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A B S T R A C T

Experimental and molecular epidemiological studies indicate important roles for adipose tissue or high-fat diet
(HFD) in tumor growth and metastasis. Gastric cancer (GC) possesses a metastatic predilection for the adipocyte-
rich peritoneum. However, the precise molecular relevance of HFD in the peritoneal metastasis of GC remains
unclear. Here, we showed that HFD causes obvious fat accumulation and promotes peritoneal dissemination of
GC in vivo. Peritoneum-derived adipocytes induces robust lipid droplet (LD) accumulation and fatty acid oxi-
dation in GC cells through transcriptional upregulation of DGAT2 in a C/EBPα-dependent manner and prevents
anoikis during peritoneal dissemination. Treatment of GC cells with FAs or coculture with adipocytes induces
intracellular formation of LDs and production of NADPH to overcome oxidative stress in vitro. Importantly,
overexpression of DGAT2 was identified as an independent predictor of poor survival that promotes lung and
peritoneal metastasis of GC, and genetic or pharmacological inhibition of DGAT2, via disruption of lipid droplet
formation in a lipid-rich environment, enhances the sensitivity of GC to anoikis in vitro and inhibits peritoneal
metastasis in vivo. Overall, our findings highlight the notion that DGAT2 may be a promising therapeutic target
in GC with peritoneal implantation and provide some evidence for uncovering the link between obesity and
tumor metastasis.

1. Introduction

Gastric cancer (GC) ranks fourth in incidence and second in cancer-
related death worldwide [1]. Obesity is a major global health challenge
and was reinforced as a well-established risk factor for human cancers,
including GC, by a recent summary conducted by the International
Agency for Research on Cancer and previous epidemiological studies
[2,3]. As the second leading preventable cause of cancer [4], crosstalk
between obesity and cancer warrants further investigation.

Metastasis to the omentum or peritoneum was observed in more
than half of advanced GC cases and contributes to a five-year overall
survival of less than 7% [5]. However, the underlying molecular me-
chanisms of this metastatic predilection have not been clearly

elucidated, and therapeutic strategies are lacking. Resistance to anoikis,
a kind of intrinsic apoptosis initiated by detachment from the extra-
cellular matrix (ECM) and characterized by decreased absorption of
glucose and increased production of reactive oxygen species (ROS), is a
key step during tumor metastasis. As the major intracellular redox
equivalent, growing evidence has demonstrated key roles of nicotina-
mide adenine dinucleotide phosphate (NADPH) homeostasis in anoikis
resistance and tumor metastasis or chemoresistance [6–8].

Rapidly proliferating tumor cells generally require high amounts of
cholesterol for synthesis of membranous organelles and fatty acids
(FAs), as FA oxidation (FAO) can produce large amounts of inter-
mediates, including NADPH, to meet the demand of energy supply and
ROS detoxification [9–12]. Thus, targeting key enzymes mediating fatty
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acid metabolism, such as CD36 and CPT1A [11,13], has been proven
effective in suppressing cancer metastasis. Recent studies have also
demonstrated that adipocytes can promote metastasis in a wide range
of tumors, including breast cancer [14,15], ovarian cancer [16,17],
melanoma [18], and gastric cancer [19].

Exogenous FAs need to be re-esterified to diacylglycerol to form
triglycerides (TGs) before oxidation for NADPH synthesis. Key enzymes
responsible for TG synthesis include acyl CoA: diacylglycerol acyl-
transferase (DGAT) enzymes, DGAT1 and DGAT2 [20,21]. Both DGAT
enzymes, though evolutionarily unrelated, catalyze the same reaction,
utilizing diacylglycerol and fatty acyl CoAs as substrates to form TGs
[20,21]. DGAT1 is localized exclusively to the endoplasmic reticulum
and has a broader substrate specificity (with respect to acyl acceptors)
than DGAT2 [20,22–25]. In contrast, DGAT2 is found both in the en-
doplasmic reticulum and around lipid droplets (LDs) and appears to be
the major enzyme contributing to TG synthesis [22,23,25,26], as mice
lacking the enzyme have a more than a 90% reduction in TGs and die
shortly after birth [26].

