5% crys-
tal violet solution for 15 min.

The transwell invasion assay was performed as
described above, except that 100pL of 1:8 serum-free
medium-diluted Matrigel (Corning, Shanghai, China)
was added to each well at 37 °C for 2 h before the cells
were seeded onto the membrane, followed by a 48-h
incubation. The cells that passed through the filter were
photographed using an inverted microscope. The cell
migration and invasion were scored by counting five ran-
dom fields per filter under a light microscope.

Oil red O staining

Cells were washed briefly twice after removing medium
with phosphate-buffered saline (PBS), and then fixed
with 4% paraformaldehyde at room temperature for
15 min. Neutral lipids were stained using an Oil Red O
kit (Solarbio Life Sciences). Images were then captured
using an inverted microscope.

TAG level measurement

TAG levels were determined using the Triglyceride
Assay Kit E1025 (Applygen, Beijing, China), as previously
described [25]. Briefly, cells were harvested and dissolved
in lysis buffer. Cell lysates were briefly centrifuged, and
supernatants was heated at 70 °C for 10 min and further
centrifuged at 2000 rpm for 5 min. TAG levels in the
supernatants were measured following the manufactur-
er’s protocol.

Confocal fluorescence microscopy
Cells were cultured in 12-well plates and mounted onto
coverslips. The following day, cells were fixed with 4%
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paraformaldehyde at room temperature for 30 min and
then washed briefly with PBS. LDs were stained with
HCS LipidTOX™ Deep Red (ThermoFisher Scientific,
Waltham, MA, USA; 1:1000 dilution in PBS) for 30 min.
Nuclei were stained with 0.5 pg/mL 4’,6-diamidino-
2-phenylindole (DAPI) for 15 min. Slides were sealed
with antifade mounting medium and cells were imaged
using an Olympus SpinSR confocal microscope. HCS
LipidTOX™ Deep Red was excited at 633 nm, and emis-
sion was detected at 650—-700 nm. DAPI was excited at
364 nm, and emission was detected at 450—-490 nm.

Quantitative lipidomic analysis
Lipid extraction and targeted lipidomic analyses were
performed by LipidALL Technologies (Changzhou,
China). Approximately 1x10” cells were used to extract
lipids with a modified Bligh and Dyer’s method as
described previously [32]. Briefly, cells were homog-
enized in a 750 pL solution containing chloroform:
methanol: Milli-Q H,O (volume ratio: 3:6:1), and then
incubated at 1500 rpm and 4 °C for 1 h. Adding 250 pL
of chloroform and 350 pL of deionized water to induce
phase separation. Lipid extraction was repeated once
by adding 450 pL of chloroform to the remaining cells
in aqueous phase, and the lipid extracts were pooled
into a single tube and dried in the SpeedVac under OH
mode. Upper aqueous phase and cell pellet were dried in
a SpeedVac under H,O mode. Total protein content was
determined from the dried pellet using the Pierce® BCA
Protein Assay Kit according to the manufacturer’s proto-
col. Samples were stored at -80°C until further analysis.
Lipidomic analyses were conducted at LipidALL
Technologies using a Jasper high-performance liq-
uid chromatography (HPLC) system coupled with
Sciex TRIPLE QUAD 4500 MD as reported previously
[33]. Separation of individual lipid classes by normal
phase (NP)-HPLC was carried out using a TUP-HB
silica column (i.d. 150x2.1 mm, 3 um) with the follow-
ing conditions: mobile phase A (chloroform: methanol:
ammonium hydroxide, 89.5:10:0.5) and mobile phase B
(chloroform: methanol: ammonium hydroxide: water,
55:39:0.5:5.5). Multiple reaction monitoring (MRM)
transitions were set up for comparative analysis of vari-
ous lipids (Supplementary Table 1). Individual lipid
species were quantified by referencing to spiked inter-
nal standards. d9-PC32:0(16:0/16:0), PE 34:0, dic8-PI,
d31-PS, C17:0-PA, DMPG, CL-14:0, C14-BMP, C12-SL,
C17-LPC, C17-LPE, C17:1-LPI, C17:0-LPA, C17:1-LPS,
C17-Cer, C12-SM, d17:1-S1P, d17:1-Sph, C8-GluCer,
C8-GalCer, C8-LacCer, Gb3-d18:1/17:0, d3-16:0 carni-
tine, DAG(17:0/17:0)-d5 were obtained from Avanti Polar
Lipids. GM3-d18:1/18:0-d3 was purchased from Matreya
LLC. Free fatty acids were quantitated using d31-16:0
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(Sigma-Aldrich). d6-CE 18:0 and TAG(16:0)3-d5 were
obtained from CDN isotopes.