In this study, our findings uncover that DGAT2-catalyzed TG
synthesis plays critical roles in protecting cells from lipid-rich en-
vironments and provide preclinical clues for applying DGAT2 as a
therapeutic target in metastasis treatment.

2. Materials and methods

2.1. Human tissue samples

GC tissue specimens (N = 318) were collected from patients who
underwent surgical resection at the Sun Yat-sen University Cancer
Center (SYSUCC, Guangzhou, China) after obtaining written informed
consent and in accordance with our Institutional Review Board and the
Declaration of Helsinki (Supplementary Table 1). Eight freshly collected
primary tumor tissues and matched metastasis tissues were frozen and
stored in liquid nitrogen until needed for protein extraction.

2.2. Adipocyte separation and purification

Adipocytes were extracted from omental tissue specimens obtained
from patients underwent surgical procedures at Sun Yat-sen University
Cancer Center according to a previous report [11]. Each subject pro-
vided informed consent, and the study protocol was approved by the
Hospital Ethics Review Board. Briefly, approximately 400–600 mg of
adipose tissue was washed several times in D-Hank's buffer, minced
finely using surgical scissors and incubated in 0.2% collagenase type I
(Sigma-Aldrich, Saint Louis, USA) digestion buffer at 37 °C with con-
stant agitation for approximately 30 min. Once digested, the liquid was
separated into three layers: the upper, intermediate and bottom layer
contained yellow oily lipocytes, adipose tissue and mononuclear cells in
buffer, respectively. The buffer from the bottom layer was then care-
fully collected and centrifuged at 1500 rpm for 10 min in a microtube
containing DMEM/F12 with 10% fetal bovine serum. The above steps
were repeated 2–3 times until all adipose tissue was completely di-
gested. Cell pellets were then suspended in medium (DMEM/
F12 + 10% FBS) and immediately utilized for coculture with GC cells.

2.3. Immunohistochemistry and immunoblotting analysis

Immunohistochemical and immunoblotting analyses were con-
ducted according to standard procedures as described previously [27].
DAB substrate was used to detect protein expression, and counter-
staining was carried out using hematoxylin. The levels of DGAT2 im-
munostaining were evaluated independently by two pathologists who
were blinded to the survival outcomes of the participants, based on
both the proportion of positively stained tumor cells (1,< 25%; 2,
25%–50%; 3, 50%–75%; 4, 75%–100%) and the intensity of staining
(negative, 0; weak, 1; moderate, 2; strong, 3). The immunostaining

results were calculated by multiplying the stain intensity by the stain
area (staining index, SI) as previously described [28]. The IHC staining
index score of ≥6 was used to define tumors with high DGAT2 ex-
pression and a staining index score of ≤4 was used to indicate low
DGAT2 expression. The antibodies used in our study were as follows:
DGAT2 (ABclonal, #A13891, 1:1000 for WB; 1:200 for IHC), C/EBPα
(CST, #8178, 1:1000 for WB; 1:200 for IHC) and GAPDH (Proteintech,
#60004-1-lg, 1:5000 for WB).

2.4. Lentiviral or siRNA transduction

To knockdown the expression of DGAT2, lentivirus containing short
hairpin RNA (shRNA) targeting DGAT2 or a nontarget oligonucleotide
was synthesized by GenePharma (Suzhou, China). The shRNA target
sequences were 5′-gctgaccaccaggaactatat-3′ (#1) and 5′-gcact-
gattgctggctcatcg-3′ (#2). Stable cell lines were selected with 5 μg/mL
puromycin (Sigma-Aldrich, USA), and knockdown efficiency was con-
firmed by immunoblotting assays. For siRNA knockdown, C/EBPα
siRNA and a control siRNA were purchased from RiboBio (Guangzhou,
China). The siRNA target sequences were 5′-ggcaactctagtatttaggataa-3’
(#1) and 5′-accaccattttatttggtttttg-3’ (#2).

2.5. ROS, NADPH/NADP+, GSH/GSSG detection

ROS levels were determined as described previously [6,29]. Briefly,
cells were incubated with 10 μM DCF-DA or 5 μM Mito-SOX at 37 °C for
30 min. Then, the cells were collected and resuspended in PBS. Fluor-
escence was immediately measured using a flow cytometer (Beckman,
CytoFLEX). Intracellular levels of NADPH/NADP+ and GSH/GSSG
were measured using the NADP/NADPH-Glo kit (Promega, #G9081,
Wisconsin, USA) or GSH/GSSG-Glo kit (Promega, #V6612, Wisconsin,
USA) according to the manufacturer's instructions.

2.6. Lipid staining assay

Oil Red O was used for neutral lipid staining. Briefly, cells were
washed with PBS and incubated with 0.5% Oil Red O (Sigma-Aldrich)
solution for 10 min at room temperature. Cell nuclei were counter-
stained with 2 μg/mL DAPI (BioFroxx, #1155MG010) or hematoxylin,
and visualized under a fluorescence microscope. For confocal analysis,
cells were fixed for 15 min in 4% formaldehyde/PBS, washed with 0.2%
Triton-X 100/PBS and incubated with BODIPY 493/503 (Thermo Fisher
Scientific, D3922) and DAPI for 30 min and 5 min at room temperature,
respectively.

2.7. Animal experiments

Female BALB/c nude mice (3–4 weeks old) and SCID mice were
obtained from the Laboratory Animal Center of Guangdong Province
(Guangzhou, China). For the lung metastasis model, DGAT2 knockdown
and control GC cells (2 × 106) resuspended in 200 μL of PBS were
injected into the tail veins of nude mice (5 mice/group). Mice were
sacrificed with cervical dislocation, and the lungs were removed and
embedded in paraffin to histopathologically examine the metastatic
locus as described previously [30]. Peritoneal dissemination was eval-
uated through intraperitoneal injection. In brief, DGAT2 knockdown
and control GC cells (3 × 106) in 400 μL of PBS were injected into the
peritoneal cavity. Peritoneum metastasis (nude or SCID mice, 6 mice/
group) was examined and recorded when mice were killed at 30 days
after injection. For survival analysis, survival (10 nude mice/group)
time was recorded. A high-fat diet (Western diet) was purchased from
Dyets (HFHC), and nude mice and SCID mice were given either a low-
fat (LFD) or a high-fat (HFD) diet for 2–3 months before GC cells were
injected. All animal procedures were in accordance with the guidelines
of the Institutional Animal Care and Use Committee and the guidelines
of the Guangzhou Medical University and Sun Yat-sen University
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Cancer Center.

2.8. Statistical analyses

For comparison of the significant differences between two groups,
Student's t-test was used. Matched groups (three or more) were com-
pared using one-way analysis of variance [31] and Tukey's multiple
comparisons test. For correlation analysis between two continuous
variables, P values were calculated by Pearson's correlation test. Sur-
vival curves were plotted using the Kaplan-Meier method and compared
by log-rank test. The parameters with P less than 0.05 in univariate
analyses were included in the multivariable Cox analysis. Statistical
analyses were performed with GraphPad version 6.0 or SPSS 20.0. A P
less than 0.05 was considered statistically significant, and all statistical
tests were two-sided.

The details for cell lines and reagents, RNA extraction and qPCR
analysis, Apoptosis analysis, anoikis assay, soft agar colony formation
assay, Chromatin immunoprecipitation (ChIP) assay and Luciferase
promoter assay are described in the Supplementary Materials and
methods.

3. Results

3.1. DGAT2 is upregulated in HFD-treated mice and metastatic GC patients

We first investigated whether HFD prompts peritoneal metastasis in
vivo. The results shows that the peritoneal metastatic nodules of
BGC823 and HGC27 GC cells were significantly increased in the HFD-
fed mice compared with the control group mice (Fig. 1A and B).
Moreover, HFD-fed mice had significantly shorter survival times than
lean-fed controls (Fig. 1B). Notably, in pathological slices stained with
H&E and Oil Red O, we found that the tumor cells adjacent to adipo-
cytes displayed a more aggressive phenotype in HFD-fed SCID mice
than in control diet mice (Fig. 1A). Monitoring of the mesenteric adi-
pose tissue and body weights throughout the study showed that HFD
significantly increased body weight and fat deposition in the mesentery
of both nude mice (after 3 months) and SCID mice (after 2 months)
(Figs. S1A–D). In nude mice, serum triglycerides and cholesterol (both
LDL-c and HDL-c) were higher in the HFD group than in lean-fed mice
(Fig. S1E).