Statistical analysis

Data are presented as the meanzstandard deviations.
Statistical significance was performed using one-way
analysis of variance with two-tailed t-test method and
two-sample heteroscedasticity. Graphs and statistical
results were generated in GraphPad Prism (version 9.5.1).
Group differences between means were considered sta-
tistically significant for P<0.05 (*).

Results

Upregulation of TMEM68 in breast cancer patients is
associated with poor survival

Compared with normal breast tissues, the TMEM68 gene
was upregulated in bulk breast cancer tissues (Fig. 1A).
However, this upregulation did not significantly vary
across cancer stages (Fig. 1B). Higher TMEM®68 gene
expression was correlated with a decrease in OS and DFS,
as shown by GEPIA (Fig. 1C, D). Similarly, compared
to breast cancer patients with low TMEM®68 levels, the
probabilities of DFI and MFS were significantly lowered
in those with high TMEMS68 expression (Fig. 1E and F).
IHC staining showed elevated TMEMG68 protein expres-
sion in breast tumor tissue relative to normal breast tis-
sue (Fig. 1G). These analyses suggest that TMEM68 may
contribute to breast cancer pathogenesis.

Effect of TMEM68 on breast cancer cell proliferation,
migration and invasion

TMEMG68 expression was firstly analyzed in four breast
cancer cell line subtypes. TMEMG68 gene expression was
highest in luminal B BT-474 cells, followed by luminal
A MCEF-7 cells, and relatively lower in both SK-BR-3
(HER2-positive) and MDA-MB-453 (TNBC) cells (Fig.
S2A). Immunoblotting analysis revealed a similar trend
at the protein levels (Fig. S2B). Thus, TEME68 is dif-
ferentially expressed across distinct breast cancer cell
subtypes.

Based on the expression profiles, MCF-7 and SK-BR-3
cells were selected for overexpression experiments,
whereas MCF-7 and BT-474 cells were used for knock-
down assessments. In TMEM68 overexpressing SK-BR-3/
TMEM68 and MCF-7/TMEMG68 cells, TMEM68 mRNA
levels increased by approximately 12- and 30-fold,
respectively, compared with control cells (Fig. S3). Con-
versely, compared with the scrambled shRNA (shCon-
trol), TMEM68 knockdown by shRNA (shTMEM68)
significantly reduced TMEM68 mRNA levels by >80% in
both MCF-7 and BT-474 cells (Fig. S3).

Beginning at 24 h post seeding, cell proliferation
rates were monitored through comparing the CCK-8
absorbance values at different times. Overexpression of
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TMEMG68 promoted the growth of MCF-7 and SK-BR-3
cells at 72 and 96 h post seeding (Fig. 2A and B). Con-
versely, TMEM®68 knockdown markedly inhibited MCE-7
cells but not in BT-474 cell proliferation (Fig. 2C and D).
Thus, TMEM68 overexpression enhances breast cancer
cell proliferation, whereas TMEM68 knockdown inhibits
this process in cell dependent manner.

In addition, transwell migration assays without matri-
gel showed that overexpression of TMEM68 promoted
MCE-7, but not SK-BR-3 cells migration, while TMEM68
knockdown did not affect cell migration in both MCE-7
and BT-474 cells (Fig. 2E and G). Next, transwell invasion
assays with matrigel revealed that enhanced TMEM68
expression improved MCF-7 and SK-BR-3 cells invasion,
conversely knockdown of TMEMS68 has no impact on cell
invasion in both MCF-7 and BT-474 cells (Fig. 2F and H).

TMEM®68 controls TAG levels and LD content in breast
cancer cells

Consistent with previous results [25, 26], overexpression
of TMEMS68 increased TAG levels by approximately 3.2-
and 2.1-fold compared with control MCEF-7 cells under
both basal conditions and OA supplementation condi-
tions, respectively (Fig. 3A). Similarly, TMEM68 overex-
pression in SK-BR-3 cells elevated TAG levels by more
than 2.2-fold, both with and without OA supplementa-
tion (Fig. 3A). In contrast, TMEM68 knockdown reduced
TAG levels by more than 20% reduction in both MCF-7
and BT-474 cells, with or without OA loading (Fig. 3B).