To further explore the underlying mechanism of HFD-induced
peritoneal metastasis, key enzymes involved in FA metabolism in the
metastatic nodules of BGC823 cells were examined (Fig. 1C). It was
reasonable to notice upregulation of the most prevalent FA transporter
CD36, triglyceride synthase pathway proteins (GPD1/2, GPAT1,
AGPAT1, PAP, DGAT1/2), fatty acid oxidation key enzyme CPT1A and
NADPH-producing enzymes (NADK2, NNT) in the metastatic nodules of
HFD-fed mice compared with the control (Fig. 1D). Intriguingly,
DGAT2 was found to be the most significantly elevated among the
enzymes detected (Fig. 1D), indicating DGAT2 may play critical roles in
peritoneal metastasis after HFD.

More importantly, progressive overexpression of DGAT2 was ob-
served in lymph node metastatic tissues compared with paired primary
tumor analyzed using a tissue microarray (Fig. 1E and F). Also, DGAT2
expression level was significantly higher in tumor cells adjacent adi-
pocytes than distant from adipocytes. (Fig. 1E and F). Although no
significant difference of DGAT2 expression was observed between
paired tumor and nontumorous tissues, there was notable increasement
in paired metastasis and primary tumor tissues (Fig. 1F), which was
further validated via immunoblotting analysis (Fig. 1G). Kaplan-Meier
survival analysis showed that GC patients with high DGAT2 expression
levels have a shorter overall survival and disease-free survival (Fig. 1H).
Multivariate analysis also indicated that the DGAT2 expression was an
independent prognostic factor in GC patients (Supplementary Table 2).
In summary, these above results indicates that overexpression of
DGAT2 was associated with increased GC omental metastasis in high fat

conditions.

3.2. DGAT2 promotes adipocyte-induced LD formation and NADPH
production

The omentum adipocytes were recently found to promote FA me-
tabolism, LD formation and distant metastasis [19]. To clarify the
precise molecular mechanism by which upregulated DGAT2 regulates
these processes, purified adipocytes were obtained from human
omental adipose tissues and verified with Oil Red O staining (Fig. 2A).
Coculture of BGC823 and HGC27 cells with adipocytes (1:2) using 0.4-
μm-pore transwell inserts resulted in stronger Oil Red O and BODIPY
493/503 staining intensity compared with that in the control group
(Fig. 2A), indicating active formation of LDs. Moreover, the expression
of DGAT2 was induced by coculture with adipocyte or treatment with
oleic acid at both the mRNA and protein levels (Fig. 2B and C). To test
whether DGAT2 was responsible for the formation of LDs in GC cells
after coculture with adipocytes, DGAT2 was stably silenced in BGC823
and HGC27 cells (Fig. 2D). further study shows that DGAT2 knockdown
significantly suppressed the uptake of fatty acids and the synthesis of
TGs in GC cells (Fig. 2E and F), suggesting that DGAT2 mediates re-
esterification of FAs in lipid-rich conditions.

Recent studies have provided solid evidence to support a “lipolytic
phenotype” and an extensive dependence on FAO for the survival of
cancer cells during oxidative stress and metastatic progression [21].
Gene set enrichment analyses revealed that the FA and glutathione
metabolism pathways were significantly activated when DGAT2 was
upregulated (Fig. 2G). Recent studies and our previous findings indicate
that inhibition of FAO controls the NADPH level [9,11]. As shown in
Fig. 2H, the enhanced GSH and NADPH production induced by co-
culture with adipocytes was completely blocked by knockdown of
DGAT2 (Fig. 2H). Collectively, these data suggest that DGAT2 plays an
important role in adipocyte-induced LD formation and NADPH pro-
duction.