As synthesized TAGs are stored in the core of LDs, the
impact of TMEM68 on LDs was investigated. As shown
in Fig. 3C, MCEF-7/TMEM®68 cells accumulated larger
and more numerous LDs compared with control MCF-7
cells, whereas TMEM68 knockdown in shTMEM68-
expressing cells resulted in fewer dispersed LDs com-
pared with shControl-expressing cells (Fig. 3C). Oil Red
O staining confirmed that TMEMG68 overexpression and
knockdown elevated and reduced intracellular neutral
lipid accumulation, respectively, under both basal and
OA-supplemented conditions (Fig. S4). These findings
indicate that TMEMG68 regulates TAG levels and LD con-
tent in breast cancer cells.

To further understand how TMEMS68 influences global
lipid profiles, quantitative lipidomic analysis was per-
formed on TMEMS68 overexpression and knockdown
MCE-7 cells, along with their control cells. The lipid spe-
cies analyzed included glycerolipids, glycerophospho-
lipids (GPLs), fatty acyls, sphingolipids and sterols, with
TAG comprising 37% of the lipid species number (Sup-
plementary Tables 2 and 3). Heatmap analysis revealed
that TMEMG68 expression markedly altered the levels of
various lipids (Fig. S5). In particular, TMEM68 overex-
pression significantly increased TAG levels by more than
5.5-fold compared with MCEF-7 control cells (Fig. 4A),
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Fig. 1 Expression profiling and survival analysis of TMEM68 gene in breast cancer. A and B, Comparisons the expression of TMEM6 gene between para-
cancerous normal tissues and breast cancer tissues depicted with box plots (A) and stage plots (B). Each dot represents an individual cancer or normal
sample. C-F, Survival analysis of patients stratified by low (blue line) or high (red line) TMEME8 gene expression, including OS (overall survival) (C), disease-
free survival (DFS) (D), disease-free interval (DFI) (E) and metastasis-free survival (MFS) (F). G, Representative images of immunohistochemical staining for
TMEM68 in normal and cancerous breast tissues
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Fig. 2 Impact of TMEM68 expression on breast cancer cell proliferation, migration and invasion. A-D, Cells were seeded into 96-well plates, and cell vi-
ability was determined at the indicated post-seeding times by measuring absorbance at 450 nm using the CCK-8 kit assay. n=4. E, Transwell migration
assay towards 20% FBS. Representative micrographs (20x) were taken from the membrane filter (bottom surface of filters) stained with Crystal violet. F,
Transwell matrigel invasion assay towards 20% FBS. G and H, Quantification of transwell migration (G) and matrigel invasion (H) assay by counting the
number of cells present in the lower compartment, n=3. Data are presented as the means+SDs. Asterisks indicate P values: ** P<0.01, *** P<0.001
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whereas TMEM68 knockdown reduced TAG levels by
approximately 20% (Fig. 4B). Additionally, the levels of
MAG and DAG, precursors in TAG synthesis, were ele-
vated 2.1- and 2.5-fold, respectively, by TMEM68 over-
expression (Fig. 4A), although they were not affected by
TMEMS68 knockdown (Fig. 4B). TMEMG68 overexpres-
sion specifically promoted the accumulation of MAG
species, such as MAG 14:1 and MAG 16:1 (Fig. 4C). Fur-
thermore, TMEMG68 overexpression led to an increase in
18 out of 26 DAG species, most of which contained satu-
rated and monounsaturated fatty acids (SFAs, MUFAs),
with nonsignificant increases in polyunsaturated fatty
acids (PUFAs) (Fig. 4D). A heatmap analysis showed
that nearly all TAG species were elevated in TMEM68
overexpression cells (Fig. S6A), with the contents of all
TAG subclasses, regardless of fatty acid saturation (C=C
bond) being elevated (Fig. 5A). Notably, 30 TAG species,
most containing SFAs and MUFAs, were upregulated
by >10-fold, with TAG46:3 (16:1) and TAG48:3 (16:1)
increased by >40-fold (Fig. 5B). In contrast, TMEM68
knockdown led to a reduction in most TAG species, as
shown in the heatmap (Fig. S6B), with 21 TAG species
showing more than a 50% reduction, many of which
contained PUFAs (Fig. 5C). Collectively, these findings
demonstrated that TMEMS68 is a key regulator of TAG
abundance in breast cancer cells.

TMEMG68 alters glycerophospholipid composition in breast
cancer cells

GPLs are essential components of the cancer cell mem-
brane. The impact of TMEM68 on various GPL levels

was examined in MCF-7 cells. TMEMG68 overexpression
increased levels of total phosphatidylethanolamine (PE)
by 1.25-fold and phosphatidic acid (PA), an intermedi-
ate metabolite in the G3P pathway, by 1.8-fold (Fig. 6A).
Specifically, all 13 PA species analyzed were elevated
(Fig. 6C). However, the content of 1-O-alkyl-2-acyl-
phosphatidylcholine (PC-O) was reduced by 21.7% due
to TMEMS68 overexpression (Fig. 6A). Knockdown of
TMEMBG68 similarly reduced PC-O levels by 21.3%, while
increasing PA and phosphatidylglycerol (PG) contents by
1.7- and 1.8-fold, respectively (Fig. 6B). Among the 13 PA
species examined, 10 showed increased levels (Fig. 6D).
Regarding lysophospholipids, TMEM68 overexpression
decreased the content of lysophosphatidic acid (LPA),
the first intermediate metabolite in the G3P pathway,
by 18.6% (Fig. 6E). Among the four LPAs examined,
two LPAs containing PUFAs showed decreased levels,
whereas those with SFAs remained unaffected (Fig. 6F).
Additionally, lysophosphatidylcholine (LPC) levels was
reduced by 23% in TMEM68-knockdown cells (Fig. 6G),
with significant decreases observed in 12 LPC species
(Fig. 6H). Collectively, TMEM®68 broadly influences GPL
metabolism in breast cancer cells.

TMEMG68 potentially mediates an alternative TAG
synthesis pathway possibly using GPLs, especially PC
and ether-linked PC (ePC), as fatty acid donors [26].
Hence, PC and ePC compositions were analyzed. Over-
expression of TMEM68 reduced the levels of 23 out of
25 PC-O species examined (Fig. 7A). Although total
PC content was not altered by TMEM68 overexpres-
sion, heatmap analysis revealed a downregulation in
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PC species with unidentified fatty acids on the glycerol
backbone, especially those containing more than three
C=C bonds (Fig. 7B). TMEM68 overexpression did not
noticeably affect the total amount of PCs containing two
defined fatty acids (PC-FAs) (Fig. 7C). However, the rela-
tive abundance of PCs with PUFAs at the sn-2 position
decreased significantly, despite the abundance of PCs
with sn-2 SFAs and MUFAs increasing (Fig. 7D). Notably,
TMEMBS68 knockdown similarly reduced nearly all PC-O
species contents (Fig. 7E). Collectively, TMEM68 mark-
edly affects PC and ePC compositions in breast cancer
cells.

TMEM68 modulates sterol lipid and acylcarnitine levels

Overexpression of TMEMS68 significantly increased
total CEs levels by approximate 1.8-fold (Fig. 8A). Spe-
cifically, 2 out of 6 detected CE species contents were
significantly elevated, however the other three increased
CEs appeared to be non-significant due to individual
variability (Fig. 8B). Conversely, TMEM68 knockdown
did not affect total CE levels (Fig. 8C). Among the fatty
acyls, acylcarnitine content was reduced by 44% due to
TMEMG68 overexpression (Fig. 8D), with reductions in 3

out of 4 acylcarnitine species containing saturated and
unsaturated fatty acyls (Fig. 8E). Conversely, no signifi-
cant changes in acylcarnitine levels were observed fol-
lowing TMEM68 knockdown (Fig. 8F).

TMEMG68 affects the expression of genes involved in lipid
metabolism
To investigate how TMEMS68 influences lipid metabo-
lism, the expression of genes encoding key enzymes
involved in lipid metabolism, especially in TAG metab-
olism, was analyzed. Despite the accumulation of TAG,
TMEMBG68 overexpression did not affect mRNA levels of
DGATI or DGAT2 genes (Fig. 9A). However, TMEM68
knockdown decreased the expression of DGATI1, but
not the DGAT2 gene. The genes for two key enzymes in
TAG mobilization, ATGL and hormone-sensitive lipase
(HSL), which hydrolyze TAG and DAG, respectively [19],
were also examined. Although TMEM68 had no effect on
ATGL expression, TMEMG68 overexpression and knock-
down led to upregulated and downregulated HSL expres-
sion, respectively.