3.3. DGAT2 promotes cell anoikis resistance by redox modification

Anoikis resistance is critical for successful peritoneal colonization of
GC [7]. When exposed to oxidative stress (H2O2, 150 μM, 48 h), GC
cells experienced significant depletion of glutathione and NADPH (Fig.
S2A), resulting in ROS accumulation and elevated apoptosis rates,
which could be reversed by coculture with adipocytes (Fig. 3A). How-
ever, knockdown of DGAT2 significantly abolished the protective ef-
fects of adipocytes (Fig. 3A). Moreover, intracellular mitochondrial ROS
(Mito-Sox) as well as total ROS (DCF-DA) were decreased in detached
BGC823 and HGC27 cells cocultured with adipocytes, and these effects
were blocked by DGAT2 knockdown (Fig. 3B). Calcein AM/EthD-1
staining was applied to label live cells with green fluorescence and cells
undergoing anoikis with red fluorescence. Coculture with adipocytes or
treatment with oleic acid decreased the red/green fluorescence ratio of
GC cells, while knockdown of DGAT2 increased anoikis under detached
conditions (Figs. 3C, 3D, S2B and S2C). Most importantly, the proa-
poptotic effects of DGAT2 inhibition were completely reversed by
pretreatment with the antioxidant NAC (2 mM) (Fig. 3E and F). These
results indicate that depletion of DGAT2 enhances anoikis through ROS-
mediated mechanisms.

3.4. DGAT2 promotes HFD-induced peritoneal dissemination and lung
metastasis in vivo

To determine the effects of DGAT2 in vivo, knockdown and control
cells were injected into the peritoneal cavities of mice. The results
showed that DGAT2 suppression significantly reduced mesenteric me-
tastatic nodules in the intestinal wall of the HFD nude mice and the
SCID mice (Fig. 4A–D). These findings support the idea that obesity
facilitates GC peritoneal dissemination via upregulation of DGAT2.
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Additionally, BGC823 and HGC27 cells were injected into the tail vein
of nude mice, and then histologic examination was used to detect lung
metastasis. H&E staining showed significantly more metastatic nodules
in the HFD-fed group than in the control group (Fig. 4E and F).

However, knockdown of DGAT2 markedly suppressed the lung metas-
tasis of mice injected with BGC823 and HGC27 cells when fed with HFD
(Fig. 4E and F). In summary, DGAT2 appears to be responsible for HFD-
induced peritoneal dissemination and lung metastasis in vivo.

Fig. 1. DGAT2 is upregulated in HFD-treated mice and GC patients with metastasis. (A) Representative images of adipose tissue in intestine and mesentery of
SCID mice fed with control diet or HFD for 60 days. The BGC823 cells metastases in the colonic wall was recorded. H&E and Oil Red O staining of peritoneal nodule
was performed (scale bar = 200 μm). (B) Representative images and quantification of metastases in nude mice injected with gastric cancer cells. Influence of the HFD
on tumor-bearing mice survival times were measured with Kaplan-Meier survival curves (N = 10 mice per group). (C) Graphical description of the relationship
between DGAT and fatty acid metabolism. (D) qPCR analysis of the indicated gene expression involved in lipid metabolism of the peritoneal metastatic nodules of
BGC823 cells in SCID mice. (E) Representative immunohistochemical (IHC) staining in human primary GC tumor tissues and paired lymph node metastasis tissues
(scale bar = 100 μm). Representative IHC staining in human GC peritoneal metastases shows higher DGAT2 level in tumor cells adjacent adipocytes than distant. (F)
The IHC staining scores of DGAT2 in paired primary GC tumor tissues (N = 245), or lymph node metastatic tissues (LN, N = 132). (G) Immunoblotting analysis of
DGAT2 protein levels in 8 paired fresh metastasis and primary tumor tissues. (H) Kaplan–Meier analysis of overall survival or disease-free survival curves for GC
patients with low versus high expression of DGAT2 (log-rank test). **P < 0.01, Student's t-test, mean ± SD. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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3.5. C/EBPα transcriptionally upregulates DGAT2 expression in gastric
cancer