In addition, TMEM68 overexpression and knock-
down upregulated the expression of the genes related to
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Fig. 6 TMEM68 altered GPLs levels. A and E, GPLs (A) and lysophospholipid (E) levels in MCF-7 and MCF-7/TMEM68 cells. B and G, Levels of GPLs (B)
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Fig. 7 TMEM68 affected PC and ether-PC composition. A and E, Comparison of PC-O species levels between MCF-7 and MCF-7/TMEM®68 cells (A),
between MCF-7/shTMEM68 and MCF-7/shControl cells (E). B, Heatmap analysis of PC species with undefined fatty acids between MCF-7 and MCF-7/
TMEM68 cells. C and D, Comparisons of total PC-FAs (C) and PC-FA with different saturated fatty acids at sn-2 position (D) levels between MCF-7 and
MCF-7/TMEME8 cells. Data are presented as the means+SDs. Asterisks indicates P values. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. ns, not sig-

nificant, n=4
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fatty acid synthesis, including acetyl-CoA carboxylase
a (ACACA), fatty acid synthase (FASN) and stearoyl-
CoA desaturase 1 (SCD1). Owing to an increase in CEs
observed with TMEMG68 overexpression, the mRNA
levels of sterol-O-acyltransferase (SOAT), SOATI and
SOAT2, encoding key enzymes responsible for CE syn-
thesis [34], were measured. The expression of SOAT?2,
but not SOATI gene, was upregulated by TMEM68
overexpression and downregulated by TMEM68 knock-
down. Furthermore, the expression of two transcription
factors involved in lipogenesis, peroxisome prolifera-
tor—activated receptor y (PPARy) and PPAR« was quanti-
fied. The expression of PPARy, but not PPARa gene was
upregulated by TMEM®68 overexpression and knock-
down (Fig. 9A, B). GPAT is the rate-limiting enzyme in
the G3P pathway for TAG synthesis [18]. Overexpres-
sion and knockdown of TMEM68 both upregulated the

mRNA levels of most GPAT genes, including GPAT2,
GPAT3 and GPAT4 (Fig. 9C, D). Finally, the impact of
TMEMG68 on the expression of TMX1I, a potential sup-
pressor of TMEM68 activity was determined. TMEM68
overexpression significantly increased TMX1 mRNA lev-
els, whereas TMEM68 knockdown had no effect (Fig. 9E,
F). These findings show that TMEM68 modulates the
expression of key genes responsible for TAG and CE
metabolism.

Discussion

TMEMBG68 is a potential modifier of breast cancer risk and
outcomes in humans, and the TMEM68 gene is expressed
at higher levels in susceptible mammary tumors com-
pared with resistant mammary tumors in rats [27]. In
the current study, GEPIA and IHC staining confirmed
that TMEM68 were increased at mRNA and protein



Zhao et al. Lipids in Health and Disease (2024) 23:378

>

Page 14 of 17

o

* * * % * * *
g= [ MCF-7 *I:I MCE—7/TI¥|EM§8 . 4= MM r MM M
M nnnn M 3 MCF-7/shControl 1 [
2 g b 2 34 =@ MCF-7sh/TMEM68
Q [}] b
3 > |
2 2
>4 >
F E
oy ©
o ﬁ n o H H m H H
0 |lll[| IIIII;L| IIIII'I.| |‘II IJ.II H |l|I 1 |J.II 1 |lll 0 Iﬂ In II‘I In I” IrI 1 1 1 1 1
N Y ey N YYD AN N Y vy ey N Y AN A
MR NSO O NIR K M RO N SER O ORI R
Yo X &F 2P YL FF W R P
L L ¢ e A A LR R I A M R
3 MCF-7/shControl o 67 ILI o 157
=3 MCF-7sh/TMEM68 > o
3 MCF-7 =@ MCF-7/TMEM68 Iil Iil i I ﬁ
4_ 3_ 4 . i
" " * I % 4 E 1.0 —T— T
A e B I S E
9 34 o S E
o T - 0 5] =
> > 2 0.5
2 2 o <
o 2 o 2 =
2 2 © K
R R — w
] 8 44 ) (4
° o ! X oLl 11 0.0+
o 14 14 A > AN
AR\ O ©
a S
0 T 0 T Q:& :\\é‘\ 4<~<\
GPAT1 GPAT2 GPAT3 GPAT4 GPAT1 GPAT2 GPAT3 GPAT4 @0 §§(,Q§§)Q'
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levels in breast cancer tissues relative to normal breast
tissues. Survival analysis also indicated that high levels
of TMEMG68 were associated with reduced OS, DFS, DFI,
and MFS in breast cancer patients. These analyses sug-
gest that TMEM68 may function in the pathogenesis of
breast cancer.

Functionally, TMEMG68 acts as an DGAT-independent
acyltransferase, synthesizing TAG using DAG as an
acceptor of fatty acyls, and its overexpression promotes
LD accumulation in mammalian cells [25, 26]. Here,
TMEMG68 overexpression significantly increased TAG
levels in two breast cancer cell lines, whereas TMEM68
knockdown led to an approximate 20% reduction in TAG
content. Despite these changes in TAG levels, TMEM68
overexpression did not alter the expression of DGATI
and DGAT?2 gene, encoding the final enzymes in canoni-
cal TAG synthesis pathways [17, 18]. TMX1 was dem-
onstrated to be associated with TMEM68 as a potential

TMEMG68 activity suppressor [26]. The expression of
TMX1 gene was upregulated due to TMEM68 overex-
pression, which may be a feedback inhibitory mechanism
to maintain TAG hemostasis. However, TMEM68 knock-
down did not alter TMXI expression, and resulted in
decreased DGATI, but not DGAT2 mRNA levels, which
potentially contributes to the observed reduction in TAG
content.

Hydrophobic TAG is stored in the LD core surrounded
by a monolayer of phospholipids [16]. Increased TAG
levels led to LD accumulation in TMEM68-expressing
MCE-7 cells. Such LD accumulation is a hallmark of
cellular carcinogenesis [8], as LDs abundance is posi-
tively correlated with breast cancer progression and
promotes cancer cell growth and survival [9, 12]. There-
fore, changes in TAG levels and LD content driven by
TMEMBG68 expression may play a role in the regulation of
breast cancer cell proliferation.
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TMEMBG68 expression varied across different breast can-
cer cell subtypes. TMEMG68 overexpression significantly
promoted cell growth in luminal A MCF-7 and HER2-
positive SK-BR-3 cells, both of which showed relatively
low endogenous TMEMG68 levels. These findings align
with the observation of higher TMEMS68 levels in human
breast cancer and rat susceptible mammary tumors com-
pared with normal breast tissues and resistant mammary
tumors, respectively [27]. Conversely, silencing TMEM68
had only a modest impact on MCEF-7 cell proliferation
and no impact on BT-474 Lumina B cells, which have
relatively higher endogenous TMEMS68 levels. Given the
several-fold increase in TAG levels with TMEM68 over-
expression and the 20% reduction with its knockdown,
the impact of TMEM68 on cell proliferation may be
closely associated with its effect on TAG metabolism in
breast cancer cells.

In addition to TAG, CEs accumulated with TMEM68
overexpression and decreased with TMEM68 knockdown
in breast cancer cells, consistent with findings in other
cells [25, 26]. The regulation of CEs levels appeared to
involve the upregulation and downregulation of SOAT2
(but not SOATI) due to overexpression and knockdown
of TMEMBG68, respectively. Fatty acyl-CoA, activated from
free fatty acids, can be used not only for TAG and CE
synthesis, but also for the formation of acylcarnitine for
mitochondrial energy production [35, 36]. The reduction
in acylcarnitine levels observed with TMEM68 overex-
pression may represent an adaptive response supporting
increased TAG and CE accumulation.