By mining the online database, less than 2.5% of GC samples pre-
sented with amplification or deletion of DGAT2 (Fig. 5A), which

prompted us to investigate the transcription factors responsible for
DGAT2 upregulation. Several candidates were screened out using the
JASPAR database, and C/EBPα was selected due to its critical roles in
adipogenesis, adipocyte development and lipid accumulation [31].
First, C/EBPα expression was positively correlated with DGAT2

Fig. 2. DGAT2 promotes adipocyte-induced LD formation and NADPH production. (A) Phase-contrast micrograph and Oil Red O staining of adipocytes isolated
from cancer-associated adipose tissues (Scale bars = 100 μm). Representative images of lipid droplets in BGC823 cells were detected using Oil Red O staining and
BODIPY 493/503 staining (green), cell nuclei were stained with DAPI (blue) (Scale bars = 10 μm). (B) qPCR analysis of DGAT2 mRNA expression in indicated GC
cells cultured with adipocyte for different times. (C–D) Immunoblotting analysis of DGAT2 levels in indicated GC cells, GAPDH was used as a loading control. (E) Oil
Red O staining and confocal microscopy to detect lipid droplets by BODIPY 493/503 in scramble control and DGAT2 knockdown BGC823 cells (Scale bars = 10 μm).
(F) Intracellular triglyceride (TG) accumulation was measured by triglyceride determination kit. (G) Gene set enrichment analyses identified the correlation of the
FAs and glutathione metabolism pathway with DGAT2. (H) Measurement of NADPH/NADP+ and GSH/GSSG levels in the indicated BGC823 cells cultured alone or
with human adipocytes. **P < 0.01, Student's t-test, mean ± SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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expression at the mRNA level as analyzed in the TCGA dataset, Cancer
Cell Line Encyclopedia (CCLE) and collected clinical GC samples in our
institute, indicating transcriptional regulation of DGAT2 by C/EBPα

(Fig. 5B and C). Second, knockdown of C/EBPα in BGC823 and
HGC27 cells by siRNAs reduced both mRNA and protein levels of
DGAT2, even in the presence of exogenous oleic acid (Fig. 5D–F). Third,

Fig. 3. DGAT2 promotes cell anoikis resistance by redox modification. (A) Flow analysis of intracellular ROS levels (detected by the fluorescent probe DCF-DA)
and cell apoptosis (measured by Annexin-V/PI assay) in the indicated cells treated with H2O2 (150 μM) for 48 h. (B) Flow analysis of mitochondrial ROS and
intracellular ROS levels in indicated GC cells under detachment. (C–D) Representative images and quantification of anoikis of indicated cells cultured alone or with
adipocytes following withdrawal of extracellular matrix support for 48 hh (Scale bars = 50 μm). Calcein AM (green fluorescent dye) was used to detect cell viability
and EthD-1 (red fluorescent dye) for cell death. (E–F) Representative images and quantification of cell apoptosis in DGAT2-knockdown and control cells treated with
oleic acid (200 μM) following withdrawal of extracellular matrix support for 48 h. The antioxidant NAC (2 mM) was used. **P < 0.01, Student's t-test, mean ± SD.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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two C/EBPα response elements were found in the DGAT2 promoter
(Fig. 5G). ChIP-qPCR assays further demonstrated that C/EBPα could
bind to the promotor of DGAT2 (Fig. 5H), while knockdown of C/EBPα
significantly decreased the luciferase activity of the DGAT2 promoter in
BGC823 and HGC27 cells (Fig. 5I). Fourth, IHC analysis of GC tissue
specimens showed a significant positive correlation between C/EBPα
and DGAT2 (Fig. 5J). Altogether, these results demonstrate that DGAT2
was transcriptionally upregulated by C/EBPα in gastric cancer.