TMEMG68 represents a distinct subgroup within the
glycerophospholipid acyltransferases, exhibiting a sub-
stantial phylogenetic divergence from other members,
such as GPAT and AGPAT enzymes involved in the G3P
pathway for TAG synthesis [23]. TMEM68 does not
contain binding motifs conserved in GPAT and AGPAT
[24], suggesting that it may have unique acyltransferase
activity. Overexpression of TMEM®68 has been shown
to increase TAG levels in a DGAT-independent manner
[25, 26]. This increase in TAG is potentially due to the
acyltransferase activity of TMEM68, which likely incor-
porates fatty acyl groups from PC and ePC, rather than
from acyl-CoA, into DAG for TAG synthesis [26]. Lipido-
mic analysis revealed that although total PC levels were
not significantly reduced, most PC species containing
more total C=C bonds fatty acids and PUFAs at the sn-2
position tended to show decreased levels. In contrast,
PC molecules with SFAs and MUFAs levels exhibited
increased levels with TMEMG68 overexpression. Ether lip-
ids make up approximately 20% of the total phospholipid
content in mammalian biological membranes [37]. In
nature ether glycerophospholipids are often found in PC
and PE species [38]. In the present study, levels of PC-O,
an ether-linked PC form, were decreased significantly by
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TMEMG68 overexpression. Additionally, TMEM68 over-
expression increased DAG content. Notably, levels of
DAGs species containing SFAs and MUFAs were signifi-
cantly elevated, whereas most DAG species with PUFAs
showed no significant change. These alterations in DAG,
PC and PC-O may together lead to an increase in lev-
els of nearly all TAGs, particularly containing SFAs and
MUFAs.

PA is the direct precursor of DAG synthesis in the G3P
pathway [17, 18], and its elevated levels in TMEMG68-
overexpressing cells implied that enhanced DAG syn-
thesis occurred through this pathway. This was further
supported by the upregulation of several GPAT gene due
to TMEM68 overexpression. DAG also serves as a pre-
cursor for the synthetic of PC, phosphatidylserine (PS)
and PE in the Kennedy pathway [39]. Typically, PC syn-
thesized through the Kennedy pathway usually contains
SFAs and MUFAs on the glycerol backbone [38]. The
PUFAs at the sn-2 position is remodeled by the Lands’
cycle, which involves phospholipase As (PLAs) and lyso-
phospholipid acyltransferases (LPLATs) [40, 41]. Given
that mammalian cells can synthesize SFAs and MUFAs,
but not PUFAs due to the absence of specific desaturases
[42], the reduction in PC species containing sn-2 PUFAs
could not be compensated, leading to an increase in PCs
containing SFAs and MUFAs. Increased levels of PAs
and DAGs may reflect a feedback mechanism respond-
ing to TMEMG68 overexpression. Depletion of DAG and
PC to drive TAG synthesis further supports the role of
TMEMBG68 in using PC as an acyl donor for TAG synthe-
sis. In contrast, TMEM68 knockdown led to an approxi-
mate 20% reduction in TAG levels without affecting DAG
content. This reduction in TAG could not be compen-
sated by DGAT enzymes, despite increased PA levels in
TMEMS68-deficient cells. PA also serves as a precursor of
phosphatidylinositol (PI), PG, and cardiolipin (CL) syn-
thesis through the cytidine diphosphate-DAG pathway
[39], with PA accumulation leading to increased PG lev-
els. Thus, TMEMBS68 plays a crucial role in basal cellular
glycerophospholipid remodeling.

Strengths and limitations
This study provided a comprehensive analysis of
TMEMBG68 expression profiles and multiple survival out-
comes in breast cancer. It was the first time to examine
TMEMG68 expression across different breast cancer sub-
types and to clarify its role in cell proliferation. This study
also explored the effects of TMEMG68 on lipid metabolism
using an unbiased lipidomic analysis method, providing
insights into the potential biochemical mechanisms in
breast cancer cells.

The limitations were as follows: (1) the role of
TMEMBS68 in cell growth, migration and invasion was
preliminarily elucidated, without investigating more key
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carcinogenic processes, such as apoptosis; (2) the impact
of TMEMBG68 on cell proliferation was not demonstrated
in a mouse tumorigenesis model; and (3) further clarifi-
cation is required on how TMEM®68-driven changes in
lipid metabolism, especially in TAG homeostasis, regu-
late breast cancer cell proliferation.

Conclusions

In conclusion, TMEM®68 is upregulated in patients with
breast cancer, with higher levels associated with poorer
survival outcomes. TMEMG68 overexpression signifi-
cantly promotes the proliferation of breast cancer cells,
whereas its knockdown has a less pronounced impact.
TMEM68 modulates TAG levels and LD content, along
with changes in DAG and glycerophospholipid composi-
tions, particularly PC and ePC contents. Thus, TMEM68
may function as a potential regulator of breast cancer
cell growth through lipid metabolism reprogramming.
The expression level of TMEM68 may be used to predict
the survival outcome of breast cancer patients, as well as
the inhibition efficiency of drugs targeting TMEM68 on
breast cancer cell proliferation.
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