3.6. PF-06424439 suppresses gastric cancer metastasis in vitro and in vivo

PF-06424439 was an orally bioavailable small-molecule DGAT2
inhibitor evaluated in vivo [32]. We therefore tested its antitumor ac-
tivity in GC and found that PF-06424439 treatment for 12 h almost
completely blocked the formation of LDs in BGC823 and HGC27 cells
cocultured with adipocytes or treatment with oleic acid (Fig. 6A).
Moreover, the antiapoptotic effects of adipocytes when exposed to de-
tached conditions or H2O2 were blocked by the DGAT2 inhibitor PF-
06424439, as indicated by calcein AM/EthD-1 staining and flow ana-
lysis (Fig. 6B). To determine the effects of the DGAT2 inhibitor PF-

Fig. 4. DGAT2 promotes HFD-induced peritoneal dissemination and lung metastasis in vivo. Female nude or SCID mice fed the ctrl diet or HFD were injected
intraperitoneally with 3 × 106 scrambled vector or DGAT2 shRNA transduced cells and were sacrificed after 30 days. (A) Representative intestines and H&E staining
of scattered tumors in nude mice (N = 6). (B) The quantification of metastases in nude mice was counted. (C–D) Representative intestines and H&E staining of
scattered tumors in SCID mice (N = 6). The quantification of metastases in SCID mice was counted. (E) Representative results of H&E staining of metastatic lung
nodules from nude mice injected with DGAT2 knockdown and control cells via the tail vein for 30 days (scale bars = 200 μm). (F) Metastatic nodules under the
microscope were counted and recorded. **P < 0.01, Student's t-test, mean ± SD.
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06424439 on GC peritoneal metastasis in vivo, BGC823 and HGC27 cells
were injected into the peritoneal cavities of SCID mice and nude mice.
The results indicated that PF-06424439 significantly reduced mesen-
teric metastasis (Fig. 6C and D). These findings indicate that PF-
06424439 displays therapeutic activity against gastric cancer, which
merits further clinical investigation.

4. Discussion

GC patients diagnosed with omental metastasis, irrespective of T- or
N-stage, number of metastases, or anatomical location of primary
cancer, present with poor prognosis and have limited therapy options
[33]. Body mass index was identified as an independent prognostic

Fig. 5. C/EBPα upregulates DGAT2 expression in GC. (A) Distribution of alteration frequency of DGAT2 in the TCGA gastric cancer dataset. (B) Scatterplots of
DGAT2 vs C/EBPα mRNA expression in the TCGA dataset analyzed by qPCR. (C) Scatterplots of DGAT2 vs C/EBPα mRNA expression in gastric cell lines available
from CCLE database (N = 37) and our collected clinical gastric cancer samples (N = 47). Pearson correlation coefficient (r) and P value are displayed. (D) qPCR
analysis of DGAT2 expression in BGC823 and HGC27 cells after siRNA-mediated knockdown of C/EBPα cultured with 200 μM oleic acid. (E–F) Immunoblotting
analysis of DGAT2 expression in BGC823 and HGC27 cells after siRNA-mediated knockdown of C/EBPα. (G) C/EBPα DNA-binding sites are present in the human
DGAT2 promoter region. (H) Enrichment of C/EBPα binding of DGAT2 promoter at indicated GC cell line. (I) Relative DGAT2 luciferase promoter activity in BGC823
and HGC27 cells with C/EBPα depletion. (J) Representative image and correlations analysis of DGAT2 and C/EBPα expression in gastric cancer tissues (scale
bar = 100 μm). Chi-square test was used to study the association between DGAT2 and C/EBPα expression. **P < 0.01, Student's t-test, mean ± SD.
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factor for GC with peritoneal seeding. Additionally, omental metastatic
cancer cells might be largely dependent on the local microenvironment
to survive. Despite a long recognition that omental tissue is composed

of adipocytes and plays a more central role in the secretion of pro-
cancerous cytokines than subcutaneous adipose tissue [34], relatively
little attention has been paid to the mechanistic interaction between

Fig. 6. The DGAT2 inhibitor PF-06424439 suppresses metastasis of GC in vitro and in vivo. (A) Representative lipid droplets in indicated GC cells following
coculture with adipocyte or treatment with oleic acid (200 μM), as detected by Oil Red O staining (Scale bars = 10 μm). DGAT2 inhibitor PF-06424439 (20 μM) was
used. (B) Representative apoptotic cells were visualized by calcein AM/EthD-1 or by Annexin-V/PI assay in indicated cells treated with anoikis or H2O2 (150 μM) for
48 h, respectively. Quantification data are shown at down panel. (C–D) Representative images and statistical results of scattered tumors in the intestines of mice
(N = 5) (Scale bars = 100 μm). (E) Proposed working model of this study. **P < 0.01, Student's t-test, mean ± SD. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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gastric cancer cells and adipocytes.
Previous studies have uncovered critical roles of inflammation,

adipose stromal cells, adipokines and hormones behind crosstalk be-
tween adipocytes and cancer [34]. Obesity-associated hepatic oxidative
stress activates STAT3 signaling via dephosphorylation, resulting in
pathogenesis of hepatocellular carcinoma [35], while selective
knockout of p62 in adipocytes promotes metastatic aggressiveness of
prostate carcinoma in vivo through upregulation of osteopontin secre-
tion, which is vital for the oxidation of FAs and the invasion of cancer
cells [36]. More recently, it was found that adipocyte-derived FAs can
be oxidized by cancer cells and ultimately utilized to fuel peritoneal
metastasis [17,19,37], which is in accordance with our findings that
omental adipocytes might provide a niche as a fatty acid reservoir to
support GC cell colonization.

Cancer cells often require much more NADPH supplementation for
redox hemostasis, which is critical for cancer cell survival under energy
stress conditions, such as anchorage-independent growth, than their
normal counterparts [6,7,38–40]. To overcome ROS stress and metas-
tasize to the peritoneum, cancer cells may develop anoikis resistance
through several mechanisms, including metabolic reprogramming [41].
FAO is an important source of NADPH, as the end-product acetyl CoA
can enter the Krebs cycle, giving rise to citrate, which is then exported
to the cytoplasm and produces cytosolic NADPH through metabolic
chain reactions(9), and the ultimate hydrogen acceptor NADH can be
converted to NADPH through the nicotinamide nucleotide transhy-
drogenase pathway [42]. The production of FAO-derived cytosolic
NADPH is key for cancer cells to overcome oxidative stress [10,43].
However, exogenous FAs need to be transformed into TGs to avoid lipid
toxicity and stored as LDs before oxidation to supply NADPH.

DGAT2 is the key enzyme by which cells metabolize exogenous FAs
to form TGs. However, less is known about its roles in cancer pro-
gression, especially during the peritoneal metastasis of GC. Herein, we
utilized a HFD in vivo mouse model and human patient-derived tissues
to determine how adipocytes promote GC progression. In this study, we
demonstrated that DGAT2 is upregulated in GC, and its expression is
closely related to patient survival. Furthermore, DGAT2 expression is
increased by fatty acids, and C/EBPα binds to the DGAT2 gene pro-
moter to upregulate DGAT2 transcriptionally.

In summary, our study demonstrated that adipocytes can donate
FAs to GC cells, fueling NADPH synthesis and anoikis resistance. These
adipocyte-derived FAs are transported into GC cells to form lipid dro-
plets, after which DGAT2 is induced to catalyze re-esterification of FAs
from adipocytes. Upregulation of DGAT2 increases the rate of in-
tracellular lipid metabolism and provides NADPH for ROS elimination
during peritoneal metastasis. More importantly, pharmacological in-
hibition of DGAT2 leads to significant inhibition of peritoneal metas-
tasis of GC in vivo (Fig. 6E). Our study highlights the notion that DGAT2
may be a promising therapeutic target in GC with peritoneal im-
plantation and provides some evidence for uncovering the link between
obesity and tumor metastasis.

5. Conclusions

Our findings highlight the crucial functional roles of DGAT2 in
tumor metastasis and tumor progression in gastric cancer.
Understanding DGAT2-dependent lipid droplets accumulation and
redox homeostasis may be a promising therapeutic target in GC with
peritoneal implantation and provide some evidence for uncovering the
link between obesity and tumor metastasis. Inhibition of DGAT2 may be
a promising therapeutic alternative in gastric cancer treatment.
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